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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



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 20" 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 (A) of all the hard materials presented in Table 2.

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

Side Length, ao 3.567A (0.3567nm)

C - C Bond Length 1.54A

Atomic Density 1.76 x 10%° atoms/m?
Packing Fraction 0.34




Table 2. Summary of physical properties of super abrasive and some conventional abrasive materials.

[6]

Property Diamond | Cubic boron Silicon Alumina Tungsten
nitride carbide carbide

Knoop Hardness’ 70-100 50 25 22 20

(GPa)

Young's Mo.dulusf 1143 908 410 366 570

(GFa)

Poisson’s ratigl? 0.07 012 0.14 0.22 0.22

Density (a/cm’) 3.52 3.48 3.21 3.92 15.0

Thermal Canductivity 2100 1400 380 40 105

(Wim-K)

Coefficient of 4.8 586 4.5 8.6 4.5

Thermal Expansion

(107 °c’™)

" Orientational average

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.



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 technigues 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.



10

8 —
-

o /
& 6 Diamond -
o3 -~
=
g 4
L)
&

2 .____....-—--""'f Graphite

" |

0 200 1000 1500 2000 2500 3000

Temperature (°C)

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



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]

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]



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.
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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



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 CrzC2 and Cr7Cs 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].



Table 3. Brazing filler metal groups. [2]

Brazing filler-metal groups Joining temperature "C
Mi, Co, and Pd alloys 21100

Cu, Ni, and Au alloys =1100

Cu-Zn, Cu-5n, Ni-P, Ni-Cr-P, Pd-Ag-Cu =300

Cu-P, Cu-Ag-P &00—800
Ag-Cu-Zn, Ag-Cu-Zn-Cd 600—800

Al-Si 580600
Mg-Al-Zn 585-615

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]

cr B Si Fe £ P S Al Ti Mn Cu ir Ni |Brazing T/°C
BNi-1 |13.0-15.0|12.75-3.50| 4.0-5.0 | 4.0-5.0 | 0.60.9 0.02 002 | 005 | 005 0.05 | bhal | 1065-1205
BNi-1a |13.0-15.0|12.75-3.50| 4.0-5.0 | 4.0-5.0 0.06 0.02 002 | 005 | 005 0.05 | hal | 1075-1205
BNi-2 6.0-8.0 {2.75-3.50| 4.0-5.0 | 2535 0.06 0.02 002 | 005 | 005 0.05 | bhal | 1010-1175
BNi-3 2.75-3.50| 4.0-5.0 0.5 0.06 0.02 002 | 0.05 | 0.05 0.5 | bal | 1010-1175
BNi-4 1.5-2.2 | 3.0+4.0 1.5 0.06 0.02 002 | 005 | 005 0.05 | hal | 1010-1175
BNi-> |18.5-13.5| 0.03 |9.75-10.50 0.1 0.02 002 | 005 | 005 0.05 | hal | 1150-1205
BNi-6 01 |10.0-12.0f 002 | 0.05 | 0.05 0.05 | bal | 925-1095
BNi-7 |13.0-15.0f 0.01 01 0.2 008 |[97-105| 0.02 | 005 | 0.05 0.04 0.05 | bal | 925-1095
BNi-8 6.0-8.0 0.1 0.02 0.02 | 0.05 | 0.05 |21.5-245|4.0-5.0( 0.05 | bal | 1010-1095
BNi-9 |13.5-16.5| 3.25-4.0 15 0.06 0.02 002 | 005 | 005 0.05 | hal | 1065-1205




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 870°C. 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 NisP phase is tetragonal, space group 17, the dimensions for the unit cell being a=8.954
R and c=4.386 A. The Cr3P phase has the same crystal structure 12 with unit cell dimensions a=9.185 A
and c=4.560 A. [6, 14, 15]
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Figure 6. Nickel - phosphorous binary phase diagram and table of phases present and structural
information of the phases. [12]
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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
1100°C. 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: 1630°C 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 NigB 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 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 930°C. 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 NisB 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.

25 X 104 .
Ni| |—— Raw foil of BNi-2
2| —— Heat treatment 930°C i
81.5| ]
=
z g
L 1 Si - Ni Ni
0.5t Ni3B Ni3B || Ni3B] Ni3B Ni3BlNiSB_
w- A ]\

0 : : :
20 30 40 50 60 70 80 90 100
20

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 930°C [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
etal. [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 NisB, 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 NisSi-based Y’ 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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Figure 12. Scanning Electron Microscope (SEM) images of typical microstructure of a re-solidified 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 asin (a). [18]

The volume fractions of Cr-B, bulky NizB, Ni, Y’ (NisSi) 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 NisB and FCC Ni/Y’ are
detected in both cases with comparable amount ratios. NisSi-based Y’ 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 solidification, which could explain why it was not detected on the
XRD patterns. However, it is also possible that Cr2B and NizSi-based Y’ 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 1050°C and 650°C. [18]
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Table 5. Composition and amount of phases present in the re-solidified Ni-Cr-Si-B alloy. The vol.-%
was calculated using 3.3 g/cm? density for chromium boride, 8.2 g/cm? for NisB and the estimated
density value of 8.9 g/cm? for the other nickel-based constituents, temperature 20°C. [18]

Phase Amount (vol) Amount (Wt.X) Chemical composition {(Wt.%)

Ni B Si Fe Cr
CrB 7 26 36 19.1 0.2 0.6 76.5
Ni:B 36 358 854 82 0.2 2.3 39
i ++y'Ni3Si 40 433 82.0 21 5.5 45 5.9
Eutectic 17 183 85.7 16 8.6 1.6 24

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

Temperaturs Phase Amount (wi¥) Chemical compnsition (wt.%)
Ni B i Fe Cr

CrB type boride 15 1.54 1711 0.00 5.37 75.88
1080°C Ni3 8 type boride 133 B7.48 581 0.00 613 0.58
N phase 24 9143 0.04 6.60 1.29 064
Liguid 232 $5.56 402 3.66 443 28
CtB type boride 82 013 1717 0.00 284 M7
. Niz B type boride 281 2851 580 0.00 555 014
S0 i phase 9 9205 0.00 519 246 030
+f iy 51 phase 1858 8638 0.00 11.82 0.35 1.45

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
significant 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 TTl-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 significant. Additionally, micro-
cracking of the diamond grits appears near interfaces. Meanwhile, the compressive strength and
the TTl-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].

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 significant 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.
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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]

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 significant 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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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
significant 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]

Treatment type Compressive strength (N} TTI (%)
Unaltered 166.700 75
Vacuum heat treatment (920 °C) 162.167 75.5
Vacuum heat treatment (1050 °C) 157.167 74.5
Vacuum brazing with Ag-Cu-Ti alloy 156.683 712
Vacuum brazing with Ni-Cr alloy 103.300 11.8
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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 6. 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 ©¢ about
120-150°. In the case of the carbide-forming transition metals, wetting of diamond occurs with the
creation of a carbide film. 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 confirmed
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 films, 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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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]

SN S
’a'."( » ,‘.’.\‘

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

Metal
Ni Co  Fe Cr  Nb Ta Ti Zr
Highest carbide NiC Co,C FeC CrC NbC TaC  TiC  ZrC
AF at:
1200K 1.525 05 -0.09 -534 n/d -18.45 -2015 -20.35
1300K 1.475 04 -1.62 =532 -18.4 -20.00 -20.15
Signof a (AF)/dT <0 <0 >0 <0 n/d -0 <0 <0

The second important factor is the solubility or diffusion of carbon in the liquid brazing filler 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),Cy 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 profile 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, XP is the diamond dimension at
times t=0 and t=t; XM is the metal in contact dimension at t=0 and t=t; NcMe© is the carbon
concentration; and CPis the concentration of carbon in diamond, C° = 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 misfit between
atomic positions in both crystal lattices. The strength of the diamond-carbide bond will be at its
maximum when the misfit 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]

24



T ——————— : —————
20KV a7500 10U 114 #5000 MAN 20V ¥3000 10U 117 33000 MAN
fich (dh

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)p and (110)p 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)p and (111)mec planar
nets of diamond D and carbides when (100)p Il (110)mec. Specifically, the closest proximity and the
strongest atomic bonds calculated were found by Yamazaki et al. (2009) [17] between diamond and
V4Cs carbide lattices in the case of the interface with (111)p and (111)[111]vacs 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 film with the
interface area. Epitaxial formation of thin carbide films 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]
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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)p 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. Specifically, 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 films 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
films 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 pm). The appearance of fine
and regular porosity in joint components after annealing and brazing in both vacuum and a nitrogen
atmosphere might be an additional source of carbide film 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 films on different crystallographic planes. The same
behaviour was confirmed 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. Cr;Cz and CrsC; 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 Coefficients 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]
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Figure 22. Coefficient 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 film 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 coefficients of diffusion in carbides are of the order of 10 to 10°° 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 Y-Fe, as was proven by direct measurements in the samples annealed in
avacuum and in a nitrogen atmosphere. [16]

29



Table 9. Parameters of carbon and metal diffusion in various metals and carbides. [16]

Material Temperature Activation energy for  Diffusion coefficient,

(°C) diffusion, Q (kJ/mol) D, {cm?/sec)
Metal* C Metal* C
Ni 700-1365 267-280 (Ni) 167 0.4-1.3 0.9-2.5
(Ni)
Fe
a 900-1050 249 (Fe) 80.3 5.8 (Fe) 0.167-0.006
Y 280 (Fe) 135 1.3 0.1
Nb 139 0.004-0.015
113
NbC 531 (Nb) 393 0.11 (Nb}) 0.1
Ti
a 182 5.06
B 203 1.08
TiC 737 (Ti) 399 4ax1074(Ti) 7
(1
ZrC 720 (Zr) 460 1107 (Zr)14

*Metals being referred to are given in parentheses.

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 filler
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 pm 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
filler 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
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diamond grits being intact after being subjected to joining at 950-1000°C with only 5 minutes of
holding time. Results of the studies give good guidelines for choosing brazing parameters. [19]

Interfacial bonding strength between various brazing filler metals and chemical vapour deposition
(CvD)-formed diamond is tested by Y-C. Hsien et al. [20]. Nine nickel-based alloys, including the most
interesting alloys Ni-Cr-Si-B and Ni-Cr-P, together with frequently used Cu- and Ag-based alloys, were
tested. The best bonding strength, about 280-400 MPa, was achieved for joints prepared using Cu-
10Sn-15Ti and particularly with silver-based brazing materials. According to these results the brazed
interface was stronger than the bulk of the joints [20]. Notable is that the popular BNi-series (AWS)
alloys presented in Table 4 containing B or P as the melting point depressants caused the catalytic
degradation of diamond into sp2-bonded carbon because of the presence of Niin the filler metal base.
As a result of this transformation to graphite structure, the joints had a much lower strength of 80-
120 MPa [16]. It can be noticed that strength is lower but obviously the corrosion resistance is better
with nickel-based chromium alloyed brazing alloys. Additionally, the strength of Ni-based brazing
alloys is also decreased due to the higher brazing temperatures.

