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Abstract

Diamond is known as the hardest material in the world. However, the diamond crystals found in nature
are expensive and are mostly used for jewellery. In the middle of the last century, man learned how
to produce single diamond crystals artificially on an industrial scale, which has dramatically reduced
the cost of diamonds used in tool manufacturing. However, the size of these crystals is limited and if
they are to be used as components in tools, they somehow have to be fixed to the tool body.

One popular way to affix diamonds to tools is to use brazing. Several types of brazing filler materials
are used for this purpose. One group of these materials consists of low cost, nickel-based brazing
materials to which chromium has been added to improve the mechanical strength and, especially, the
corrosion resistance of the joint. Unfortunately the brazing temperature of these nickel-based alloys
is high compared to the other brazing materials, and because of the high temperature and the effects
of the chromium, the braze material reacts with the diamond, thus reducing the strength of the
diamond crystals. Carbon also dissolves into the surrounding braze. Here it has to be remembered
that the carbon also compose chromium carbides between the braze and the diamond crystals. These
are needed to lower the contact angle between the braze and the diamond, and also to form a good
mechanical bond between the diamond and the braze. This greatly improves the mechanical bond
between the braze filler material and the diamond grit.

In this work, the reaction layers between the diamond and the nickel based braze filler material are
studied in detail. The dilution of the carbon affects the construction and properties of the braze
material. The degradation of the diamond single crystals roughens the facets of the crystals and thus
reduces their mechanical properties and also their efficiency as tools. On the other hand, the carbide
layers which form on the diamond surface between the braze filler material and diamond smooth out
the difference in the thermal expansion coefficient between the diamond and the braze filler material.

Two different kinds of nickel-based braze material were chosen for the studies to see what effects
their composition has on the final structure existing between the braze and the diamond. The effect
of the carbide formation when boron and silicon containing Ni-Cr-Si-B was used as the braze material
was found to be slight compared to the Ni-Cr-P braze, despite the fact that the brazing temperature
is  clearly  higher  for  the Ni-Cr-Si-B  material.  The reasons for  this  are  not  only  the lower  chromium
content, but also the formation of chromium borides in the Ni-Cr-Si-B braze matrix. The chromium in
the alloy does give good corrosion resistance but it has also been shown to decrease the mechanical
strength of the diamonds because of the excess carbide formation. The braze filler materials studied
here have been developed mainly for joining stainless materials and super alloys, such as those used
in corrosive applications and at high temperatures.

In this study, it was found that the degradation mechanism for different types of diamond facets
varies, which in turn affects the mechanical strength of the diamond when it is strained in different
directions. According to the results of this work, it is clear that the higher the available chromium
content, the thicker the carbide layer on the diamond surface, and thus there is considerable
degradation of the diamond surface.

The cross-sections of the carbide layers between the diamond and braze were studied using Scanning
Electron Microscopy (SEM) and Backscattered Electron (BSE) analysis. BSE-imaging together with the
image analysis program used to measure the grey levels of the phases proved to be very efficient tools
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for characterizing the phases of the structure. This method is especially useful for identifying the
different phases for the kinds of multiphase materials in which some of the components are
electrically insulating.

The BSE-imaging confirmed that two different layers of carbides are formed between the diamond
and the braze filler material, seen as contrasting lighter and darker phases, indicating the difference
in the compositions of these carbides. There was no evidence of graphite formation, even though the
braze materials contained nickel. The results of the research indicate that the deterioration of
mechanical properties of the diamond composite may in part be caused by the degradation of the
surfaces of the single diamond crystals.

The internal structure of the diamond crystals was also studied. According to these results, the
reactions, which occur on a single diamond crystal’s surface do not degrade the crystal internally. This
suggests that although the carbon may diffuse into the brazing material, the components of the braze
cannot diffuse into the diamond itself at the brazing temperature used.
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1. Introduction

Since the beginning of our civilization, materials with high mechanical strength and superior hardness
have been associated with human achievements. Hard stones were first used not only as simple
implements such as hammers and anvils, but also as more sophisticated tools for shaping and
sharpening other suitable materials. This was probably the most important technology developed by
early man, the technology needed to break, chip, splinter, shape and finish less softer stones and other
natural materials such as wood, bone and horn in order to produce tools for work, hunting and
defence. [1]

The stone age, i.e. the age of using stones as tools, was succeeded by the bronze age, and metals such
as bronze replaced stones as the most efficient material for producing tools [1]. Later, around 5000
years  ago,  bronze  was  replaced  by  iron,  and  later  still,  steel,  and  these  metals  dominated  tool
manufacturing technology and industry until industrial diamonds, hard ceramics and cermets
(composites of ceramic materials and metals) have been developed. Also since that time, ceramic
materials have become industrially available. Although steel is still an important basic industrial
material, modern ceramic materials (such as silicon carbide) are increasingly available and utilised for
industry [1].

Among the many hard materials currently used in industrial applications such as turning, cutting,
drilling, boring and grinding, diamond still holds its place as the hardest. Indeed the use of synthetic
diamonds is today a commercial and relatively low-cost solution for many technological applications
such as low cost everyman’s tools for cutting stone and grinding hard ceramics and glass. As long ago
as the beginning of the 20th century, it  was already known that diamond was an allotropic form of
carbon [1, 2, 3, 4].

Some crystallographic data of diamond and values for the hardness of abrasive materials are
presented below in Tables 1 and 2. In addition to hardness, diamond also has the highest Youngs
modulus (E) and thermal conductivity (˂) of all the hard materials presented in Table 2.

Table 1. Crystallographic data of diamond crystal [5].

Side Length, a0  3.567Å (0.3567nm)
C - C Bond Length  1.54Å
Atomic Density  1.76 x 1029 atoms/m3

Packing Fraction 0.34
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Table 2.  Summary of physical properties of super abrasive and some conventional abrasive materials.
[6]

High quality, low cost, commercially-produced diamond single crystals are still quite small in size, and
partly therefore they have to be fixed to a suitable tool body if they are to be used as effective and
economically viable tools. Attaching diamond single crystals to a stainless steel tool body with
mechanically strong and corrosion-resistant brazing filler alloys is of great importance to many
manufacturing industries, and is the central issue in this work. The primary motivation for this study
came from the development of mechanical wood-pulping devices used in the Galileo concept by the
Valmet Corporation in Finland [8], but the applications of this research are significant for many other
manufacturing processes and industries. However, the success of the Valmet Galileo concept should
be emphasised here. The experience gained from using the Galileo concept in grinders all around the
world has shown that it has enabled a reduction in specific energy consumption of about 25-35 %. This
is because the conventional ceramic stone surfaces of the mechanical wood-pulping grinders have
been replaced with steel coated with industrial diamonds. According to reference [8] diamond grits
are set in specific, precise patterns depending on the wood species to be ground, the processing
conditions and the desired pulp quality. The Galileo concept not only reduces production costs, it also
increases pulp production and provides more uniform end-product quality. [8]

 1.1 Motivation for the research work

The manufacturing method of brazing is used to join diamonds (or other suitable super-abrasives) to
a particular material’s surface as part of the tool-manufacturing process. There are several types of
brazing filler material used in tools for this purpose; these include copper, nickel, palladium, gold and
silver based brazing filler alloys [2]. Most of these materials have adequate mechanical strength but
do not perform well in elevated temperatures or under severely corrosive conditions. This research
work focuses on nickel-based brazing filler materials due to their mechanical strength, relatively low
cost, strong performance in elevated temperatures and high corrosion resistance when compared to
the other brazing filler materials. When grinding pulp and wood using the Galileo concept [8], these
particular properties are favoured for the tools, leading nickel to be the most appropriate choice as
the brazing material to join single crystal diamonds on to stainless steel substrates in a vacuum
furnace.
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For the study two types of commercial chromium-alloyed braze filler materials were selected to braze
the single diamond crystals to a stainless steel based surface material. The selected nickel-based braze
materials were phosphorus containing a Ni-Cr-P alloy and boron and silicon containing a Ni-Cr-Si-B
alloy. These materials were selected because of their differences: there are slightly different brazing
conditions, a totally different final structure, differing interaction with the diamond single crystals,
and a varying corrosion resistance and mechanical behaviour between the materials. It is also
pertinent to note that studying the differences in composition and final structure of these nickel-based
materials would lead to a greater understanding of their behaviour under industrial conditions.

Research questions to be answered with this study:

1. What are the reactions between the braze material and diamond crystals: the structure of the
formed connecting layers and effect of the brazing process to the diamond single crystal
structure and surface? Furthermore, how does the brazing process affect the diamond single
crystal surface and what is the possible degradation mechanism? How can the structure be
characterized and what kind of analysing techniques can be used and developed? What is the
final structure of the brazing material? What kind of dilution of the base material is observed?

2. To elaborate: how does the dilution of carbon from diamond crystals and the elemental
components from the tested base material affect the final structure of the braze joint?

3. What kind of residual stresses are formed on the diamond surface during the manufacturing
process and what is the mechanical strength of the single diamond crystals after the brazing
process?

4. How does corrosion affect the structure of the final braze layer and diamond crystals and how
does the corrosion resistance differ between the study materials?

These questions will be answered according to the literature review and test results and analysis.

 1.2 Structure and properties of diamond single crystals

During the 20th century it was discovered that, with the application of certain pressures and
temperatures, Figure 1, it was possible to convert the soft hexagonal structure of graphite material
into the hard cubic structure of diamond, as illustrated in Figure 2. In the United States in 1955,
General Electric research group were the first to successfully produce synthetic diamonds, therefore
helping bring about a reduction in the price of commercial diamond grits. Nowadays, therefore, the
cost of diamond tools is compatible with other hard abrasive materials [1]. Table 1, above, presents
basic crystallographic data for diamond crystals. Table 2 (also above) presents a summary and
comparison of the physical properties of super-abrasive and conventional abrasive materials.
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Figure 1. Pressure vs. temperature diagrams for carbon. [1]

Figure 2. Structural transformation at high pressure and high temperature from the hexagonal
structure of graphite to a hard cubic diamond structure. [1]

Contrary to the well-known saying, ‘diamonds are not forever’. In spite of their remarkable properties,
there are some applications of use where - as a carbon-based material - diamonds have serious
technological limitations. For example machining of certain iron-based alloys induce working
temperature restrictions, in turn leading to degradation of the diamond material. [1]

It is important to note here that in the high temperatures needed for the brazing process, the
oxidation of diamond initiates as low as 600°C and conversion to graphite takes place above 900°C,
the temperature being below the typical brazing temperature for nickel-based brazing materials [2].
Machining or tooling of a ferrous alloy or a nickel-based super-alloy with diamond deteriorates its
properties. As a consequence of these limitations, tools containing diamonds are used at moderate
temperatures  where  their  application  is  restricted  to  non-metallic  materials  and  a  range  of  non-
ferrous alloys. There are still important applications and scope for diamond-based tools within this
field. [1]

The crystal structure of diamond is a Face-Centred Cubic (FCC) lattice, with a basis of two identical
carbon atoms associated with each lattice point: one at (0, 0, 0) and the other at (1/4, 1/4, 1/4). This
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is the same as two interpenetrating FCC lattices, each with atoms at only the lattice points, offset from
one another along a diagonal body by one quarter of its length [5]. Single crystal diamonds are
presented in Figures 3 and 4 below. Figure 3 demonstrates the low index crystal planes or facets of an
FCC crystal. As seen in Figure 4, the type of diamond facet can be identified from the shape of the
facet and the shape of the single diamond crystal. The final shape of the diamond crystal produced is
dependent on requirements, with specific crystal shapes used in different applications and
manufacturing conditions. [5]

Figure 3. Three-dimensional cubic single crystal with {100}, {110} and {111} type facets of diamond
structure. [6]

a) b)

Figure 4.  Well-crystallized and tough diamond crystals, (a) optical and (b) Scanning Electron
Microscope (SEM) micrographs. Note the clear facets of the crystals and the edge angles important
when diamonds are used for machining – angles are over 90 degrees. [6]
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The shape of a single diamond crystal has been found to be critical to its strength, toughness and ease
of retention in a bond [6]. Shapes range from octahedral to cubo-octahedral to cubic, as illustrated in
Figure 5 and the eccentricity (ratio of maximum and minimum diameters) can deviate significantly
from one crystal shape to another [6]. According to the shape of the single crystal and the angle value
of the corners of the facets it is possible to separate and identify the facet types of the diamond single
crystal.