The results of the bonding test provide only limited information about the mechanical behaviour of
diamond grinding tools in real-life application. In order to check the grinding ability of a diamond-steel
or diamond-cemented carbide tool, specimens can be subjected to the pin-on-disk test [19]. In this
test the specimen, fixed in a grip and loaded in the vertical direction, is brought into contact with
rotating steel or an abrasive counter-body. The test is interrupted after a certain running time or at
path intervals. The loss of counter-body mass is measured, as well as the number of diamond grits
that are removed or destroyed. This test provides information about the removal rate, indicating the
wear resistance of diamond-steel brazed joints. Three-point bending and pin-on-disk allow a confident
evaluation of the quality of diamond grit brazed joints from a functional point of view. They show that
the specimens brazed with nickel-based filler metals exhibit a substantially higher removal rate of
diamond grits and higher masses of the counter body than in specimens brazed with silver-based filler
metals [19]. The amount of material removed from ceramics is greater with grinding tools brazed with
phosphorous containing BNi-6 in comparison with tools brazed with the Ni-Cr-Si-B alloy. However the
Ni-Cr-Si-B filler metal has better abrasion ability due to higher micro-hardness than of BNi-6. [16]

Perhaps one of the most important properties of mesh diamond is toughness or, conversely, friability
[6]. Inthe most commonly applied test, crystals of a fixed mesh size are placed within a steel capsule
along with a single ball bearing. The capsule is then vigorously shaken, at a controlled amplitude and
frequency for a specified period of time. The diamonds are then removed, placed on a sieve that is
one size smaller than their nominal size and weight fraction so that whatever does not pass through
the mesh grid is measured. Some manufacturers report this weight fraction of essentially unbroken
crystals as the Toughness Index (TI), while other manufacturers report the length of time required to
break down a fixed fraction of the crystals. In the most aggressive saw-blade applications, tougher
crystals perform better, but in many other applications there is an optimum level of toughness, i.e., a
significant degree of friability. The toughness test has the advantage of being able to test a large
number of crystals quickly and cost-effectively, but has the disadvantage of only testing or breaking
down the weakest crystals in a distribution. No quantitative information is gained about the strength
of the stronger crystals, only that they survived the treatment [6]. Another limitation of the testing
method is that brazed diamond crystals have to be removed from the braze to gain information about
the brazing process on the mechanical strength of the crystals.
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Some manufacturers report the results of single crystal crush tests, in which a crystal is placed
between two plates and the load or weight is increased until the crystal breaks. A certain amount
crystals are tested in this way, and the mean and standard deviation of the crush strength are
reported. This test is rather tedious and does not mimic the type of loading of the diamond crystals
that occurs in actual applications. [6]

General Electric company developed a strength test denoting Compressive Fracture Strength (CFS),
that cost-effectively measures the strength of each crystal and also simulates the dynamic impact
loading conditions that are experienced by crystals in an abrasive tool [6]. The test is illustrated
schematically in Figure 24. To perform this test crystals are dropped one-by-one into the narrow
region between two spring-loaded, counter-rotating tungsten carbide wheels. As each crystal
“catches” the wheels move apart to accommodate its diameter, increasing the force on the crystal
until it breaks. The maximum force on each crystal, measured by a Linear Voltage Displacement
Transducer (LVDT), is recorded electronically, so that the mean, standard deviation, or entire
histogram of crystal strengths can be reported. [6]
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Figure 24. A schematic of roll-crusher apparatus developed by General Electric Inc. for measuring the
compressive fracture strength of super abrasive crystals with linear voltage displacement transducer
(LVDT). [6]

A tensile test specimen according to the testing standard DIN EN 12797 with all the requisite
dimensions is presented in Figure 25 [21, 22]. For the Ni-Cr-P braze material the value of the tensile
strength of the brazed specimens depends on the brazing temperature as is presented further on in
Figure 26 a). If this alloy is brazed at 1030°C, the tensile strength reaches only 60 % of the base metal
yield strength. To increase the tensile strength of the joints, it is necessary to braze at higher
temperatures or to increase the holding time at brazing temperature, Figure 26 b). Samples joined at
1040°C for 10 minutes reached strength values in the range of the base metal yield strength, as is
presented in Figure 27. However, inverse to the improvement of the mechanical strength, the
corrosion resistance of Ni-Cr-P degrades dramatically under higher brazing temperatures. These
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specific characteristics of Ni-Cr-P joints are probably caused by the diffusion of the constituent
elements [21]. In addition, the increased brazing temperature generates higher degrees of base metal
dilution, which leads to a higher content of diluted iron into the joint. This could also explain the
variation of joint properties as described above. For information about the compositions of the tested
braze joints see also Table 10. [21]

Figure 25. Butt brazed tensile test specimen according to DIN EN 12797 testing standard [21].

Table 10. Chemical compositions and melting ranges of selected brazing filler materials used in the
mechanical tests presented in Figure 26 [21]. There are both boron and phosphorous containing nickel
based braze materials involved. Note also the high chromium content of the materials.

Mealting Range

Alloy System Alloy Composition [wt.%] [FC] Form*
Ni Fe Cr Mo P 8i B T Ts
Ni-Cr-Si-B-X eniziNiiez | 824 | 3| T | - - | 45| a1 | 1es | 970 F
Alloy #1 a0.5 - G 1.5 - 7 2 1050 980 F
VZ 2170 70 - 27 - 8 05 | 0.5 925 880 F
Ni-Cr-P-X BMi-7 { NI 107 76 - 14 - 10 - - aa0 8u0 F
FP-E13 i - 28 . - ] L - 1030 985 P
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Figure 26. Joint strength of butt brazed AlSI 316L type stainless steel specimens brazed with various
filler metals (see also Table 10) at varying brazing parameters, (a) effect of brazing temperature on
tensile strength, brazing time 30 minutes and (b) effect of brazing time on tensile strength brazing at
temperature 1090°C [21].
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Figure 27. Tensile strength test results obtained with the Ni-Cr-Si-B filler metal on AISI 316-type
stainless steel butt joint specimen brazed at 1040°C for 10 minutes and followed by heat treatment
for 60 minutes at 1000°C. Marking W denotes wetting defect and MBC is the Maximum Brazing
Clearance. [14]

Lugscheider et al. [14]. tested brazed butt joint tensile specimens with parallel brazing clearances were
to verify metallurgical findings by. Tensile testing was carried out using the specimen illustrated in
Figure 25, and the tensile strengths of brazed butt joint specimens with parallel gaps of various brazing
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clearances are shown in Figures 27 and 28. Also shown in these Figures 27 and 28 is the ultimate
tensile strength of AISI 316 stainless steel after different brazing heat treatments and the
corresponding Maximum Brazing Clearance (MBC) in a range of £10 um. A dotted area in Figure 27
depicts a MBC of about 80 um for two conditions: brazing at 1040°C for 10 minutes and heat treatment
at 1000°C for 60 minutes. The tensile strength test results shown in Figure 27 indicate that joints
brazed using the same brazing and heat treatment conditions with a clearance below the MBC have a
joint strength close to the ultimate tensile strength of the base metal. Higher brazing clearances than
the MBC lead to low load resistance because of the hard phases contained in the braze material. Figure
28 shows that low tensile strengths were obtained when brazing stainless steel joints with Ni-Cr-P
filler metal. In the latter case the strength is clearly lower because the brazing is performed over the
maximum brazing clearance.
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Figure 28. Tensile strength test results obtained with Ni-Cr-P filler metal and AISI 316-type stainless
steel butt joint specimen brazed at 1065°C for 60 minutes [14].

Leinenbach et al. [23, 24, 25, 26] and also Bojiang et al. [27] have studied the mechanical strength of
brazed single crystal diamonds. In their studies they have used Cu-Sn [23] and Ag—35 wt.-% Cu-1.75
wt.-% Ti brazing filler materials, but not any nickel-based alloys, to join the single crystal diamonds on
their substrates [26]. Interesting in these studies [23, 24, 25, 26] are the methods they have used:
Figures 29 and 30 show photographs of a specimen pin and a schematic experimental setup used to
study the mechanical strength of the joint of one single crystal diamond. The test has been used to
detect differences in the mechanical strength when brazing parameters such as temperature and
holding time are adjusted [23].
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Figure 29. (a) Pin with a brazed single crystal diamond (b) squared facet of a brazed single diamond
[25].
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Figure 30. Schematic experimental setup for the shear tests [25].
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1.11 Corrosion resistance of nickel based braze materials

Nickel based brazing filler materials are normally used to join diamonds on the tool surface when good
mechanical strength and corrosion resistance is needed, but still only a few joint corrosion tests have
been performed and reported so far although standard low melting brazing alloys are susceptible to
interface or crevice corrosion by water or humid atmosphere [31]. There are some publications made
about the corrosion resistance of stainless steel joints brazed with nickel based braze material [14, 28,
29, 30, 32, 33], but in these publications diamonds are not brazed.

Rabinkin et al. [35] tested the corrosion resistance of joints manufactured of AlISI 316L type stainless
steel and high chromium containing Ni-Cr-Si brazing alloy grades (a) and (b), see Table 11. These
materials are alloyed with silicon and 15 to 19 wt.-% of chromium.

Table 11. Compositions of corrosion tested BNi-5 (a) and (b) grade nickel based brazing alloys [35].

Mominal composition, wi-% Meliing temp., “C {°F)
Braze temp.
AWS & AMS {approx.).
MBF classifications Cr TFe & ' B F W Co M1 Solidus Liguidus CA{F
Al AWSE BNisa 190 =3 0408 13 Bal. 1032 (1924) 1140 (200907 1170 (2138)
51 AWS ENiSh 130 725 006 14 - - Bal. 1030 (18856) 1126 (2058) 1195 (2143)

Four different corrosive media such as a standard sea water solution, a highly alkaline 30 % NH4(OH)
solution, a 25 % phosphoric acid solution, and mixed 0.5 % NaCl and 0.3 % (NH4)2S solution were
applied in the case of MBF-51 joints. Only two of these solutions, the standard sea water solution and
25 % phosphoric acid water solution were used for testing MBF-50. The results of these studies are
shown in Table 12 and also in Figure 31 below. [35]

As presented in Table 12, the BNi-5a type test specimens experienced low weight loss in both seawater
and 25% phosphoric acid solution media. Only seawater caused some visual sign of a corrosive pitting
attack seen mostly at the joint fillet ‘beach line’ separating the wetted and un-wetted areas of the
base metal part. This pitting occurred on all of the specimens tested in seawater, with some large
pockets of attack on specimens after 648 hours and 864 hours of exposure time. [35]

In the case of joints brazed with BNi-5b foil under conditions giving the highest strength, the weight
losses of the test specimens were also low, as presented in Table 12. Some corrosion was detected in
specimens immersed in seawater and 25 % phosphoric acid, but amounted to little, if any, corrosion
attack. SEM examination of specimen surfaces and cross-sections is reported to show little, if any,
corrosion or pitting attack after exposure. [35]

Some traces of attack were also seen in the base metal on the specimens subjected to the phosphoric
acid solution, but generally, according to the results all the specimens had an excellent visual
appearance after the corrosion testing. Therefore, it can be concluded that the corrosion resistance
of joints brazed with the mentioned brazing alloys is high. In both cases, the test results showed that
it was as good as the AISI 316L base metal corrosion resistance. It is interesting to note that there was
more pronounced pitting corrosion in the BNi-5a joints, in spite of the fact that chromium
concentration in this foil is higher being 19 wt.-% versus 15 wt.-% in the BNi-5b grade brazing alloy.
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One explanation for the increased corrosion is the short conventional brazing cycle time for BNi-5a
alloy. [35]
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Figure 31. Weight losses of stainless steel AISI 316/BNi-5b/AISI 316 joint construction in 25 % solution
of phosphoric acid with water and in seawater [35].

Table 12. Total weight loss and appearance of stainless steel AlSI 316L/MBF-50 (BNi-5a) and MBF-51
(BNi-5b) braze joints subjected to corrosion testing [35].

Percent weizht losses afler exposure for Visual appearance of traces of joint
854 h COPPOSINn
Corrosion medium MEF-51 MBF-50 MBF-51 MBF-50
Standard sea watee solution 0-2] -9 Minor pitting Yes
(ASTM-D 14 Standard Procedure)
307 NHOH water solution Mone NIA Mone NIA
25% HaPOy water solution 0-62 (-158 Minor pitting Mone
3% MNaCl & 0-F% (NH4p:5 Moge MNiA Mo NiA
walter selution

Tested samples were compased of two overlapping 23 % 375 %0317 cm 3161 plates brazed with MBF-51 hrazing foil with 50 pm {2 mil)
thickness. The brazed overlap is 1-25 cm. Samples were completely immersed in corrosive solutions at 50°C (1M0°F) under 1 atm for up to

g4 h.

Studies concerning corrosion resistance of such brazing joints will typically be conducted
electrochemically using polarization-measurements [36]. According to Hartmann et al. [36] it can be
said that practical conditions should generally be favoured, because the corrosion behaviour of a
component will be affected from a complex interaction of different conditions between the
component and its environment [36, 34]. Hartmann et al. [36] tested samples of the base material
AISI 316L joined with different brazing foils. Samples were conducted in a quantitative immersion
corrosion test. In this testing method the corrosion resistance is affected by compositions of the base
material and the brazing filler metal, but also by the volume of the brazing filler metal applied
compared to the base material volume.

The corrosion media was a synthetic exhaust condensate [36] with a low pH-value of 1.6. In the
solution there was sulphate-, nitrate- and chloride ions and the tests were carried out at 70°C
temperature. After exposure, the weight loss of the brazed samples was measured.
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The major founding in the studies [36] was that brazing filler metal alloyed by iron, copper and
molybdenum had higher corrosion resistance in environments of synthetic exhaust condensate even
with lower chromium contents. Another benefit of these elements is the quite rapid passivation in the
corrosion test. So the alloying of the brazing filler material if affecting to the corrosion resistance of
the brazed structure. This result is underlining the need of brazing filler material development work
in the future.
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2. Experimental work

2.1 Brazing procedure

Nickel-based braze materials are used to join single crystal diamonds on the molybdenum-alloyed
stainless steel surface where high strength and good corrosion resistance are important properties of
the final product. As seen in the binary phase diagrams presented earlier in Figures 6 - 9, these braze
materials are dissolved at high temperatures and therefore need to be produced under a high vacuum
to prevent oxidation of the braze material and also, in this case, oxidation of the diamond single
crystals. Diamond as one crystalline form of carbon will oxidise and perish in air at temperatures over
600°C [43]. To produce the needed composite materials for the experiments the brazing process was
carried out in a furnace under a high vacuum to avoid oxidation of the diamond and the brazing filler
metal. All the studied specimens were manufactured and brazed by Valmet Technologies Inc. locating
in Tampere, Finland.