Figure 5.  Shapes of cubo-octahedral diamond crystals. [6]

As mentioned previously, diamond manufacturers have long been aware that the single diamond
crystal shape is sensitive to its growth conditions, with higher temperatures generally producing a
more octahedral crystal; therefore manufacturers have found temperature control to be an important
tool in controlling the crystal shape. [6, 7]

Fabrication of abrasive tools containing mesh diamonds grits, particularly with metal bonds, involves
processing at  temperatures  of  up to  900°C or  even higher  if  a  nickel-based braze filler  material  is
utilized [2].  The thermal stability of the crystals is therefore very important for such applications. The
most common way to characterize thermal stability is to perform a toughness test after exposure to
high temperatures. A toughness test could involve exposure for 10 minutes at 1100°C in an inert
atmosphere, yielding a Thermal Toughness Index (TTI).  The thermal stability of diamonds is mainly
determined by the internal concentration of inclusions, catalyst metal and other impurities. Back-
conversion of diamond to graphite around the inclusion may occur upon heating and, in addition, the
thermal expansion coefficient of most inclusions is higher than that of diamond. This induces further



7

internal stresses inside the single diamond crystals. These effects contribute to the generation of
internal stresses that weaken the crystals. [6, 7]

As previously stated, the shape of a single diamond crystal has been found to be critical to its strength,
toughness and ease of retention in a bond. The highly irregular shape of resin grade crystals
contributes to their high friability as well as improving bond retention. Even with well-faceted saw
grade diamond crystals presented in Figure 3, the shape can range from octahedral to cubo-octahedral
to cubic, as illustrated in Figure 5, and the eccentricity (ratio of maximum and minimum diameters)
can deviate significantly from one. [6, 7]

Although more difficult to quantify, the fracture characteristics of diamond crystals can greatly affect
overall performance of the final product. The fracture characteristics may be assessed by examination
of fractured crystals. This will include the debris produced by toughness or strength tests, including
the size and shape of the fragments. Tough (high-strength) diamonds break down via splintering of
the crystal edges, producing large and medium fragments and splinters.  Many blocky crystals with
smooth facets remain. Friable diamonds, by contrast, fracture more completely, producing few large
fragments and many small pieces with a rough, irregular texture. The fracture characteristics are
affected by many factors: crystal morphology, shape and the type, content, and distribution of
inclusions [6].

 1.3 Microstructure of nickel based brazing materials

Nickel-based materials such as Ni-Cr-P and Ni-Cr-B-Si are widely-used brazing alloys in several
applications [2]. The reason for the high bonding strength between diamond and the Ni–Cr-based
brazing alloy is the reaction and formation of carbides at the diamond/braze filler material interface
during the brazing process. Carbides such as Cr3C2 and  Cr7C3 have  been  reported  to  form  on  the
diamond surface [16]. It has also been reported that there is no graphite formation when chromium
is present in the braze material, but that graphite forms when pure nickel braze materials are used
[16].

As is widely acknowledged, diamond is the hardest known material, making it ideal for many types of
tool manufacture. Commercial synthetic diamond crystals are relatively small in size and the brazing
process by which the crystals are fitted on to the tool body is made in a controlled atmosphere or
vacuum. Table 3 below presents the brazing filler metal groups, of which at least nickel, copper, gold,
silver and palladium-based materials can be used to braze diamonds. In general, the chosen braze
filler material has to have high mechanical strength to hold up the stress of the tool in use. In this work
only nickel-based braze materials are under examination because of their good corrosion resistance
and high mechanical strength [9, 10, 11].
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Table 3. Brazing filler metal groups. [2]

The braze filler materials Ni-Cr-P and Ni-Cr-Si-B contain phosphorous or boron and silicon respectively
– these act to reduce the melting temperature and improve the flux of the alloy for brazing. Silicon
can be added to the alloy for this same purpose, as it is in the Ni-Cr-Si-B type brazing alloy as presented
in Table 4 below. Table 4 presents most of the common commercial nickel-based brazing materials
with varying compositions for different applications. It can be said that these alloys contain
phosphorous or boron and silicon to reduce the melting temperature of the brazing alloy; note the
relatively high silicon and chromium content of alloys BNi-1, BNi-1a and BNi-5.

Important information about the melting temperatures and phase compositions of Ni-P, Ni-B, Cr-P,
Cr-B, Ni-Si and Cr-Si binary systems is given in Figures 6 - 9, where the binary phase diagrams of the
components involved in this work are presented together with the phases formed during solidification
[12]. The results are used further on during the analysis of the formed braze structures.

Table 4. Composition (American Welding Society AWS standard) presented together with the brazing
temperature range of some commercial grades of nickel-based brazing materials including Ni-Cr-Si-B
(BNi-2) and Ni-Cr-P (BNi-7), brazing filler materials. [2]
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Figure 6 presents the binary phase diagram of the nickel - phosphorous system. According to the phase
diagram the melting point of the binary alloy with 11 wt.-% of phosphorous is about 870ºC. Figure 7
presents a similar phase diagram for the binary chromium - phosphorous system. According to the
information it is possible that when chromium is dissolved into the braze material it slightly increases
the brazing temperature. These two phase diagrams also show that the solidified braze forms two
different phases with this phosphorous content: a face-centred cubic (FCC) nickel-based phase with
about 0.17 wt.-% of phosphorous in it and X3P phase where X can be nickel and chromium. The crystal
structure of the Ni3P phase is tetragonal, space group Iп, the dimensions for the unit cell being a=8.954
Å and c=4.386 Å. The Cr3P phase has the same crystal structure Iп with unit cell dimensions a=9.185 Å
and c=4.560 Å. [6, 14, 15]

Figure 6. Nickel - phosphorous binary phase diagram and table of phases present and structural
information of the phases. [12]
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Figure 7. Binary phase diagram for chromium - phosphorous systems. [13]

Figure 8 presents the binary phase diagram of the nickel - boron system. According to the phase
diagram the melting point of the binary nickel - boron alloy with 3.1 wt.-% of boron is slightly under
1100ºC. Figure 9 presents a similar phase diagram for the chromium - boron system, where it can be
seen that the melting point of this alloy is high: 1630ºC with a boron content of 3.1 wt.-%. The high
melting point indicates the increased brazing temperature when the nickel-based brazing filler
material is significantly alloyed with chromium. The formed phases together with nickel or chromium
rich phase in  this  case are  Ni3B for binary nickel - boron system and for chromium - boron binary
system Cr2B phase. Furthermore, because of the high melting point, Ni-Cr-B brazing alloys are also
typically alloyed with silicon.
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Figure 8. Nickel - boron binary phase diagram with a table of phases and their structural information.
[12]

Phase
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Figure 9. Chromium - boron binary phase diagram with a table of phases and their structural
information [12]

Nickel-based brazing materials are frequently used filler metals for stainless steel and super alloys
when a high strength material with good corrosion resistance is necessary. Nickel-based brazing filler
metals provide joints that have excellent corrosion resistance, mechanical strength and mechanical
strength at high temperature. These filler metals are typically supplied in the form of powders mixed
with an organic binder. A limited number of filler metals are also available as sintered rods, preforms,
and foils [2].

However, the brazing filler metals may react with stainless steel based materials, forming intermetallic
phases with two undesirable characteristics. First, the phases are considerably less ductile than either
the base metal or the filler metal, even at elevated temperatures, and are therefore a potential source
of rupture. Secondly, the alloys formed with stainless steel have a higher melting point and are likely
to freeze during the brazing process, where temperatures block further brazing filler metal flow into
the joint. Because of the relatively high brazing temperatures required for the nickel brazing filler
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metals, their use is generally limited to furnace brazing in a controlled atmosphere. This includes
vacuum furnaces and is also the case when the single diamond crystals are brazed. [2, 12]

The data in Figure 10 presents X-ray diffraction (XRD) curves of the rapidly solidified amorphous or
semi-amorphous foil of boron containing Ni-Cr-Si-B brazing filler alloy – this is shown through the low
and wide diffraction peaks and a similar curve for the same crystallized alloy after its heat treatment
at 930ºC. Crystallization of the nearly amorphous foil is carried out during the heat treatment
procedure. The FCC nickel-based phase is formed together with the Ni3B phase. One diffraction peak
coming from silicon is also identified in the Figure 10, but in this case it is not very probable that the
braze material contains pure silicon after the heat treatment procedure, silicon should be dissolved
into nickel based matrix as the binary phase diagram presented in Figure 11 presents. Referring back
to Figure 8, the heat-treated structure represents the structure seen in the binary phase diagram,
consisting mainly of a face-centred cubic FCC nickel phase and Ni3B phase. The diffracted intensity
peaks  from the Ni3B phase are relatively low compared to the intensity peaks of pure nickel. This
makes the identification of the diffraction peaks considerably more difficult.

Figure 10. X-ray diffraction (XRD) diagrams of the as received rapidly solidified Ni-Cr-Si-B foil and the
material after heating up to 930ºC [18].
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Figure 11. Nickel - silicon binary phase diagram, the table of phases and their structural information.
[12]

Figure 12 shows the typical microstructure of a re-solidified Ni-Cr-Si-B brazing filler alloy, Ruiz-Vargas
et al. [18].  Figure 12 c) depicts the related chemical maps measured with the Energy Dispersive X-ray
(EDX) analyser for the same specimen area. Below Figure 12 is Table 5, reporting the mean chemical
compositions measured across the different components of the microstructure. Four main
components can be detected: rod-like chromium borides (type Cr2B with low Si content) and shown
as the pink phases in Figure 12 c); nickel borides (type Ni3B, with addition of Fe and Cr and a low Si
content) as shown in the blue phases; a FCC Ni-based component with a Si addition (green phase),
containing cuboidal precipitates, which are likely the ordered FCC Ni3Si-based ’ phase; and a multi-
phase component rich in Si and B (the blue/green regions of Figure 12 c) [18]. A question arises when
looking at these results: why are the crystalline chromium borides not identified in the X-ray
diffraction curve shown in Figure 10?
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a) b)

c)

Figure 12. Scanning Electron Microscope (SEM) images of typical microstructure of a re-solidiŬed Ni-
Cr-Si-B alloy. Micrographs taken with two magnifications are shown in (a) and (b), and (c) presents an
Energy Dispersive (EDX) elementary map of boron, silicon and chromium obtained through the same
zone as in (a). [18]

The volume fractions of Cr-B, bulky Ni3B, Ni, ’ (Ni3Si) and eutectic phase mixture were estimated to
7 %, 36 %, 40 % and 17 %, respectively [18]. It can be noted that the XRD analysis on the crystalized
state (in Figure 10) and the microstructure characterization on the re-solidified state (presented in
Figure 12 and Table 5) agree significantly. Indeed, the two main components Ni3B and FCC Ni/ ’ are
detected in both cases with comparable amount ratios. Ni3Si-based ’ phase cannot be well
differentiated from Ni by XRD since they have similar crystal structure. The Cr2B phase was observed
with a low-volume fraction after solidiŬcation, which could explain why it was not detected on the
XRD patterns. However, it is also possible that Cr2B and Ni3Si-based ’ phases were not present after
crystallization from the amorphous state, due to an energy barrier for their solid-state nucleation [18].
Table 6 below depicts the phases of equilibrium, the composition and amount for the Ni-Cr-Si-B alloy
at temperatures of 1050ºC and 650ºC. [18]
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Table 5. Composition and amount of phases present in the re-solidiŬed Ni-Cr-Si-B alloy. The vol.-%
was calculated using 3.3 g/cm3 density for chromium boride, 8.2 g/cm3 for Ni3B and the estimated
density value of 8.9 g/cm3 for the other nickel-based constituents, temperature 20ꜛC. [18]

Table 6. Equilibrium phases (composition and amount) predicted by ‘ThermoCalc’ calculation program
with TTNI7 database for Ni-Cr-Si-B alloy at 1050ºC and 650ºC. [18]

 1.4 Interaction between diamond single crystals and elemental metals and alloys

According to Chen et al. [43] the brazing of the diamond grits using the Ag-Cu-Ti and Ni-Cr brazing filler
alloys produced interesting results. Variations in the morphology of the brazed diamond grits, such as
graphitization, erosion, micro-cracking and fracturing are observed. The compressive strength and
Thermal Toughness Index (TTI) of the brazed diamond single crystals were evaluated. The results
obtained show that the morphologies of the original, unaltered diamond grits are similar to those of
the brazed diamond grits. When the diamond grits were brazed using the Ag-Cu-Ti-alloy
disadvantageous phenomena, i.e., graphitization, erosion, micro-cracking and fracturing were not
observed and the compressive strength and the TTI values of the brazed diamond grits only slightly
decreased. However, when the diamond grits were brazed with the Ni-Cr alloy, surface graphitization,
erosion, micro-cracking and fracturing of the brazed diamond grits resulted. There was also a
signiŬcant reduction in the mechanical strength of the brazed diamond grits [43]. Following
conclusions on the morphologies and mechanical properties of diamond can be reached [43]:

1. The Ag-Cu-Ti alloy has little effect on the morphologies and mechanical properties of diamond
grits. The morphologies of the resulting brazed diamond grits are similar to that of the unaltered
diamond grits, while the compressive strength and the TTI-values of the brazed diamond grits
were decreased by 6 % and 5 %, respectively.
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2. The Ni-Cr alloy results in graphitization, erosion, micro-cracking and fracturing of the brazed
diamond crystals. However, the graphitization only occurs on the surface of the diamond grits.
The erosion of brazed diamond grits is readily apparent and signiŬcant. Additionally, micro-
cracking of the diamond grits appears near interfaces. Meanwhile, the compressive strength and
the TTI-values of brazed diamond grits are decreased by almost 40 % and 84 %, respectively.

3. Because a decrease in the mechanical strength of diamond crystals would undesirably affect the
grinding performance of brazed diamond tools, the Ag-Cu-Ti-alloy is a more suitable choice for
use in these tools than a Ni-Cr alloy, if the difference in corrosion resistance of these alloys is not
taken into account.