Before the brazing process, the surfaces of the base materials were cleaned of any oil remainders by
wiping them with pure acetone. The high vacuum level used for brazing was found to be reducing the
oxide layers from base material surfaces during the brazing process, because no oxide layers between
the braze layer and the base material were found from none of the studied cross-sectional specimens.

The diamond single crystals were placed on the base material surface and the brazing filler metal was
sprayed as a layer on the surface. All the studied materials were brazed in the same Schmetz vacuum
furnace (Menden, Germany) with a load volume of 90x120x70 cm?3. The raising speed of the
temperature of the furnace was set to be 3°C/min and holding time at brazing temperature from five
to eight minutes. Cooling speed after brazing was 2°C/min, the specimens were cooled down with the
furnace in vacuum. Vacuum level during the brazing was measured to be between 2*10 and 6*10°®
mbar. The brazing temperatures were between 950°C and 1055°C depending on the braze filler
material used.

The studies were used to get information about the diamond surface, the diffusion of carbon from the
diamond and also diffusion of the brazing filler metal components into the diamond crystals during
the brazing process.

The angularity of the diamond crystals is essential for the functionality of the construction as an
abrasive tool. An important factor in the diamond’s mechanical strength is the remaining stress in the
diamonds after brazing has occurred. The final properties of the diamond braze material composite
will also be affected by the dissolution of carbon into it.

2.2 Materials involved

The compositions of the materials involved in this study are presented in Table 13. To make the results
easy to compare with each other all the experiments were done using commercial Ni-Cr-Si-B and Ni-
Cr-P type braze filler materials onto the same grade of stainless steel or, in a few special cases, on a
graphite substrate. The reason for focusing on these two brazing materials was the interesting and
differing microstructures, high chromium content, good corrosion resistance and high mechanical
strength. The filler materials have rather high brazing temperatures, 950°C [47] for Ni-Cr-P compared
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to the boron and silicon containing braze material Ni-Cr-Si-B which had a typical brazing temperature
of 1055°C [47]. In the Ni-Cr-P braze material the slightly lower brazing temperature is achieved by
alloying it with phosphorous while Ni-Cr-Si-B material is alloyed with boron and silicon. The
compositions are presented in Table 13. Note the difference in chromium content between these two
test materials.

The phosphorous content of the Ni-Cr-P type braze material is near to the eutectic point (see Fig. 6)
of the solution, being about 10 wt.-%. This is to have a low melting point, a narrow melting
temperature range and to improve the fluxing and wetting behaviour of the braze filler material on
the surfaces involved. The brazing temperature in these studies was from 950°C to 1055°C, and the
temperature was higher when Ni-Cr-Si-B braze was used. Before brazing the braze material was spread
on the substrate over the diamond single crystals. Two different substrates were involved, the
molybdenum alloyed stainless steel, and for residual stress measurements also porous graphite
substrate, see the composition of the stainless steel base material in Table 13.

Table 13. Compositions of materials involved in the study [2, 48].

Cr B Si Fe C P 5 Al Ti Mn Ir Ni
Ni-Cr-5i-B (BNi-2) | 6.0-8.0 |2.75-3.50| 4.0-5.0 | 2.5-3.5 | 0.06 0.02 0.02 | 0.05 0.05 0.05 bal
Ni-Cr-P (BNi-7) |13.0-15.0 0.01 0.1 0.2 0.08 |9.7-10.5| 0.02 | 0.05 0.05 0.04 0.05 bal
Cr Si Fe C p 5 Mn Ni Mo N

Substrate AIS| 316L | 16.0-18.0 | 0.75 max hal, 0.03max | 0.045max | 0.03 max | 2max | 10.0-14.0 | 2.0-3.0 | 0.10 max

2.3 Characterization methods

The research work of the brazed materials was concentrating on the structure and consistency studies
of diamond — braze composites brazed on the stainless steel base material surface. The evaluation of
the diamond surfaces and the structural studies of the cross-sectional specimens were found to be
important parts of the work. Several specimen preparation methods and a large body of research
methods and equipment were used during the experimental work.

2.3.1 Specimen preparation procedure for SEM studies

The specimen preparation for the surface studies using Scanning Electron Microscopy (SEM) was
normally started by washing the surfaces and in some cases with coating them with either thin gold
or a carbon layer to produce high quality images. This is because the diamond, unlike the other
crystalline form of carbon, graphite, is not electrically conductive and charges in Secondary Electron
(SE) imaging. Microanalyses were measured mainly from polished cross-sections without any coating
layer on the specimen surface. The Backscattering Electron (BSE) measurements were all done without
coating the specimen, because any extra layers on the specimen surface could affect to the grey levels
measured.

Specimens for cross-sectional microstructure observations were prepared by cutting and moulding
them into an electrically conductive resin. The specimens were then mechanically ground and, finally,
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polished with a fine diamond paste. A Broad lon Beam (BIB) specimen preparation technique was also
used to give detailed information of the layer between the braze material and the diamond single
crystal. These specimens were prepared by Top Analytica Oy Ab locating in Turku Finland. This
technique cut the specimen cross-section gently with the broad ion beam hitting the specimen. All the
studied specimens (prepared using both preparation techniques) were studied uncoated.

In the diamond — braze filler material interaction studies the interesting aspects were the brazing
material and diamond interactions during the high temperature brazing procedure. In order to see the
single diamond crystal surface the braze layer had to be removed from the diamond surface. To do
this a special specimen preparation method was developed based on electro-polishing. The diamonds
were either polished totally off from the substrate for TEM analysis and fracture surface studies or the
thin covering braze layer was singularly removed from the diamond top surface. The layer thickness
of removed braze material was adjusted by changing the duration time of the electro-polishing
procedure. It was noted that the electro-polishing removed also the electrically conductive carbide
layers from the diamond surface.

The electro-polishing procedure was carried out at low temperatures between minus 30°C and minus
40°C. The electrolyte was installed into an alcohol bath, which was continuously cooled with liquid
nitrogen to keep the temperature of the electrolyte within the desired temperature range. The
electro-polishing solution was a mixture of 60 vol.-% nitric acid and of pure cooled methanol, at a ratio
of 1:2. The polishing voltage was adjusted to between 7.5-8.0 V and the current between 0.3-0.6
A/cm?, depending on the surface area of the specimen. The voltage adjustment was to ensure that
the polished material operated at a certain polishing plateau typical for the polished material. When
operating at the plateau the polishing current is not significantly increasing when the polishing voltage
is increased. A special lacquer was used to crop the desired polishing area on the surface of each
specimen.

The polishing time could be from 5 to 20 minutes, depending on how much of the brazing filler metal
was to be removed and how high the polishing voltage was. After polishing the specimens were
carefully cleaned by washing in an ultrasonic washer consisting of alcohol and warm water. After a
final pure alcohol bath they were left to air-dry. The final step of the specimen preparation was to
remove the layers of lacquer.

2.3.2 SEM studies with contrast measurements using SE- and BSE-detectors and EDX- analyses

The diamond - braze filler material interaction was studied with a Scanning Electron Microscope (SEM)
Philips XL30 (Amsterdam, Netherlands) equipped with an EDAX Energy Dispersive X-ray analyser (EDX)
(NJ, USA) and also with a Zeiss Ultra Plus (Wetzlar, Germany) high resolution field-emission scanning
electron microscope. The first SEM was useful for backscattering electron (BSE) imaging and
microanalysis while the Zeiss microscope had a significantly better resolution for Secondary Electron
(SE) imaging especially with low accelerating voltages. For BSE-imaging a semi-conducting detector
was used. The diameter of the detector was 16 mm. It was divided into two sections, and the
information has been summarized and used in this study. During the microstructural analyses the BSE-
detector situated above the flat, polished specimen and the distance between the specimen and the
detector was set between 5 and 9 mm. This means that the collecting angle of the BSE detector from
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the analysed area of the sample surface is between 85 and 116 degrees with measurements of mostly
over 110 degrees. A wide collecting angle minimises the effect of orientation contrast during the
measurements.

EDX-analyses were measured with a silicon-lithium detector equipped with an ultra-thin window. The
accuracy of the analyses was ensured by simultaneously analysing known elements or phases together
with the unknown components. Particular known phases were the stainless steel substrate material
far under the braze layer and also the (Ni, Cr)2P and (Ni, Cr)sP phases formed inside the braze layer
during the brazing process, the phosphorous content of these phases being 33.3 and 25 at.-%
respectively. The total count level of the maximum peak of the analyses curves, used in composition
calculations, was well over 10.000 counts. It must be noted here that the ZAF-correction calculation
(corresponding to the atomic number (Z), absorption (A) and fluorescence (F) corrections) used gives
only approximate values of the content of individual elements.

With SEM the studied specimens were characterized with SE and BSE and EDX-microanalysis. BSE-
detector in scanning electron microscopy is very useful when phases of differing composition have to
be separated and characterized through high magnification. The best results in these studies are
achieved if polished and flat specimens are used. This method could be applied, for example, when
different types of carbides are involved. Is it possible to also get information about the diffusion of
carbon with this kind of imaging? Or can we make assumptions about the composition of a particular
phase of the material by analysing the grey levels of the BSE images?

To answer these questions the polished cross-sectional specimens were examined, looking at the
structure of the brazing filler metal and the carbide layers formed at the diamond - braze filler material
interface. Backscattered electrons contrast more acutely for the areas with different mass fractions of
the atomic elements. The backscattering coefficient n is approximately independent of the primary
electron energy Ee in the range of 10-100 keV and therefore the level of the acceleration voltage used
in these studies does not have greatly influence the result [53, 54]. However, in the studies presented
here the accelerating voltage used was consistently 20 kV.

The grey levels of different phases of taken BSE images were measured and analysed using ‘Image J’
(National Institute of health, Bethesda, MD, USA) image analysing program.

The measured backscattering coefficient of multicomponent targets can be fitted to the formula [53]:
n = ZiCini (Ea-1)

In Eq. 1 factors ni are the backscattering coefficients of the pure elements and values cj are their mass
fractions in the measured material. Factor n;j for the elements can be calculated using equation [53]:

ni=-0.025+0.016Z - 1.86x104Z? + 8.3x107Z3 (Eq. 2)
In Eq. 2 Z is the atomic number of the element [53].

Calculated (using Eq. 2) backscattering coefficient ni-values and coefficient values found from the
literature for the elements analysed in this study are presented in Table 14. These values are also
plotted in Figure 32 with the calculated n;i coefficient curve for all the elements up to Z = 80. It can be
concluded that the difference between the calculated coefficients and those found in the literature is
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not significant in most cases, meaning the calculated values can be used as the basis for observations

made in this study.

Table 14. The density, atomic weight and the values of the backscattering coefficients nj for the
elements relevant to this study. The calculated (using Eq. 2) values presented in this table were used

in further calculations below. [53, 55, 58]

yA Component | Density g/cm3 | Atomic weight | n; ref /10/ ni/calculated
5 B 2.34 10.8110 0.041 0.050054
6 |C 2.27 12.0112 0.061, 0.064, 0.049 0.064083
7 N 0.81 14.0067 0.077771
8 |0 1.14 15.9990 0.091121
14 | Si 2.33 28.0860 0.159,0.194,0.169, 0.164 | 0.164422
15 | P 2.34 30.9740 0.175551
24 | Cr 7.15 52.0100 0.259, 0.268, 0.262938
25 | Mn 7.21 54.9380 0.286 0.271319
26 | Fe 7,86 55.8500 0.276,0.287, 0.294, 0.279452
28 | Ni 8.91 58.6900 0.30, 0.301 0.294996
42 | Mo 10.2 95.9400 0.387,0.382 0.379989
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Figure 32. Calculated backscattering coefficients ni (curve) and reference coefficients ni given in Table
14 presented in same plot: the difference between calculated coefficients and those found from
literature is not significant.

2.3.3 Micro-hardness measurements

Vickers micro-hardness measurements were done using an Anton Paar micro-hardness tester (Graz,
Austria), which was coupled to the Philips XL30 microscope. In these analyses 5 g, 10 g and 20 g loads
were used. The heaviness of the load determined the hit within the required phase so as to make a

44




reliable symmetrical mark to measure intention. Because it was noticed that there was some deviation
between the results measured with Anton Paar equipment and the real hardness values of the
standard specimens, the results were calibrated using the standard specimens. The calibration used
the base material as a standard and the hardness values of the base and reference samples were
measured with optical Shimadzu hardness tester (Tokyo, Japan) with higher 100 g and 300 g loads.