A question arises here concerning the mechanism of the degradation of diamonds when nickel-based
chromium containing braze materials are used: how does the brazing process really affect the single
diamond crystal surface? Another question arises when thinking about the results presented: How
does high residual stress on the surfaces of single diamond crystals occur, if there is graphitization
observed on the diamond surface? This mechanically weak graphite layer should relax the tension
between the diamond and the nickel-chromium braze filler material.

Images of diamond grits brazed with both braze alloys Ag-Cu-Ti and Ni-Cr presented above are shown
in Figure 13, in Figure 13 a) there is a diamond brazed with the Ni-Cr alloy and in Figure 13 b) diamond
brazed with the Ag-Cu-Ti alloy. These micrographs demonstrate that each brazed diamond single
crystal is supported by the corresponding underlying brazing filler metal. Additionally, the attachment
of the diamond grits is further reinforced by chemical bonding between braze and the single diamond
crystal [43].

a) b)

Figure 13. Images of diamond single crystals brazed with the different brazing filler metal: (a) diamond
brazed with the Ni-Cr alloy and (b) diamond brazed with the Ag-Cu-Ti alloy [43]. There are only slight
differences in wettability and also in the surface structure between these braze filler materials.

Additionally, a Scanning Electron Microscope (SEM) image and Energy Dispersive X-ray analysis (EDX)
line scan along the indicated line of interface between brazed diamond single crystal and Ni-Cr alloy
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are shown in Figure 14 a) and b). Nickel is a catalyst that can promote the transformation of diamond
to graphite under normal pressure and high temperatures (above 800°C), and it can also dissolve the
carbon element. Furthermore, chromium is a carbide forming element. Both of the elements
mentioned above can result in a signiŬcant reduction of the carbon on the surface of the single
diamond crystals, as well as in pit formation. Hence, the erosion is mainly caused by the change of the
structure of the carbon element from diamond to graphite, the reaction between the Ni-Cr alloy and
carbon, and the dissolution of carbon into the liquid brazing filler metal at high temperatures. [43] The
location of silicon, chromium and carbon given by the line analysis demonstrate that chromium forms
carbides but silicon does not. The uneven polished specimen surface is seen as a reduced carbon
content in the line analysis just inside the diamond crystal.

a) b)

Figure 14. SEM image and EDX line analysis along the indicated line of interface between brazed single
diamond crystals and the Ni-Cr alloy: (a) SEM image, (b) EDX line analysis scan along the indicated line
[43].

When analysing the results presented above one has to remember that EDX-analysis is not a very
accurate method when the measured surface is not perfectly polished and especially when light
elements such as carbon are analysed together with heavy ones such as nickel and chromium [44].
This is the reason why in the experimental part of this work the intermediate layers between the braze
material and diamond were analysed using Backscattered Electron Images (BSE) instead of EDX-
microanalysis.

When comparing the erosion of single diamond crystals brazed with the Ag-Cu-Ti alloy or the Ni-Cr
alloy there is a significant difference, as presented in Figure 15. The morphology of the brazed
diamond grits is like that of the unaltered single crystals, although the edges of the single crystals are
not as sharp as the unaltered diamond grits; additionally, many small pits are present on the surface
of crystals. This can be seen in Figure 15 b) below, which has been brazed with the Ni-Cr alloy. The
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presence of the pits on the surface indicate that the diamond grits have been corroded during the
brazing process. [43]

a)    b)

Figure 15. Damage on brazed single diamond crystals after removal of the brazing filler metal: (a)
Surfaces of a diamond grit brazed with the Ag-Cu-Ti alloy; (b) Surfaces of a diamond grit brazed with
the Ni-Cr alloy. [43] Note the significant difference of the surface morphology between these grits.

To evaluate the effect of a particular brazing filler metal selection on the mechanical properties of
single diamond crystal grits, the compressive strength and thermal toughness index (TTI) of diamond
grits were investigated, Chen et al. [43]. The compressive strength and TTI of diamond grits treated in
a vacuum at different temperatures were measured to clearly distinguish between the effects of high
temperatures versus on the brazing filler metal. The results are shown in Table 7. The compressive
strength of the diamond grits decreases with increasing treatment temperature and is further reduced
because of the brazing process. The brazing process using the Ag-Cu-Ti alloy has a minor effect on the
compressive strength of the diamond grits; that is, the compressive strength of the brazed diamond
grits decreases by 6 % compared to the diamond grits brazed with the Ni-Cr alloy, where the
compressive strength decreases by nearly 40 %. In contrast, the temperature of the vacuum heat
treatment has a small effect on the TTI value of the diamond grits. Similarly, the TTI value of diamond
grits is also reduced because of the brazing process. The TTI value of the diamond grits brazed with
the Ag-Cu-Ti alloy is decreased by 5 %, while the diamond grits brazed with the Ni-Cr alloy decreases
their TTI value by nearly 84 %. [43]

Due to the use of a high brazing temperature and the signiŬcant differences in the material properties
between the single diamond crystals and brazing filler materials, interfacial stress between the steel
substrate and brazing filler metal is induced. To investigate the resulting interfacial stress, an axial
symmetric model was established along the central line of symmetry by Chen et al. [43]. In the Finite
Element Model (FEM), the development of interfacial-stress in the brazed joint specimen was
computed to simulate cooling from the brazing temperature down to room temperature. The results
of FEM analysis are shown in Figure 16. [43]
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a) b)

Figure 16. The distribution of interfacial stress in a brazed joint, (a) the maximum principal stress when
using the Ag-Cu-Ti-alloy, (b) the maximum principal stress when using the Ni-Cr alloy. [43]

According to the results presented in Figure 16, the highest thermal stress exists near the interface
between the diamond grits and brazing filler metal. The value of the maximum tensile residual stress
reaches 349 MPa for the Ag-Cu-Ti alloy and as high as 1.754 GPa for the Ni-Cr alloy, i.e., the interfacial
stress in the joint brazed with the Ag-Cu-Ti alloy is significantly lower than that of the Ni-Cr alloy. Such
signiŬcant residual tensile stress in the joint brazed with the Ni-Cr alloy can exceed the tensile strength
of the diamond grits (1.32–2.5 GPa) [43] and initiate cracking near the interface of the diamond grits.
Here,  the modelled maximum stress  for  the Ni-Cr  system is  showing overly  high values:  the stress
should, in this case, be relaxed by yielding the braze material matrix. Useful information in Figure 16
is the location of the maximum stresses near the diamond crystals.