Measurements were done on the cross-sectional specimens made on stainless steel with brazed
diamonds and also on specimens brazed on graphite base material without diamonds present. To
ensure the reliability of the measurements three reference samples were used to confirm the
hardness values. The reference samples used were a 695-715 HV0.3 sample, uniform hard chromium
coated cross-section with hardness of 870-890 HV0.3 and austenite stainless steel base material with
hardness of 190 HV0.3. These reference samples were measured with loads of 20 g, 10 g and 5 g using
the Anton Paar tester and the same loads were also used in the braze material measurements. The
results of the reference measurements are displayed in Table 15. The number of measurements of
the reference samples for the Shimadzu hardness tester was 10 measurements per specimen, with
the Anton Paar tester using 5 measurements per standard specimen.

As can be seen from the results presented in Table 15 and also in Figure 33, the Anton Paar micro-
hardness tester gives approximate values for the micro-hardness level of the materials’ phases.
Although some linear correction was made using these calibration results, it seems that harder phases
than the reference hard chromium measured with the Anton Paar tester give too high values for the
measured phase. Still the measured results are valuable because individual phases of the braze
materials can be compared and the hard and soft phases of the structure can still be characterised.

Table 15. Vickers micro-hardness reference measurements with results for Shimatzu and the Anton
Paar hardness tester instruments.

Measured with: Shimatzu Anton Paar
HV0.3 STDev HV0.02  STDev HV0.01 STDev  HV0.005
Base material 189 12 217 13
HV695-715 reference 707 8 583 10 599 593
Hard chromium coating 879 21 621 18 674 6 756 22

The following linear correction relations (Eq. 3-5) were created according to the reference
measurements presented in Table 15 to extrapolate the hardness values (measured using the Anton
Paar micro-hardness tester) from braze material cross-sections:

for20gload Y =1.6X - 162 (Eq. 3)
for10gload Y =1.6X— 223 (Eq. 4)
forbgloadY =1.3X-74 (Eq. 5)

Results of the correction measurements together with the created correction lines based on the
created formulas are presented in Figure 33.
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Figure 33. Measured hardness values and the hardness values of the reference samples.

2.3.4 Transmission electron microscopy

The Transmission Electron Microscope (TEM) studies were done with the JEOL 2010 (Tokyo, Japan)
microscope operating with a 200 kV acceleration voltage. The results were photographed as Bright
Field (BF) transmission images tilted at two-beam condition and as Selected-Area Diffraction (SAD)
images. This kind of tilted two beam BF-imaging gives information of defects on the crystal plains such
as precipitates, stacking faults, dislocations and inclusions inside the single diamond crystal structure.

The diamonds, which were electro-polished off from the substrate surface, were crushed mechanically
especially for the TEM observations to get thin electron transparent cross-section specimens from the
vicinity of the diamond surfaces degraded during the brazing process. The surface morphology of
these fractured surfaces was also studied with an SEM microscope. For SEM examination the
specimens were glued (after crushing) onto the specimen support stub and vacuum coated with a thin
layer of evaporated amorphous carbon. Crushed specimens studied with a TEM were placed on copper
grid support coated with a thin amorphous carbon layer (full of holes). Specimen areas over the holes
were studied with electron beam.

2.3.5 Surface studies with optical profilometer

The surfaces of the diamond facets are eroded during brazing at high temperatures. The surfaces were
photographed using the SEM, but in order to get numeric information about the surface
characteristics and topography of different types of diamond facets, the surfaces of the brazed and
electro-polished diamonds were characterized with an Alicona optical profilometer (Graz, Austria).
The optical profilometer was also used to evaluate the surfaces of mechanically-tested samples before
and after the tests. This method was also used in the radius of curvature measurements taken during
the residual stress studies. Before taking the profilometer measurements the specimen surfaces were
washed or cleaned using compressed air.
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2.3.6 X-ray diffraction studies

X-ray Diffraction (XRD) curves were measured from the cleaned braze surfaces. The purpose of these
studies was to identify the phases present in the braze layers. For these studies the Panalytical
Empyrean Multipurpose Diffractometer (Almelo, Netherlands) was used. All measurements were
done using copper K-a radiation with a wavelength of 1.54178 A [49]. The specimens were mainly
measured between 20-80 degrees of 20 and the measured diffraction peaks were analysed using the
Bragg law Eqg. 6 [49]:

nA = 2dsin0 (Eq. 6)

In Eqg. 6 A is the wave length of the radiation, n is the order of reflection, d is the distance between the
crystal planes and 6 is the diffraction angle [49].

The X-ray diffraction curves were measured from the surface of the Ni-Cr-Si-B and Ni-Cr-P brazing
materials with diamonds made on stainless steel. Before analysing the results, it was essential to find
out the depth of penetration of the x-rays through each material, as well as the depth of the layer of
measured information coming from each specimen. This depth can be calculated using Eq. 7 [49]:

Gx =1 — e 2ux/sint (Eq. 7)

In the Eq. 7 Gx represents the fraction of information from depth x within the specimen surface, @ is
the diffraction angle and p is the mass absorption coefficient for each component of the studied
material. Values for 1 for the alloys can be calculated using Eq. 8 [49]:

%:Wl (%)1+W2 (%)2+... (Eq. 8)

Where p is the density of the component and wi is the weight fraction of the component in the solid
material.

As Table 16 presents, the mass absorption coefficient p is very high for iron and chromium when
copper radiation is used for the X-ray measurements — this is because of the absorption edge of the
components near the wave length of copper K-a radiation. This is the same for chromium when a
cobalt tube is used, as this was the alternative tube available when these measurements were taken.
Because of the high absorption coefficients the penetration depths for different phases present in the
two studied braze materials were calculated using the equation above. The results are presented in
graphic form in Figures 34 and 35 as a function of the Bragg angle 20 for 50 % and 95 % information
depth coming from the surface of the specimen.
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Table 16. Mass absorption coefficient/density (u/p) values in cm?/gm for elements present in this
study for copper and in comparison for cobalt x-ray tubes, p is the mass absorption coefficient and p
is the density of the element. [49]

Cu tube | Co tube

s s

Si 60.3 924.1

P 73 113

Cr 259 392

Fe 324 59.5

Ni 49.3 75.1

B 3.06 4.67
C/Diamond 5.5 8.5

According to the results it can be said that the information measured from both braze material layers
comes from the braze material and not the base material beneath it. When looking at Ni-Cr-Si-B braze
in Figure 35, can be seen that the penetration depth into the dark chromium boride phase is generally
thinner than into the other phases. This means that in the areas where the concentration of the dark
boron-rich phase is high the penetration depth is low. The penetration depth into the Ni-Cr-P braze
material is lower, at about 60 % of the value for Ni-Cr-Si-B braze material, mainly because of the lower
silicon content and higher chromium content of the brazing filler material.

It can be noted that the X-ray penetration inside diamond is high over 500 um at the Bragg angle value
of 60 degrees indicating strong diffraction peaks within the diamond crystal structure.
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Figure 34. Layer thickness depth of 50 % and 95 % of coming information for copper K-a radiation
within the present phases of the Ni-Cr-P braze material.
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Figure 35. Layer thickness depth of 50 % and 95 % of coming information for copper K-a radiation
within the phases of the Ni-Cr-Si-B braze material.

2.3.7 Mechanical testing of diamond — braze composites

Brazed diamonds are used in tools and other applications where they are to be stressed and carry
mechanical loads. For example, when tooling or grinding hard ceramics it is important that the
diamond is properly fixed to the tool body and that the individual crystals do not fracture when
stressed.

To discover the stress-bearing ability of the diamond-braze composites it was necessary to test the
breaking loads of individual single crystal diamonds. For the purpose a mechanical testing method
suitable for the single diamond crystal testing was developed, using the base information given by
Leinenbach et al. [25] presented in Figure 30.

For mechanical testing diamonds were brazed in rows on flat stainless steel plate surface with the
nickel-based chromium alloyed braze material Ni-Cr-P. The distance between individual diamonds was
set to 1 mm and the diameter of single diamond crystal grits was selected to be between 250-300 pm.

The tests were carried out with a hydraulic Instron 8800 heavy mechanical testing machine (Norwood,
MA, USA). A simplified graph of the testing set-up is presented in Figure 36. Such a heavy instrument
for mechanical testing was used to avoid the yield of the test set up during testing. Samples were
tested using 50 kN and 5 kN load cells. With 5 kN cell it was found that the set-up was less unyielding
than with a heavy cell. However, both cells were successfully used when testing the single diamond
crystals.
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Figure 36. Configuration of the set-up for mechanical testing. An optical scope was used to position
the diamond rows under the testing tool.

Testing speed for the tests was selected to be 2 mm/min and testing distance per test was 20 mm, so
with one test performed the breaking load of 20 diamonds was measured. The position of the testing
tool and the level of the load was measured 100 times per second. Because of noise detected both in
detected position and load signals the averages of 5 measurements were calculated and used in
following measurements and calculations. For each diamond tested the peak height of the force to
break up the diamond single crystal was measured and the background was subtracted from the
measured height of the peak.

2.3.8 Residual Stresses of diamond — braze composites

Differences in the Coefficients of Thermal Expansion (CTE) and remaining residual stresses of braze
filler material vs. graphite were studied. Graphite was used because there were no large diamonds or
diamond surfaces available to use for these particular studies and the CTE of diamond and graphite
are at the same level being 2.0-4.8 x10°/K [16, 58] at room temperature. On the other hand, the
carbon is diluted from graphite in the same manner it is diluted from the diamond surface, and forms
carbides in the boundary between the graphite and brazing filler metal. Part of the diluted carbon
does not form carbides and can be soldered into the other brazing filler metal phases.

For the studies on thermal expansion, braze samples were utilized on 30x50 mm graphite substrates.
On the substrates carbon reacted with braze creating carbide layers between the braze filler material
and the graphite base. Carbon was also diffused inside the braze, affecting its characteristics such as
the thermal expansion coefficient. The brazing temperature for Ni-Cr-P braze material was 950°C and
for Ni-Cr-Si-B it was higher, at 1032°C. Specimens were prepared in a vacuum furnace.

After brazing it was noticed that there were cracks in the braze layers of both specimen types. This
was expected because of the different thermal expansion coefficients of the base material and braze
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filler metal. The number and the width of the cracks were measured with the SEM. For this, a sharp
line was scratched in the middle of each specimen and the width and angle of individual cracks crossing
that line was measured. The vector component of the crack width to the line direction was calculated.
During the observations the accuracy of the SEM was determined using a calibration standard [56]
with the same magnifications and working distance values used to measure the cracks. It became
evident that there was 1.2 % microscope error in the horizontal direction and this was corrected for
the final results.

It was found that the brazed graphite specimens were bent after cooling to room temperature. This
meant that residual stresses remained in the structure and that stress is not totally relaxed by
fracturing. To calculate the stress level in the braze layer one must first measure the radius of
curvature r of the specimen, which can be calculated from Eq. 9:

12+h?
r= ( oh ) (Eq. 9)

In Eq. 9 lis the length of the specimen and h is the measured bend of the specimen presented in Figure
3r7.

Height

Diameter

Radius of Curvature

Figure 37. The radius of curvature

The radius of curvature r of the brazed specimen can also be measured using the optical profilometer,
as presented in Figure 38. The blue curve is the measured profile of the backside of the porous graphite
base material and the red curve is plotted according to the calculated curvature. In the studies
presented here, the radius was measured using the optical profilometer.
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Figure 38. The blue curve is the measured profile of the graphite base material and the red curve is
plotted using the calculations of the radius of curvature r of the specimen. Curve is measured from
the backside of the test specimen.

The film stress can be calculated using Eq. 10 [57, 74]:

N R

2
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In the Eqg. 10 tr is the film thickness, ts is the substrate thickness, r is the radius of curvature, Ys is
distance from the neutral plane to a point in the substrate, Ytis the distance from neutral plane to a

point in the film, Es is Young’s modulus of the substrate and Ez is the Young’s modulus of the film. [57,
74]. Parameters used in calculations are presented in Table 17.

Table 17. Parameters used in residual stress calculations [57, 74].

Braze material Ni-Cr-Si-B Ni-Cr-P:

ts 0.1 mm 0.1 mm
L 6 mm 6.4 mm
r: 2281.817 | mm 3715.345 | mm
Ys. Middle line 3.05 mm 3.25 mm
Es: [58] (for porous graphite) 2.0682 GPa 2.0682 GPa
Et: [48] 200 Gpa 200 GPa

Once the total width of the cracks has been measured and calculated and the residual stress levels
remaining in the braze after the fracturing measured, it is possible to calculate the thermal expansion
coefficients for these materials when brazed on the graphite substrate. The strain of the braze
materials can be calculated from equation [59]:

e=o/E (Eg. 11)

In Eq. 11 € is the elongation, ¢ the stress level and E the elastic modulus of the material. [59]
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2.3.9 Corrosion testing of diamond — braze composites

Because the corrosion resistance is one of the key issues when using nickel-based brazing materials
with chromium, two kinds of simple corrosion experiments were performed. Modified ASTM G48-00
corrosion test named as ‘Standard test methods for pitting and crevice corrosion resistance of
stainless steels and related alloys by use of a ferric-chloride solution’ [70] was used first to compare
the corrosion resistance of the braze material to the corrosion resistance of the stainless steel base
material at low pH values. Another way to have information about the corrosion resistance was to
measure the polarization curves of the materials.

To measure and compare the corrosion resistance of the coating materials with the AISI 316-type
reference material, an ASTM G48-00 corrosion testing standard was utilized [70]. To prepare the
corrosive chlorine solution for this experiment 100 g of FeCls*6H0 salt was dissolved with 900 ml of
ion-exchanged pure water. The pH-value of the solution was measured to be 1.2 before the corrosion
test and only slightly over 1.2 after the tests were performed. Approximately 60 ml of this solution
was used in a polystyrene container for each specimen as depicted below in Figure 39. When the
corrosion experiment was started, coating specimens were put under the container presented in
Figure 39. A rubber seal between the tested braze filler layer and container prevented the corrosive
solution from coming into contact with the blank base material.

Tests were carried out at a room temperature of 22°C. After the 3-day testing period the specimens
were taken and washed carefully in warm water using ultrasonic washing equipment. Finally, the
specimens were dewatered in pure alcohol and dried up for one day in dry air at 30°C temperature
before scaling.

|
Air inlet
Testing solution
Rubber seal
/
- —

Specimen

Figure 39. Corrosion test ASTM G48 [70] was utilized to test the braze materials. The specimen and
the container was sealed with a rubber ring to prevent the corrosive solution from reacting with the
base material.

The modified ASTM G48 test [70] was only a simple immersion test and was given only limited
information about the corrosive behaviours within a particular environment. To get more information
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about the corrosion behaviour of the materials polarization curves were also measured. In these
measurements AISI 316-type stainless steel was used as a reference material where corrosive
behaviours of the braze materials were compared. All of these measurements were performed at
room temperature in 3.5 % ionized salt water and the potential of the specimen was measured against
the reference electrode.

Electrochemical measurements of this study were performed with a computer-controlled Gamry
Instruments potentiostat model G750 (Warminster, PA, USA). Open circuit potential and potentio-
dynamic polarization measurements were carried out in a standard three-electrode cell. The test cell
consisted of a nickel-based braze material — diamond composite as a working electrode, a silver - silver
chloride (Ag/AgCl) reference electrode (+0.197 V with respect to the standard hydrogen electrode)
and a platinum counter-electrode. Measurements were carried out at a room temperature of 22°C in
a naturally aerated and unstirred 3.5 wt.-% NaCl solution (volume: 0.4 1).

Before each polarization scan the system was left to stabilize for 30 minutes with the open circuit
potential (Eoce) being measured. In potentio-dynamic polarization measurements, the potential was
varied from -500 to +500 mV vs. Eocp at the scan rate of 0.5 mV s. The ‘Gamry Echem Analyst’
program was used to analyse the polarization curves, with Tafel-extrapolation to determine the
corrosion potential and corrosion current densities. [71, 72, 73]
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3. Results and discussion
3.1 Surface structure of brazed composites

Initial questions at the beginning of the experiments focused on how to evaluate the surface
structures of the brazing filler material and the brazed diamonds and also how to analyse the structure
inside the braze layer and the layers between the diamond single crystal and the braze filler material.
Is the bond between diamond single crystals and braze material mechanically strong and load bearing?
How is the diamond affected and eroded by the brazing procedure? It was also important to find out
how the reaction between diamond and braze could be adjusted to upgrade the diamond tool
performance and mechanical strength, in turn supporting further development of the braze filler
materials.

To answer these questions surfaces of the specimens were at first studied using SEM from various
viewing angles. Notable discoveries were the braze layer and diamond surface morphologies before
and after the high temperature brazing treatment, where carbon from the diamond surface was
dissolved and the surface damaged. It was interesting to see how effectively the brazing filler metal
wet the single diamond crystals and what kinds of layers were formed on the surface. Together with
these observations encouraging results came from the analysis of the morphology and structure of
the brazing filler metal once alloyed with the base material and solving carbon of diamond.

Because of the chromium alloying in nickel-based braze materials studied, the brazing filler metal is
effectively wetting the diamond surfaces during the brazing procedure. An example of this is
presented in Figures 40 - 43 where single crystal diamonds are photographed from above after brazing
with Ni-Cr-Si-B and Ni-Cr-P braze materials. Figures 41 and 43 taken with BSE detector show that the
diamonds are almost totally covered by the brazing flux. In these images the visible pure diamond
surface is seen as black or dark grey marked with circles in Figures 41 and 43. For both braze material
types it is evident that the contact angle with the diamond is too low for use as an efficient tool
because the braze covered the sharp diamond edges. What should also be noted here are the angular
carbide crystals seen at the left-hand side edges of the diamond single crystal. Most of these carbides
are formed from solving carbon of diamond.

The brazing was carried out at high temperatures. The difference in the thermal expansion coefficients
of single diamond crystals and the brazing filler metal induced fracturing of the brazing filler metal as
is presented in Figures 41 and 43. Notable here are the differences in the types of cracks: in Ni-Cr-Si-
B braze the cracks are brittle like in glassy material while in Ni-Cr-P braze the cracks are tougher, which
are presented in Figure 41 marked with arrows: here the cracks are locally closed and another crack
is seen open near the first one. It was deduced from this result that at least part of the Ni-Cr-P braze
was ductile.

Fractures were only discovered on the braze that covered the diamond surfaces: the braze surface on
the base material was clean of fractures, indicating similar thermal expansion coefficients between
the base and the braze materials. The difference between the brazing filler metal surface appearances
dependent on the brazing filler metal should also be noted: when brazing with Ni-Cr-Si-B, rod-like
chromium borides are formed, and examples can be seen in the BSE image Figure 43 below.
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Figure 40. Top view of a brazed diamond single crystal brazed with Ni-Cr-P alloy, secondary electron
(SE) image.
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Figure 41. Top view of a brazed diamond single crystal brazed with Ni-Cr-P alloy, backscattered
electron (BSE) image. Tough areas of the Ni-Cr-P braze layer are marked with black coloured arrows.
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Figure 42. Top view of a brazed diamond single crystal brazed with Ni-Cr-Si-B alloy, secondary electron
(SE) image.
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Figure 43 Top view of a brazed diamond single crystal brazed with Ni-Cr-Si-B alloy, backscattered
electron (BSE) image. Note the rod like chromium borides (an arrow) visible on the braze surface and
the brittle cracks in the thin braze layer on the top of the diamond.
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3.2 Structure of diamond single crystal surfaces

The diamond single crystals are seen to be effectively covered by the active braze filler material after
the brazing procedure. The braze materials efficiently wet the single diamond crystal surfaces, but
how did the braze materials react with the diamond crystals at high brazing temperatures? How
heavily were the diamond surfaces eroded? To find out the braze layer had to be removed from the
diamond surface.

Figure 44 shows a single diamond crystal in its virgin state with {111} type crystal facet that had six
corners facing the lens. The surface of the crystal was in a virgin condition because it has not been
affected by the active brazing filler metal. Figure 45 presents a similar crystal after brazing with the
Ni-Cr-P brazing filler metal. The surface of the diamond had been covered with the braze metal, but
the brazing filler metal, including any carbides formed, had been removed from the surface by the
electro-polishing treatment as described above in section 2.3.1.

Looking at Figure 44, the crystal corners had been rounded, especially at the lower part of the diamond
facing towards the base material. This could be because of the easy diffusion path for carbon into the
face centred cubic (FCC) stainless steel base material, or into the larger amount of braze material
around the lower part of the diamond. The plane surfaces of diamond facets had also roughened.
These features indicated that brazing affected the surface properties of the diamonds.

AccV Spot Magn Det WD F—— 100 pm
200kvV 40 200x SE 18.2 Diamonds

Figure 44. Diamond single crystal before the brazing procedure with {111} type crystal facet and six
upward-facing corners.
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Figure 45. Diamond single crystal after brazing with Ni-Cr-P brazing filler metal {100} type facet facing
upwards. The brazing filler metal and carbide layers was removed from the diamond surface by the
electro-polishing method.
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Figure 46. Details on the diamond surface brazed using the Ni-Cr-P type brazing filler metal: {100}
type facet up towards the viewer.
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In Figure 46 the {100} type facet of single diamond crystal faced upwards and the needle-like details
are clearly visible on this electro-polished surface. This type of diamond facet is easily distinguishable
from {111} type facets by its square appearance, whereas the {111} type facet has six corners. Carbon
has dissolved into the braze filler material from the diamond surface, which explains the rough
appearance.

In Figure 47, below, the surface structure of the diamond crystal is presented in more detail. The {100}
type facet of diamond is on the left hand side of the image, the rounded corner between the facets is
in the middle of the image and the {111} type facet on the right hand side. The image shows us that
the surface morphologies of these facets are different: on {111} type facet surface there are clear
plateaus between the more or less rough heights. This observation is confirmed in Figure 48, where
the square {100} type facet is surrounded by three {111} type facets and once again the difference in
the facets’ surface morphology can clearly be seen. Further on, in Figure 49 the rounded corners
between these facets are presented in more detail. Degradation of the diamond edges reduces the
efficiency of diamond as a cutting tool.

10um  5te 30 EHT = 20.00 kv Date :20 Mov 2014
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Figure 47. {111} and {100} facets of the diamond single crystal, note the difference in the surface
topography.
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Figure 48. Diamond single crystal surface after removing the Ni-Cr-P type brazing filler material, square
{100} and hexagon {111} type facets.
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Figure 49. Details on the brazed diamond single crystal surface after removing the Ni-Cr-P type brazing
filler material by electro-polishing.
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From Figure 49, it was unclear if the surface of the diamond had carbides on it or not. To try to confirm
this, the {111} type surface was photographed in higher magnification using SE and BSE with results
presented in Figure 50. In Figure 50 a) we can see a detailed structure on the surface: the {111} type
atomic layer has been dissolved into the braze material layer by layer, producing relatively plane-like
plateaus and round heights between them. The BSE image in Figure 50 b) shows that at the site of
view some of the braze material or carbides have remained on the diamond surface, the braze metal
is white and the carbides light grey on the left-hand side of the image. To confirm that the surface of
the diamond was totally clean an EDX-analysis curve (presented in Figure 50 c) was measured from
the clean, dark area on the diamond surface (as marked with a circle on Figure 50 a). According to the
curve showing only the huge K-a electron energy peak of carbon, the detail of the crystal planes in
Figure 50 a) is part of the degradation structure of a clean diamond surface.
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Figure 50. Details on the brazed and electro-polished diamond {111} type facet, (a) secondary electron
image and (b) backscatter electron image from the same area of the surface. Parts of the diamond
crystal layers of type {111} have been destroyed and the carbon dissolved into the braze metal during
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the brazing procedure. Figure (c) presents the EDX-analysis curve measured from the detail marked in
Figure (a) with a white circle on the diamond surface showing only the characteristic energy peak of
carbon with no traces of Ni-Cr-P type brazing filler material.

Observed differences in the morphology of the damaged diamond surface in directions <111> and
<100> suggest that the removal of carbon atoms is dependent on the direction of the crystal. The
observations and results indicate that carbon atoms are removed and diffused into braze from {111}
type planes in a vertical direction vertical to <111> direction of the single diamond crystal.

3.3 Differences in facet surface morphologies of pitted diamond single crystals after the brazing
procedure

The above chapter presented SEM photographs taken from the specimen surface and from the
diamond itself once the brazing filler metal layer was removed. Examination of the diamond surface
showed it was affected differently dependent on the brazing material: different types of facet surfaces
occurred, in different crystal directions of the single diamond crystal. To get numerical data for the
single diamond crystal’s facet surfaces it was necessary to use an optical profilometer.