Table 7. A comparison of the parameters of diamond single crystals treated under different conditions.
[43]
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1.5 Wetting of diamond single crystals by metals and alloys

In order to use brazing to join different materials together, wetting and low contact angle between
the brazed materials is determining the quality of the joint [2]. Naidich et al. (1988) [39, 40] found that
wetting between diamond and other elements and contact angles ᷆c are determined directly by the
nature of the components involved, which correlates well with the work of adhesion of atoms on a
diamond surface. They also proved that wettability or work of adhesion, W, correlates well with the
enthalpy of formation of the highest carbide existing in any particular metal-carbon system. Therefore,
the following order of wettability may be postulated on the basis of thermodynamic data for the
enthalpy of carbide formation for the important metals shown in Table 8: Ni, Co, Fe, Cr, Nb, Ta, Ti and
Zr. Here nickel has the minimum work of adhesion whereas zirconium should have the maximum
value. It is important to underline that nickel and cobalt do not wet diamond under any of the
temperature, pressure and environmental conditions applied [39]. Non-transitional elements from
group IIB of the periodic table interact with diamond in the liquid state only via physical interaction
and thus have very large contact angles. For example, Cu, Ag, Au, Ga, Sn and their alloys have ẽC about
120-150°. In the case of the carbide-forming transition metals, wetting of diamond occurs with the
creation of a carbide Ŭlm. This is because metal atoms have a tendency to build strong chemical bonds
at the interface. Therefore, metallic layers that are in contact with diamond have a different nature
and structure from that of the matrix. Thus, use of the term ‘wetting’ in the case of transition metals
is rather conditional because of the practically instantaneous diamond/metal chemical bonding. It is
worth mentioning that the larger the similarity between the diamond crystal’s carbon atomic pattern
and the forming carbide, the better the wetting and lower the contact angle. This has been conŬrmed
by observation of a lower contact angle on a {111} type diamond plane than that on {100} type plane.
[16]

The wetting of diamond by solid metals during the annealing process of diamond/metal composites is
important since metal-diamond bonds can exist only on the joint interface. This wetting occurs via
metal vapour condensation, which when solidification process begins, form small metal droplets that
then grow into complete Ŭlms, Rabinkin, 1982 [41]. It was also noticed that many alloys containing
carbide-forming elements start to wet at much lower temperatures than corresponding elemental
metals. An interesting phenomenon was also observed [41], when considering diamond wetting by
chromium containing alloys and pure chromium. Thus, at low temperatures (about 900°C) chromium
carbides appear on the socket surface like small drops of liquid, with a high surface tension (see Figure
17 below). Wetting or carbide formation on diamond occurs only at 1000°C, as demonstrated in Figure
18. When used as an annealing atmosphere, nitrogen contributes to the wetting by iron starting from
900°C; however, in the cases of niobium, zirconium and Inconel-type nickel-based super-alloys it
reduces wetting and carbide formation substantially. According to the reference [16] stainless steel
grade AISI 316L also wets diamond like a liquid with high tension – this is similar to pure chromium, as
presented in Figure 17 b).
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a) b)

Figure 17. Wetting of diamond single crystal surface, (a) diamond-chromium interaction in a vacuum
at 900°C for 5 hours. Carbide formation starts on a socket surface (b), carbides appear as frozen
droplets of a liquid with high surface tension seen using higher magnification. [16]

Figure 18. Diamond/stainless steel, grade AISI 316L composite sintered at 1000°C for 5 hours. Good
formation and attachment of the even chromium carbide film occurs on all crystallographic planes
marked with arrows. [16]

 1.6 Interface between diamond single crystals and braze material: Basic nature of the interactions

Especially when brazed using nickel-based chromium-alloyed brazing filler materials, single diamond
crystals are affected by the aggressive brazing material at high brazing temperatures [37, 38]. Both
the diamond-metal interaction and the structure of the diamond/metal joint interface depend on the
nature of the atomic bonding between the carbon and metal atoms [37, 38]. This in turn is also
determined by the crystallographic orientation of the diamond crystal lattice surface on which the
carbon atoms are positioned when reacting with metals and metal compounds, mostly forming
carbides in the process. One of the important effects of crystal orientation is the different wettability
of diamond planes with different crystal indexes [16]. Detailed analyses of such interactions are given
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by Naidich et al. (1988) [39, 40] and Rabinkin (1981) [41]. Alloy phase diagrams containing carbon as
one of the elements under consideration are well-constructed and reliably express what may be
formed from these interactions, not only at the diamond/Ŭller metal (FM) interface, but also in the
metal volume outside the interface. They also help to predict what kind of carbon/metal compounds
should be expected in the interface area. Practically all aspects of the interaction of any particular
metal or alloy with diamond depend on whether or not it forms stable carbide. Important transition
metals have rather diverse free energies of carbide formation, as is presented in Table 8.

Table 8. Standard free energy ȹF of formation of some metal carbides per atom in kcal/g-atom= ȹF
kcal/mol/(x+y), where x and y are taken from carbide formula MexCy. [16].

The second important factor is the solubility or diffusion of carbon in the liquid brazing Ŭller metal and
in the base metal’s solid state. This solubility depends on the temperature and pressure applied.
Selected elements of the periodic table can be separated into three different batches according to the
type of diamond-element interaction. Batch 1 consists of elements, such as Ag, Au, Cu, Zn, Al and
others, which normally do not form any compounds with carbon. Most of the IIB-group elements have
relatively low energy for atomic bonding with diamond and, therefore, dissolve carbon in minuscule
quantities in both their liquid and solid states. The corresponding phase diagrams in these cases have
no areas with any noticeable carbon solubility in the solid state of these metals. Batch 2 consists of
transition-metals forming carbides, such as V, Ta, Cr and others, whereas batch 3 contains transition
metals, which include for example Ni and Co. The elements dissolve diamond in its liquid phase but
do not form carbides. [16]

 1.7 Formation of carbides on a diamond single crystal surface during the brazing process at high
temperatures

According to Naidich et al. [39, 40], transition elements of IV-VI groups of the periodic table and silicon
and boron have very strong chemical bonds with carbon, forming carbide layers with a rather
permanent composition. The Me-C binary phase diagrams for Body Centred Cubic BCC elements Zr,
Ti, Ta and Nb systems demonstrate the existence of the (Me)xCy carbides [12]. Figure 19 a) shows a
schematic diagram of carbide formation in the Ti-C and Zr-C systems, while Figure 19 b) presents the
general outline of the carbon concentration proŬle at the diamond/metal interface during diamond-
metal interaction at temperatures higher than 1000°C.
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Figure 19. Formation  of  carbides  according  to  Ti-  and  Zr-C  partial  phase  diagrams  (a)  and  general
outline of the carbon-concentration profile at the diamond-metal interface during diamond-metal
interaction at temperatures higher than 1000°C. Here t is the time, XD is the diamond dimension at
times t=0 and t=t;  XMe is  the  metal  in  contact  dimension  at t=0 and t=t;  NCMe(C) is the carbon
concentration; and CD is the concentration of carbon in diamond, CD = 1. Figure (b) presents the general
outline of the carbon concentration profile at the diamond-metal interface. [16]