For the measurements, layers brazed using Ni-Cr-P type brazing filler metal were removed from the
diamond surfaces using the electro-polishing method as described earlier. The two types of facets,
{111} and {100}, common with the diamond single crystals studied here were measured with the
optical profilometer. In the following Figures 51 a) and b) the difference in the surface characteristics
between the two facet types observed through the SEM can clearly be found: there are blank plateaus
observed on the {111} type facet that cannot be seen on the {100} type facet surfaces.

To measure the surface statistical characteristics of the different facet types, clean upward facing
facets were prepared and measured, with examples in Figure 51, where the square {100} type facet is
presented in Figure 51 a) and {111} type facet (with six corners) in Figure 51 b). In Figure 51 b) some
remainders of the braze material are present on the facet surface. These areas were excluded when
the surface characteristics were measured.
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Figure 51. Optical profilometer image measured from (a) {100} type diamond facet and (b) image from
{111} type facet after removing the Ni-Cr-P type brazing filler material.

Table 18 presents the statistical surface values of roughness average Ra, maximum height R¢, mean
maximum height R; and root mean square Rq measured from the {111} and {100} type facet surfaces.
Ten measurements were taken from the {100} type facet surfaces and fifteen measurements from the
{111} type facet surfaces. Any possible tilt angles of the facets was corrected or compensated during
the calculations. The numerical results presented in Table 18 are average values of these
measurements and according to the results itis clear that the {100} type facets are smoother and finer
in detail compared to the {111} type facets. All of the calculated surface roughness values presented
in Table 18 are lower for the {100} type facet surfaces. This difference in appearance can of course
affect the mechanical properties in the different directions of the single diamond crystals.

Table 18. Surface characteristics measured with the optical profilometer from {111} and {100} type
diamond facets.

{111} [ {100}

Roughness average Ra/nm: 700 548
Root mean square Rq¢/nm: 879 692
Maximum height R¢/um: 6.91 5.13

Mean maximum height R,/um: 5.60 4.21

3.4 Internal structure of diamond single crystals after the brazing process

If the diamond single crystal surfaces are defected during the brazing procedure and carbon diluted
inside brazing material, is it also possible that diamond single crystals are defected inside by diffusion
of carbon out of diamond crystal or by diffusion of braze metal atoms into the diamond single crystal?
Answers to this question were found by focusing on the defects on the fractured diamond surfaces,
and also from thin cross-sectional specimens especially prepared for TEM observations.
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For these TEM studies single diamond crystals were brazed on the stainless steel surface with the Ni-
Cr-P type brazing filler metal. The Ni-Cr-P brazing filler material was selected for these studies because
in the earlier studies it found the destructive effect of this braze was harder for the diamond single
crystal surfaces. The diamonds were first electro-polished off the surface, washed in alcohol, dried up
and crushed between two toughened steel plates. These pieces of crushed single diamond crystals
were collected on ultrathin carbon foil with holes in it, and finally studied using TEM operating with
200 kV accelerating voltage.

The focus of these studies was to examine the structure inside the diamond, near its surface. Using
TEM it was possible to see if braze material diffusion inside the diamond single crystals or different
thermal expansion coefficients or other remaining stresses had caused changes to the internal
structure of the diamond crystal’s internal planes. During the observations no evidence of this
phenomena was observed. To prove this a bright field TEM image was taken with specimen tilted near
two beam condition, as presented in Figure 52. Together with the bright field image is presented a
selected area diffraction image taken from the area of interest found in the bright field image in Figure
52 a) showing the (111) type diffracted beam. Diffraction image is giving the g-vector direction for the
given bright field image. Transmitted beam is marked with a circle in the Figure 52 b).

Some of the fine structure of the layers on the original pitted surface of the diamond are still visible
on the right hand side of the Figure 52 a). Inside the diamond crystal there are dark thickness contours
and some evidence of twinning due to crushing during the specimen preparation. No evidence of
precipitate formation or weakening of the diamond crystal due to carbon atom diffusion from it or
diffusion of braze material components into it was observed.

a) b)

Figure 52. TEM micrograph (a) of the diamond internal structure near its surface: bright field image in
two beam condition with g-vector (111) in direction shown in the diffraction image (b).
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3.5 Structure of the diamond crystal planes near the pitted surface

During the TEM studies no evidence of degradation of the structure inside the diamond single crystals
was observed. This result was confirmed with larger volumes of specimen material, when the fracture
surfaces were studied with the SEM microscope. These studies, together with hardness
measurements and mechanical testing also aided better understanding about the mechanical
properties and structure of the diamond crystals after brazing at high temperatures.

For these studies all diamonds brazed with the Ni-Cr-P type brazing filler metal were electro-polished
off the surface. Diamonds were crushed between toughened steel plates, glued onto the specimen
holder stub and finally coated under a vacuum with a thin amorphous carbon layer for electrical
conductivity. If the diamond crystal structure is internally damaged, it should be well evident from the
artificial fracture surfaces, which tend to seek out the weakest points and heterogeneity of structure
- including the possible precipitates, pores and inclusions, which form stress fields around them.

Figures 53 and 54 show examples of an artificial brittle fracture surface near the original, degraded
diamond surface. Looking at the surface, there are some small, light, loose particles attached to the
surface during the preparation of the specimens, Figure 53. Even at a higher magnification of the
image in Figure 54, it is not possible to detect that any inclusions were formed inside the diamond
crystal structure.

EHT =10.00 kv Signal A = SE2
WD = 94 mm NB0. hiili 2

Figure 53. Fracture surfaces and original surface of a diamond single crystal, with the original pitted
surface of the diamond facing down in the image. According to the surface morphology itis the {111}
type diamond facet.
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Figure 54. Details on the fracture surface crossing the pitted original {111} type facet surface of a
diamond crystal.

Figure 55 depicts a {111} type diamond single crystal facet, from the details observed on the damaged
diamond surface. These plateaus were similar to those found during the SEM and optical profilometer
observations. The fracture presented in Figures 55 and 56 seems to propagate at the same diamond
plane crossing the original diamond surface. The fracture crossing the rough height on the diamond
surface on the right hand side of Figure 56 is also worthy of note: the fracture surface morphology is
unaffected by the rough appearance of the diamond surface. No evidence of disturbance in fracture
propagation is observed further out.

The results described above clearly show that carbon atoms are diffused to the braze material from
the diamond surface, but not from inside the diamond. What must also be noted is that the brazing
material does not seem to diffuse into the diamond during the brazing process. In this case a clear
diffusion zone should be seen on the fracture surface near the diamond surface.
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Figure 55. The original diamond surface is upward facing on the image. Some loose particles are
attached on the fracture surface during the specimen preparation.

EHT = 10.00 kv Signal A = SE2

Figure 56. Fracture surface details near the original surface of the diamond. No evidence found of
atomic diffusion inside the diamond single crystal.
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3.6 Base material dissolution into the braze during the brazing process

The base material on which the braze layer is prepared dissolves into the braze filler material during
the fabrication at high temperature, which affects the composition and structure by changing the
phosphorous content. This is presented in the binary phase diagram from Figure 6. The amount that
dissolves is of course dependent on the brazing temperature, braze material and holding time at the
brazing temperature. Furthermore, is it possible to estimate the thickness of the dissolved layer or
how much base material is dissolved in the braze filler material? Using BSE-imaging and simple image
analysis methods it is possible to evaluate the dissolution from the images taken from the cross-
sectional specimens.

Prepared and polished cross-sectional Ni-Cr-P specimens were studied with SEM using the BSE-
detector, which gave a high atomic weight contrast from these polished but un-etched samples.
Figure 57 presents the microstructure of the brazing filler material at a specimen area with no
diamonds present. At this area it can be seen that the layer thickness of the brazing filler metal was
between 40 um and 50 pum. The brazing filler metal is built up of two major phases, according to the
binary phase diagrams for Ni-P and Cr-P systems in Figures 6 and 7.

— ®

\ % ; I r
Ace  Spot Magn  Det WD 50 pm

200 kV 45 500« BSE 11.4 HVPITO

Figure 57. A cross-sectional BSE-image taken from the Ni-Cr-P type brazing filler layer structure. The
two phases present are grey (Ni, Cr)2P phase (A) and light Ni based FCC (B) phase, which are clearly
separated.

The nickel rich lighter phase (B), with its face-centred cubic unit cell, contains mostly nickel but also
has high levels of chromium and low levels of iron. This data is presented in Table 19 below, with
approximate compositions of the phases measured by the EDX-analyser. According to the phase
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diagrams (from Figures 5 and 6) together with this EDX-analysis the grey phase (A) is built up of 33.3
at.-% phosphorous, along with the chromium, iron and nickel. The imaging in Figure 57 also seems to
indicate some brittleness in the grey phase.

Originally, there was approximately 0.2 wt.-% of iron (Table 13) in the brazing filler metal material—
however, according to the EDX-analysis (Table 19) some iron dissolved from the austenite iron-based
base material during the brazing process. The composition and structure of the brazing filler metal
phases is presented in more detail later on.

According to Figure 57, there are only two phases present in the braze material in the area without
any diamonds or carbon diffusion into the brazing filler metal. Figure 58 clearly shows the grey level
peaks in the counts, which were then fractioned and the peak areas calculated. According to the
histogram, the dark (Ni, Cr)2P type phase (A) is 36 % of the volume of the total braze area, with the
rest of the layer made up of the nickel-rich light phase (B).
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Figure 58. Histogram data taken from the binary structured braze layer presented in Figure 57 using
the ‘Image J’ image-analysing program.

The composition of the phases within the brazing filler metal was measured using EDX-analysis and
the ZAF correction calculation method and the results of the analyses are presented in Table 19. Using
Table 19's data and the binary phase diagram (Figure 5) it can be calculated using the lever rule [50,
51] with 36 % of the volume of the brazing filler metal being (Ni, Cr) 2P type phase and according to the
binary phase diagrams presented in Figures 5 and 6, the content of phosphorous in the phase is 33.3
at.-% and the content of phosphorous in the light phase being near 0 at.-%, that total content of P in
the brazing filler metal is 7.8 wt.-%. From this result we can calculate that there is 22 wt.-% of stainless
steel dissolved into the braze material during the braze procedure. This means that, if the original
density of the brazing filler metal is 8.17 kg/dm?3 [52] and the density of stainless steel is 7.8 kg/dm?
[48] we can make an approximation that, at the Figure 57 area, where the brazing filler metal thickness
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is 45 um, the diluted thickness from the stainless steel surface into the brazing filler metal layer is
about 10 pm.

Table 19. EDX-analyses taken from the binary structure of the Ni-Cr-P braze material presented in
Figure 57. Approximate compositions of the phase are calculated using the ZAF-correction calculation
method.

A: Grey (Ni, Cr)2P B: Light Ni based FCC
Element | wt.-% at.-% | wt.-% at.-%
P 21.2 32.6 0.7 1.2
Cr 30.6 28.0 10.4 114
Fe 6.7 5.7 20.7 21.1
Ni 41.6 33.8 68.3 66.3
Total 100.0 100.0 100.0 100.0

Figure 59, further on, presents a BSE image taken from the thinner brazing filler metal cross-section.
For this thin braze layer the same calculation methods as used for the layer depicted in Figure 57 were
employed. In the image the thickness of the layer was measured as just under 25 um. This means the
soldered stainless steel layer was probably more than 10 pm, as it was the case with the thicker coating
above.

In this kind of simple binary-phase system it is possible to calculate the total dilution of the base
material through combining the volume fraction of the (Ni, Cr)2P phase with the layer thickness. In
Figure 60 the diluted base material thickness is presented as a function of the (Ni, Cr)2P volume
fraction for the variations in the thickness of layers within the Ni-Cr-P brazing filler metal.

The relation of volume V and the mass m can be determined with a well known basic Eq. 12:

m
= — Eq. 12
Vp (Eq.12)

Here p is the density of the material. The phosphorous content P¢ in wt.-% of the brazed layer can be
expressed as Eq. 13:
mc

P. = P, m—— (Eq. 13)

Where Py is the original content of phosphorous in wt.-%, mc is the mass of the coating, mq is the mass
of the diluted layer. Using these two equations the next equation can be constructed if the volume is
displaced with the thickness t for the coating and the diluted base material layer:

t P t-—t
Pc =P, Pclc — 0Pc(tc—tq) (Eq. 14)
pctet pata  pclte—ta)+pata

In Eq. 14 tis the thickness of the coating layer without dilution, tq is the thickness of dilution layer, ps
is the density of the coating material, pq is the density of the diluted material.
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Furthermore, using the above mentioned lever rule [50, 51] the percentage fraction Fy of the (Ni,
Cr)2P phase in in the braze can be calculated using equation:

Py 100P, t.—t
F% — P.m — . oPc(tc—tq) (Eq. 15)
Pni,p PleP(pc(tc_td)"'pdtd)

In Eq. 15 Pnizp is the content of phosphorous in (Ni, Cr)2P phase.

Results from these equations are presented in Figure 60, where the volume fraction of the (Ni, Cr)2P
phase is a function of coating thickness for the differing dilution values of the base material thickness.
Using Figure 60, the volume fraction of the (Ni, Cr)2P phase can be predicted and the dilution layer
thickness defined when the volume fraction and coating thickness are measured from the cross-
section image of the braze layer.

agn  Det WD ————— 20im ¢
000x BSE 10.7 29

Figure 59. The cross-section of the Ni-Cr-P type brazing filler metal, the layer thickness is 25 pum.
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Figure 60. Volume fraction of the (Ni, Cr)2P phase as a function of the braze coating thickness showing
thickness measurements for each dilution layer of the base material.

3.7 Microstructure of the braze - diamond single crystal composites

The Back Scattered Electron (BSE-) detector in Scanning Electron Microscopy (SEM) is a powerful tool
to get information about the composition differences of the flat, polished surfaces within the phases
of the braze-diamond composite. Would the detector, therefore, be able to characterize the structure
of braze—diamond single crystal composites? Is it possible to get information on the diffusion of carbon
with this kind of imaging? Going further, can assumptions about the composition of various phases be
made at a very detailed level of imagery, with micro-scale analysis of the grey levels within the BSE
images? Answers to these questions are to be discussed with the next chapters.

The structure of the brazing filler metal and the carbide layers formed at the interface between the
diamond and the braze material was studied from the polished cross-sectional specimens.
Backscattered electrons gave contrast for the elements with different atomic mass fractions. The
backscattering coefficient n is approximately independent of the primary electron energy Ee in the
range of 10-100 keV and therefore the level of the acceleration voltage used in these studies does not
have influence on the result [53]. However, in all these experiments the accelerating voltage was
consistently kept at 20 kV.

3.7.1 Microstructure of the braze material in the Ni-Cr-P - diamond composite

In Figure 61 below (taken with the BSE-detector) a strong atomic contrast was found in the brazing
filler metal cross-section. The single diamond crystal is the black section on the right hand side of the
image and the plastic used to fix the cross-sectional specimen is the black parts above the braze layer
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on the specimen cross-section. Adjacent to the diamond is an area where the braze structure is very
fine compared to the structure on the image’s left-hand side. This suggests that the braze material has
solidified near the eutectic point.

From the specimen area presented in Figure 61, the compositions of the phases were measured using
EDX-analyser. The calculated results are presented together with calculated backscattering coefficient
values n in Tables 20 - 24 below. It can be noted that the measured compositions of the intermetallic
(Ni, Cr)sP and (Ni, Cr)2P phases are relatively near the composition of the phosphorous content
formulas (Me)sP and (Me)2P, so the compositions measured from other phases with the same
elements can be predicted to be close to the exact composition of the phase.

In the ZAF-correction calculations performed to ascertain the phase compositions, light elements such
as carbon were not taken into account because the calculation of the carbon content could not be
done accurate enough with the EDX-analysis method used. This is because the low energy X-rays
(energy for carbon Ka-peak is 282 eV) generated by carbon is making it difficult to get the information
out inside the specimen volume containing heavier elements. Another reason is the carbon
contamination that occurred on the specimen surface during the measurements. Contamination is a
common phenomena, especially when porous specimens and those castin plastics are examined. Even
the very thin contamination film on the top of the specimen surface is seen in the EDX-analysis curve
as a relatively high carbon peak.

The results brought out several phases: two different (Ni, Cr)xP type phases factor x being 2 or 3. The
chromium content of each phase clearly differed. Together with these two phases there was also a
light-coloured nickel-rich FCC phase and an angular phase containing Cr-Ni-P and carbon. This phase
was adjacent to the diamond. There were also layers of small carbides detected on the diamond
surface.
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Figure 61. Microstructure of the Ni-Cr-P type brazing filler metal near the diamond single crystal seen
in the right hand side of the image. Different phases are marked with letters A ((Ni, Cr)2P phase), B
((Ni, Cr)3P phase), C (Ni based FCC) and D (angular (Cr, Ni)-P-C phase).

Table 20. EDX-analysis measured from the dark grey (Ni, Cr)2P type phase, which is marked with letter

A in Figure 61. Given values of backscattering coefficient n; were used to calculate the total n using
the Eq. 1 above and the EDX-analysis data given in the table.

Measured
Calc. n/EDX | Calc. by formula | composition
ni/elem. Grey phase Element wt.-% at.-%
Si 0.000395 Ni2P Si 0.2 0.4
P 0.037656 P 215 32.9
Cr 0.079644 Cr 30.3 27.6
Fe 0.017745 Fe 6.4 5.4
Ni 0.122925 Ni 41.7 33.7
n 0.258364 0.27006 Total 100.0 100.0
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Table 21. EDX-analysis from the light grey (Ni, Cr)3P type phase, which is marked with letter B in Figure
61, and calculated n-values. Given values of backscattering coefficient ni were used to calculate the n
using the Eqg. 1 and the EDX-analysis data given in the table.

Measured

Calc. n/EDX | Calc. by formula | composition

ni/elem. Light grey phase | Element wt.-% at.-%
Si 0.000691 NizP Si 0.4 0.8
P 0.026526 P 15.1 24.8
Cr 0.019116 Cr 7.3 7.1
Fe 0.021015 Fe 7.5 6.9
Ni 0.205553 Ni 69.7 60.4
n 0.272900 0.27713 Total 100.0 100.0

Table 22. EDX-analysis from the white phase FCC nickel-rich phase, which is marked with letter C in
Figure 61. Given values of backscattering coefficient ni were used to calculate the n using the Eg. 1
and the EDX-analysis data given in the table.

Measured

Calc. n/EDX | Calc./formula composition

ni/elem. White phase Element wt.-% at.-%
Si 0.001118 Ni based Si 0.7 1.4
P 0.001756 FCC Phase P 1.0 1.8
Cr 0.024006 Cr 9.1 9.9
Fe 0.058629 Fe 21.0 21.2
Ni 0.201217 Ni 68.2 65.7
n 0.286726 Total 100.0 100.0

Table 23. EDX-analysis measured from the base material and calculated n-values. Given values of
backscattering coefficient ni were used to calculate the n using the Eq. 1 and the EDX-analysis data
given in the table.

Measured

Calc. n/EDX | Calc./formula composition

ni/elem. Base material Element wt.-% at.-%
Si 0.001809 AlSI 316L Si 11 2.2
Mo 0.010450 Stainless Mo 2.8 1.6
Cr 0.051720 steel Cr 19.7 20.9
Mn 0.003147 Mn 1.2 1.2
Fe 0.180107 Fe 64.5 63.9
Ni 0.032096 Ni 10.9 10.3
n 0.279328 Total 100.0 100.0
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Table 24. EDX-analysis from the angular (Cr, Ni)-P-C grey phase, which is marked with letter D in Figure
61 and calculated n-values. Given values of backscattering coefficient nj were used to calculate the n
using the Eqg. 1 and the n -analysis data given in the table.

Measured

Calc. n/EDX | Calc./formula composition

ni/elem Element wt.-% at.-%
Si 0.002203 Angular (Cr, Ni)-P-C | Si 1.3 2.5
P 0.012780 phase P 7.3 12.3
Mo 0.017707 Mo 4.7 2.5
Cr 0.121714 Cr 46.3 46.6
Fe 0.006623 Fe 2.4 2.2
Ni 0.112276 Ni 38.1 33.9
n 0.273303 Total 100.0 100.0

Table 25. Calculated n-values and measured phase brightness. The brightness of the phases was
measured using the ‘Image J’ image-analysis program.

Phase Calculated n | Brightness
(Ni, Cr)2P 0.258364 150.0
(Ni, Cr)sP 0.2729001 185.5
Ni based FCC 0.286726 202.9
Base material AISI 316L 0.279328 177.4
Angular (Ni, Cr)-P-C phase 0.273303 156.4

Together with the results of the EDX-analysis Tables 20 - 24 also present the calculated n-values for
the analysed phases. In these calculations n-values presented in Table 14 were used for each element.
In Tables 20 and 21 n-values for the Ni-P phase were calculated according to the formulas Me2P and
MesP, Me here being metal atom element Ni, Cr and Fe. The results are collated in Table 25 along with
the results of the grey layer measurements. The grey level data was obtained using an image-analysing
program ‘Image J’, which analysed ten areas of each phase from one cross-section image.

The results of these measurements are presented in Figures 62 and 63 below. Figure 62 presents the
calculated n-values and measured grey level values for studied phases of the same image. The data
shows that the angular phase in Figure 61 has lower grey levels than expected according to the EDX-
analysis presented in Table 24. This is the case for both the austenite base material and also the light
phase in the brazing filler metal. This can be explained through the soldering of light carbon element
from diamond surface during the brazing process.

Figure 63 presents evidence of the soldering effect, where the grey level is presented as a function of
n-value. Here the grey level data should form a straight line, but it can be seen that the grey levels of
the angular (Cr, Ni)-P-C phase and the base material are far below the line, indicating the presence of
carbon in this phase.
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Figure 63. Grey level as a function of the backscattering coefficient n for the phases present.

Figure 64 presents a cross-section image of the grey-coloured carbide layers formed on the diamond
single crystal surface (see the white arrows in the image). Analysing the diamond structure, the
carbide layer is thicker above the diamond than under it, although Figure 61 shows that the edges of
the diamond are more rounded due to more carbon dissolution under the diamond than on top of it.
It is possible that the stainless steel base material dissolved the loose carbon more effectively into the

matrix than the thin brazing filler metal layer above the diamond.

The thickness of the carbide layer over the diamond was measured to be between 20-30 um and it

was only a few micro-meters under the diamond.
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Figure 64. Carbide layers (arrows) formed on the diamond single crystal surface during the brazing
process with Ni-Cr-P type brazing filler material.

Further analysis of the calculated n-values and measured brightness level from carbides on the
diamond surface continued the characterization work. To do this, cross-sectional images were taken
at the cross-section of the diamond and the brazing filler metal boundary. One of these areas is
presented in Figure 65, where the black diamond is at the bottom of the image, with a thin dark grey
layer of carbides on the surface of it, larger grey carbides in the middle of the image and light grey
phosphorus containing braze matrix phase in the upper part of the image.

EDX-analysis confirmed that the layers are chromium carbides. The EDX-analysis curves are presented
in Figure 66. As well as containing chromium, the dark grey carbide contains a small amount of
molybdenum, shown in the low Mo-L peak in Figure 66 a). The higher peak of carbon measured from
the darker carbide layer indicates a higher carbon content when compared to the other carbide’s
curve presented in Figure 66 b). This explains the variation in the grey levels of carbides presented in
Figure 65. The point resolution of the EDX-analysis with used acceleration voltage of 20kV is only 2-3
pm within this material, so some of the data came from the adjacent diamond. The results show that
the information from the BSE-imaging gives more detailed results, when compared to the EDX-
analysis.
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Figure 65. Carbide layers A (light) and B (dark) on the diamond single crystal top surface photographed
using a BSE detector, brazing filler material is Ni-Cr-P.
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Figure 66. EDX-analysis curve measured from (a) the dark carbide B and (b) the light carbide A
presented in Figure 65.
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Figure 67. Two separate carbide layers A and B on the diamond single crystal surface (a BSE image).
Brazing filler material is Ni-Cr-P.

The grey levels were measured with the ‘Image J’ image analysis program from the phases presented
in Figure 67 above. A number of the areas measured, and the standard deviation of the results, are
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presented in Table 24. The grey level of each phase was calculated as an average value of these
measurements.

From data the grey level of the CrsC: carbide is seen as slightly lower than expected, the results are
presented in Figures 68 and 69. It is also possible that some carbon has dissolved into (Cr, Ni)-P-C and
Ni-based FCC phases because the grey levels of these phases have lower values than expected
according to the n-values calculated.

Table 24. Measured grey levels and calculated n-values for the phases A-F present in Figure 67.

Formula Grey level | n/Calc. | Areas measured
A: Cr:Cs 197.4 0.24508 3
E: (Cr, Ni)-C-P 224.2 0.273303 1
C: (Ni, Cr)sP 235.4 0.2729 2
D: Ni based FCC 243.8 0.286726 2
B: CrsC2 186.0 0.236452 4
F: Diamond 15.9 0.064083 1
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Figure 68. Grey level as a function of calculated n-values for the phases present in Figure 67 and Table
24.
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Figure 69. Grey level as a function of the backscattering coefficient n for the phases present in Figure
67.