Carbide-formation in joints occurs via the reactive diffusion process. The morphology of the carbide
layer formed by Zr, Ta and Nb on a diamond surface is the same as the morphology of the diamond
surface [40]. These layers are very even and uniformly cover all crystal diamond facets, as is presented
in Figure 20. In the case of titanium the attachment is not as good as that in Zr, Ta or Nb. The strength
of the interface between the diamond and any formed carbide keenly depends on the close epitaxial
relationships of their crystal lattice parameters. The closeness is determined by any misŬt between
atomic positions in both crystal lattices. The strength of the diamond-carbide bond will be at its
maximum when the misŬt is at a minimum. Moreover, due to differences in the atomic dimensions
on different atomic planes, this strength is not constant on crystal planes with different indexes. [16]
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Figure 20. A thin epitaxial carbide film formed on the diamond surface during sintering of diamond in
zirconium powder at 1000°C for 5 hours in a vacuum. The film is uniform and covers all crystal facets
and even the original crystal growth steps, arrows on (a) and (c). The longer sintering time results in
overgrowth, which leads to loss of bonding with both the diamond (b) and the matrix, (d) fracture
occurs on both D/ZrC and ZrC/Zr interfaces. [16]

To understand the possible reasons for this, it is worth considering the structural patterns and lattice
constants of diamond and the highest carbides (MeC) of Ti, Nb, Ta and Zr with the structure. Figure 21
shows (100)MeC and (110)MeC projections of MeC (B1) carbide on which (100)D and (110)D diamond
projections are superimposed. Figure 21 also shows (110)Me metal projection and lattice-spacing
discrepancies for four of the carbides and metals in question. When considering these structural
patterns and lattice constants, there are notable similarities between the (100)D and (111)MeC planar
nets of diamond D and carbides when (100)D II (110)MeC. SpeciŬcally, the closest proximity and the
strongest atomic bonds calculated were found by Yamazaki et al. (2009) [17] between diamond and
V4C3 carbide lattices in the case of the interface with (111)D and (111)[111]V4C3 indexes. [16]

The difference V, in Figure 21 below, between the lattice spacing of diamond and carbides is in the
range favourable for epitaxy: that is, -7 % for ZrC and up to 14 % for TiC. Therefore, formation of the
thin carbide epitaxial layer on a diamond surface might be expected on the sites where carbon atoms
dissolve. On the other hand, in the case of graphite, V is substantially higher and there is no convenient
orientation relationship. These circumstances might be the reasons for the different contact
behaviours of various forms of carbon. It is worthwhile mentioning that for titanium the difference V
has the highest value of the four carbides. This could explain why titanium carbide has the worst
attachment to diamond among all carbide-forming elements. Therefore, the use of a titanium coating
before brazing for diamond grit may not be the best choice.
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There are important details of the carbide-formation process worth noting at this point. First of all,
the volume changes during formation of metal carbides by various metals and diamond are negative.
Moreover, carbon and metal atoms have very different diffusivities. Therefore, the mass transfer is
not capable of supporting volume-continuity. This results in porosity of the carbide Ŭlm with the
interface area. Epitaxial formation of thin carbide Ŭlms on the diamond surface might be expected
during annealing in the solid state not only with Zr, Ta, Nb and Ti,  but also with powders of alloys
containing these elements. [16]

Figure 21. Schematic presentation of crystal lattices of diamond D, some body centred cubic BCC
transitional metals, and their (Me)C carbides. Possible epitaxial relationships for (100)D and (100)Mec

planes and lattice spacing discrepancy. [16]

This formation is very important for sintering diamond/metal composite tools. Nevertheless, any
crystal defects, such as edges or corners of crystals, dislocations, crystal growth steps, etc., occur
where the diamond-metal interaction starts. The most interesting phenomenon found is the decrease
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of the selective sensitivity of the diamond-metal interaction with an increase in the metal affinity with
carbon. SpeciŬcally, in diamond crystal-metal composites made via sintering with Ni, Co or Fe, the
reaction starts and develops first at defects or on very uneven surfaces with numerous steps, pits, etc.
In interactions involving Zr, Nb and Ta, uniform and complete carbide Ŭlms appear on all kinds of
crystal facets, regardless of the presence of similar diamond defects. Therefore, dissolution proceeds
uniformly, so that the majority of the crystals preserve their original shape during joining. Carbide
Ŭlms formed by alloys are very different from those formed by their elemental constituents. Their
formation starts at much lower temperatures. [16]

Strong and regular atomic bonds formed on the diamond/carbide interface result in good attachment
of the carbides to diamond when the carbide thickness is small (0.1-0.5 µm). The appearance of Ŭne
and regular porosity in joint components after annealing and brazing in both vacuum and a nitrogen
atmosphere might be an additional source of carbide Ŭlm brittleness. For elements which do not form
carbides on diamond surface due to low affinity to carbon (Ni, Co, Fe), wetting hardly occurs.

 1.8 Graphitization of diamond surface during annealing and brazing treatments

The diamond graphitization process starts at high temperatures in a vacuum or other medium that
does not assist graphitization. For pure natural diamond grit this temperature is 1500°C or higher [16].
Graphitization of the diamond-metal composites ‘nickel + diamond’, ‘cobalt + diamond’ and ‘iron +
diamond’ was observed in a vacuum at 1000°C, Rabinkin [41]. The retention of graphitized diamond
is poor and, therefore, should be avoided during diamond joining. It was also shown that the use of
nitrogen as an annealing atmosphere retards this process. [16]

Since the activation energy of graphitization for different diamond crystal planes is different, one
would expect that if diffusion proceeds via graphitization, then the rate of diffusion would be strongly
dependent on the crystallographic directions. The microstructures observed in sintered diamond-
metal composites clearly display spherically-shaped regions enriched by a carbon ‘halo’ that surround
single crystals with various crystallographic planes in contact with the matrix. Furthermore, strong
carbide-forming elements yield uniform carbide Ŭlms on different crystallographic planes. The same
behaviour was conŬrmed by direct measurements of the carbon concentration along different
crystallographic directions by Rabinkin [41]. These results suggest that the dissolution and diffusion
rates on a macro level are affected weakly by the diamond crystal plane crystallographic indexes. [16]

The reaction mechanism of the interface between diamond, commercial Ni-Cr-P alloy and steel
substrate was studied using optical microscopy, a scanning electron microscope (SEM), X-ray
diffraction (XRD) and Raman spectroscopy by Tillmann et al. [45] and Wang et al. [46]. The reaction
layers formed between diamond, the brazing alloy and steel substrate produced good wettability of
diamond grits. The reaction layer between diamond and the brazing alloy comprised separate reaction
layers of brazing alloy and diamond. Cr7C3 and Cr3C2 carbides formed in the reaction layer of brazing
alloy was the main reason for improving the bonding strength of the Ni-Cr alloy to the diamond grits.
A reaction layer of diamond may be a graphitization layer formed on the surface of diamond under
high temperature brazing. The life and sharpness of the brazed diamond boring drill-bit fabricated was
superior to the electroplated one already on the market, owing to its high protrusion and bonding
strength. [45, 46]
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The microstructure, phases and carbides that formed between diamond, the brazing alloy and steel
substrate were studied in a commercial Ni-Cr-P alloy. The reaction layer at the interface produced
good wettability of diamond grits (essential for achieving better quality tools). Two chemical reaction
layers between brazing alloy and diamond and between brazing alloy and steel substrate improved
the high bonding strength of the brazed diamond grits. Separate reaction layers of brazing alloy and
diamond were found within the reaction layer of brazing alloy and diamond.

 1.9 Thermal properties of diamond – braze composites

The CoefŬcients of Thermal Expansion (CTE) in the range of cooling temperatures are presented in
Figure 22 below for the Ag-Cu braze material, TiC, AISI 316L base material and natural diamond [47].
As presented in Figure 22 the thermal expansion of TiC is nearly the same as the value of diamond
while the other materials have clearly higher values.

One important property of diamond is that it cannot substantially dissolve any element. Conversely,
however, carbon atoms of diamond dissolve and react with metals, forming a variety of metal
carbides. In this respect, the diamond-metal interaction is literally one-directional: all joint formation,
including morphology, phase composition and joint stresses arising from joining, occurs outside the
diamond surface in the metal or alloy volume. Rabinkin [41] has shown that the dissolution of both
diamond and graphite happen at almost the same rate being slightly faster in diamond’s case. It is very
likely that the diffusion of carbon from the diamond into the metal matrix at moderate temperatures
occurs via direct diamond dissolution without the intermediate conversion to a graphite stage [16].
This dissolution starts at the diamond crystal corners, edges, crystallization defects, dislocations, etc.
For Ni, Co and Fe matrixes, the dissolution process occurs step by step along the planes of the diamond
crystals. However, the selectivity of dissolution strongly decreases as the carbide-forming ability of
the matrix metal increases. Thus, carbide formed by Zr, Nb and Ta have equal thickness for all facets
and edges, as Figure 23 presents below. [16]

Figure 22. CoefŬcient of Thermal Expansion (CTE) of four materials in the range of cooling temperature
in the brazing procedure [47].
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Figure 23.  Carbide film formed on diamond surface sintered with niobium at 800°C, with a sintering
time of 5 hours in a vacuum furnace. Film morphology depends neither on the metal matrix
morphology nor on the crystal plane indexes. Niobium carbides bands spread around the crystal,
which appears as if it is completely wetted. [16]

Relative to the rate of diamond dissolution, all metals can be divided into two categories: carbide
forming and non-carbide forming. The solubility in non-carbide forming metals depends on the limit
of carbon solubility in the metal at a given temperature and pressure. It can be stated that the higher
the solubility, the higher the rate of carbon diffusion and therefore the higher the rate of diamond
dissolution. [16]

For carbide forming elements, if the carbon solubility is low, the rate of dissolution is nearly equal to
the rate of carbide formation at the diamond-metal interface. Therefore, as was mentioned, the
formed carbide protects the diamond because the carbon diffusion rate through a carbide Ŭlm is
extremely low. When the solubility is high, the rate of dissolution is a compromise between the
carbide build-up and the carbon diffusion from the carbide-metal interface into the Me-C solid
solution. Since the solubility of diamond depends on diffusion processes and capillarity effects
occurring in the metal and carbide, it is worthwhile considering some of the parameters of diffusion
for some metals and carbon in metals and carbides, as presented in Table 9. This data clearly
demonstrates an enormous difference in the rate of diffusion of carbides and metals by both metals
and carbon. The coefŬcients of diffusion in carbides are of the order of 10-4 to 10-5 times smaller than
those in metals. In all the various cases of diamond dissolution the two factors determining when it
occurs are the diffusion processes between components of all virgin phases in base metals’ newly
formed phases, and their comparative rates. Dissolving carbon may precipitate in the metal matrix,
forming small carbide particles. Usually this process is accompanied by strong dispersion hardening,
which was observed in most of the metals and metal matrixes. Brazing and annealing diamond/metal
composites in nitrogen during sintering decrease the diamond dissolution rate in both cases, for it
decreases carbon activity in -Fe, as was proven by direct measurements in the samples annealed in
a vacuum and in a nitrogen atmosphere. [16]
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Table 9. Parameters of carbon and metal diffusion in various metals and carbides. [16]

 1.10 Mechanical strength of diamond single crystals and nickel based brazing materials

Mechanical strength of the braze-diamond construction commonly defines the life span of the tool.
This  makes  the mechanical  testing  of  the tool  a  very  important  issue.  The strength of  diamond to
diamond joints and diamond to metal-brazed joints cannot be measured using standard testing
methods for mechanical properties due to the small size of the brazed diamond particles or inserts.
The average diameter of the synthetic diamonds is typically well under 0.5 mm when they are brazed
on the tool base. Therefore, indirect methods are developed and used for the mechanical
characterization and quality assessment of brazed joints. For example, the three-point bending test of
a steel plate coated with brazed diamond grains gives statistically proven characteristics of the
mechanical behaviour of brazed joints made at different temperatures in a vacuum by different Ŭller
metals,  such as  Ni-Cr-Si-B,  BNi-3  and BNi-6  presented in  Table  4.  According to  Tillmann et  al.  [19]
specimens for the bending test were manufactured on chromium-nickel steel plates, brazed on 300-
400 µm diamond grits, situated in the region expected to have the biggest deformation during the
test. The number of diamond grits still remaining in the brazed metal coating after the test would
indicate joint strength, dependent on brazing temperature, holding time and bending angle. [19]

According to the studies of Tillmann et al. [19] brazed joints made with boron containing a Ni-Cr-Si-B
braze material exhibited good results. At brazing temperatures in the range of 1005-1080°C with a
holding time of 10 to 15 minutes - almost 100 % of the diamond grits were intact, while lower brazing
temperatures were associated with only 50 % intact diamonds. The phosphorous containing BNi-6
Ŭller metal demonstrated the opposite behaviour: an increase in the brazing temperature of over
1000°C resulted in worsening quality, to 55 % intact diamonds at 1100°C. BNi-6 containing 3-5 % of
chromium demonstrated good, high quality wetting when brazing the diamond, with 96 % of the










































































































































































