3.7.2 Structure at the interface between the Ni-Cr-P braze material and the diamond single crystal

The Broad lon Beam (BIB) specimen preparation technique was used to gain a detailed picture of the
layer between the braze material and the diamond. There are two advantages to this technique
against the mechanical grinding and polishing technique also used in the experiments: with BIB the
diamond surround should not suffer any deformation during the specimen preparation; and the hard
diamond will be cut also, showing the interface and the carbide layers in more detail.

Two images taken using BIB specimen preparation technique are included here in Figures 70 and 71.
Note that in Figure 70 there are many fractures around the diamond, indicating residual stresses. This
means that all the cracks found in specimens prepared by mechanical grinding and polishing are not
due to specimen preparation. Figure 71 presents two carbide layers on the diamond surface similar to
those found earlier in mechanically prepared specimens. The image shows two separate carbide layers
appeared under the diamond, between it and the base material. This was not clear during examination
of the mechanically prepared specimens. It can also be noted here that if there is a graphite layer
between the diamond and the braze filler material it will relax the residual stresses and no cracking
can occur in the braze filler material near the diamond crystal.

The finish achieved on the specimen surface from the ion-beam technique was not as flat and well-
polished as by mechanical grinding and polishing. Figures 70 and 71 show the light ridges in the
direction of the ion beam, which hindered the grey level measurements, making the BSE analyses
somewhat more inaccurate than with mechanically finished specimens.
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Figure 70. The Ni-Cr-P brazing filler material cross-section made with BIB-technique. The dark section
in the upper part of the image is the diamond.
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Figure 71. Two thin chromium carbide layers against the diamond single crystal surface.
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3.7.3 Structure of the Ni-Cr-P brazing material on the graphite base material

Figures 41 and 43 show that the thermal expansion rate is different between the diamond and nickel-
based brazing filler metal. Because of this difference residual stresses are formed after the brazing
process. To study carbide formation and thermal expansion differences between the materials when
carbon has diffused into the structure, the Ni-Cr-P brazing filler metal was introduced on the porous
graphite plate. Specimens were prepared in a high vacuum furnace at 950°C. The braze layer thickness
after the brazing process was measured to be 100 pm.

Cross-sectional specimens were prepared to get information about the structure of the brazing filler
metal after carbon diffusion. Although fracturing was found on the braze layer surface, no fractures
were found between the braze and the graphite base material, indicating a good bond between these
materials. It was also noted that the studied brazing filer material structure was very similar to the
filler used with single diamond crystals presented earlier. Three different phases were found and
analysed with the EDX-analyser and the results presented in Table 25. As shown there, the chromium
and iron content is low because there was no stainless steel base material to dissolve into the brazing
filler metal. The grey matrix is the (Ni, Cr)sP type phase and chromium present was concentrated into
the light nickel-based FCC phase. Here, as found near the single diamond crystals, a relatively large
amount of the light grey (Ni, Cr)-P-C phase is present in Figures 72 and 73 (C). This phase can be
distinguished from the carbide by the grey level as shown in Table 26. The difference between these
phases was measured to be 17 grey level units.
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Figure 72. Structure of the Ni-Cr-P braze filler material near interface between the graphite base
material, BSE-image.
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Figure 73. Shows the fine structure of the Ni-Cr-P type brazing filler material near braze surface,
phases A, B and C.

Table 25. Compositions of the phases seen in varying grey levels in Figure 72.

A: Grey C:HardP B: Light Ni

matrix phase containing phase based FCC

(Ni, Cr)sP (Ni, Cr)-P-C phase
Element | wt.-% at.-% wt.-% at.-% | wt.-% at.-%
Si 0.4 0.8 0.6 1.0 0.0 0.0
P 15.1 25.0 10.4 17.0 0.8 1.4
Cr 4.1 4.0 46.0 44.8 12.1 13.4
Fe 0.3 0.3 0.3 0.3 0.8 0.8
Ni 80.1 69.9 42.7 36.9 86.3 84.4
Total 100.0 100.0 100.0 100.0 100.0 100.0

On the surface of the graphite base material there is a layer of carbides embedded in the (Ni, Cr)3P-
type matrix phase. The light FCC phase is very finely distributed, especially near the graphite surface,
indicating that the solidification occurred near the eutectic point of the system.

The values of the backscattering coefficient n were calculated with Eq. 1 using the chemical
information of EDX-analyses given in Table 25. These n-values are presented together with the
measured brightness levels in Table 26. The brightness was measured from several areas of each
phase and the given value in Table 26 is the average of these measurements. The results are presented
in Figure 74 where the n-value is presented as a function of the grey level of the phases. The results
form a good line and the grey levels measured far inside the brazing filler metal have a slightly lower
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value. According to the results it seems that the grey level near the graphite boundary is the same or
even higher as that far inside the braze indicating that the carbon content is at the same level in the
braze layer.

If we look further into the results in Figure 75, we can see that the phosphorous containing hard phase
and light FCC nickel-based phase both have a lower level of grey than expected. It is evident that
carbon dissolved into these phases during the brazing process.

Table 26 The measured brightness level and calculated n-values for phases of the Ni-Cr-P metal brazed

onto the graphite base material, with results presented in Figures 72 and 73.

The Interface
Grey level n Name
204.0263 0.267033 | C: Hard P containing phase (Ni, Cr)-P-C
186.9897 0.24508 | Chromium carbide
226.4103 0.275048 | A: Grey matrix phase NisP
231.1805 0.290054 | B: Light phase, FCC Ni based
6.499 0.064083 | Graphite
Inside the braze
227.9515 0.290054 | B: Light phase, Ni based FCC
222.7765 0.275048 | A: Grey matrix phase NisP
198.3553 0.267033 | C: Hard P containing phase, (Ni, Cr)-P-C
0.35 -
0.3 -
0.25 -
"qo: 0.2 4 ¢ Interface
§ 0.15 - B Inside the braze
01 - ——Linear (Interface)
0.05 -
O T T T T 1
0 50 100 150 200 250
Backscattering coefficientn

Figure 74. The backscattering coefficient n as a function of the grey level for the phases present in
Figures 72 and 73.
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Figure 75. Grey level as a function of the backscattering coefficient n for the phases presented in
Figures 72 and 73.

The boundary between graphite and the brazing filler metal was studied more in detail, see Figure 76.
In this BSE-image the carbide layer and two slightly different grey levels of individual particles are
evident. EDX-analysis curves were measured from these carbides and in Figure 77 the darker
chromium carbide particles seem to contain more carbon when compared to the lighter carbides.
Note the difference in the height of carbon K-a electron cell peaks compared to the peaks of chromium
L-a. According to this result, the difference in the carbon content of these two carbides can be
measured by EDX, where the analysed carbides are large enough.
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Figure 76. The layer of carbides formed at the Ni-Cr-P type brazing filler material - graphite interface.
The dark grey carbide is marked with an arrow.
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Figure 77. EDX-analyses taken from the different grey-level carbides presented in Figure 76 indicate a
higher content of carbon in the dark carbide marked with an arrow in Fig 76.

3.7.4 Microstructure of the braze material in Ni-Cr-Si-B - diamond composite

Earlier in the study the structure of the Ni-Cr-P type brazing filler metal was analysed in detail - it was
found that the braze — diamond composite was formed of several phases, each with a different
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composition. When the same analysis was performed on the Ni-Cr-Si-B brazing filler metal — diamond
composite, it was found to have a remarkably different composition to the Ni-Cr-P type brazing
material.

The microstructure of the Ni-Cr-Si-B brazing material is presented in Figure 78. The material solidified
into five different phases, which were analysed using the EDX-analyser - their compositions are given
in Table 27. The compositions were measured from the positions presented in Figure 79. The
composition of the dark phase, i.e. chromium boride, is not measured by EDX-analysis because of the
light boron element but it was assumed to be type CrzB according to the binary phase diagram
presented in Figures 8 and 9.

The light phase presented in Figure 79 is nickel-based chromium and iron-containing FCC phase,
although there were also two grey phases with discrepancies in their silicon, iron and chromium
contents. The spotty phase formed last when the remainder of the brazing filler metal was solidified
near the eutectic point of binary phase system, at the end of the brazing process.

With the earlier results in mind, is it possible to analyze the Ni-Cr-Si-B braze structure using the
backscattering coefficient analysis in the same way as with Ni-Cr-P type brazing filler metal? For this
work the backscattering coefficients n were calculated with Eq. 1 using the compositions measured
with EDX-analysis in Table 27. The grey levels were measured from several areas for each phase and
the results are presented in Table 28 together with the n coefficients and the names and/or formulas
of the phases. The phases were identified using EDX-analyses.
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Figure 78. Microstructure on the Ni-Cr-Si-B brazing filler material (BSE image).

90



) WP
AccY  Spot Magn  Det WD
20.0kv 46 2000x BSE 10.8 Braze 123

Figure 79. Phases in the Ni-Cr-Si-B brazing material: Cr,B type boride (A), nickel-based chromium and

the iron containing FCC phase (B), with two grey phases (C), that have discrepancies in silicon, iron and
chromium contents and spotty phase (D).

Table 27 The five phases of Ni-Cr-Si-B brazing filler metal analysed using EDX-analysis. Boron is too
light as an element to be measured accurately with this method. According to the (Ni, Cr)-B phase
diagrams presented in Figures 6 and 7, the dark phase is assumed to be the Cr2B type.

C: Light C: D:

B: Light grey Grey A: Dark Spotty

phase phase phase phase phase
Element | wt.-% at.-% | wt.-% at.-% wt-% | at-% | wt.-% at-% | wt-% | at.-%
B 8.4-9.4 | 333
Si 0.67 1.37 | 14.65 26.28 10.33 | 19.31 591 | 1151
P 0.12 0.22 0.41 0.66
Cr 491 5.46 1.34 1.29 2.71 2.73 90.6 66.7 4.54 4.78
Fe 3.8 3.92 0.64 0.58 3.62 3.41 5.96 5.84
Ni 90.51 89.0 | 82.96 71.18 | 83.34 | 7455 83.59 | 77.88
Total 100 100 100 100 100 100 100 100
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Table 28. The measured grey levels and calculated backscattering coefficient n values using EDX-
analyses given in Table 27 for the phases of Ni-Cr-Si-B type brazing material.

Grey level | n
B: Light phase: Ni based FCC 214 0.2918
C: Light grey phase: NizSi 207 0.2748
C: Grey phase: Ni3(Si, B) 176 0.2801
A: Dark phase: Cr2B 60 0.2429
D: Spotty phase: Ni based FCC +Nis(Si, B) 199 0.2849

In Figure 80 the results are presented in graphical form. Results suggest that there is no boron
dissolved in the light grey phase.

Figure 81 shows a cross-section of the brazing filler metal layer on the diamond surface. In here we
can see only one thin carbide layer. Figures 82 and 83 presents the corresponding grey levels as a
function of backscattering coefficients n. According to the Figure 83, the single carbide layer found
from the diamond surface is rather formed of Cr7C3 type carbides than Cr3Cz type, because it is found
from the line formed by the other analyzed phases in Figure 83.
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Figure 80. The grey levels as a function of the backscattering coefficient n for the phase of Ni-Cr-Si-B
type brazing filler metal. See the compositions and formulas of the phases presented in Tables 27 and
28.
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Figure 81. The brazing filler material Ni-Cr-Si-B has formed thin carbide layer marked with an arrow
on the pitted diamond surface. Note the degradation of the diamond surface seen in the cross section

at the middle of the image.
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Figure 82. Grey level as a function of the backscattering coefficient n for the phase of the Ni-Cr-Si-B

brazing material.
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Figure 83. The grey level of the different phases present as a function of the backscattering coefficient
n for the phases of the Ni-Cr-Si-B brazing filler material.

3.8 The phase structures of Ni-Cr-Si-B and Ni-Cr-P braze materials braze with diamond single crystals

Earlier in this study the structures of Ni-Cr-Si-B and Ni-Cr-P braze-diamond composite materials were
studied from cross-sectional specimens using SEM imaging with SE- and BSE-detectors and EXD-
analysis. Considerably small areas or volume of the samples with varying composition were then
detected and analysed. To get further information about the crystal structure of the phases X-ray
diffraction curves were measured from the surface of the Ni-Cr-Si-B and Ni-Cr-P brazing materials after
they had been brazed with the single diamond crystals on the stainless steel substrate. Measurements
were performed directly from cleaned specimen surfaces without any grinding or polishing.

X-ray diffraction measurement is giving information inside the studied material volume from certain
depth. As it was calculated earlier when introducing the experimental methods of this work, copper
radiation is suitable to use in these measurements, because it is giving information well inside the
studied braze layer but not from the base material under the braze layer. Naturally the X-ray
penetration onto the single diamond crystals was much deeper than into the braze material as it was
presented earlier.

3.8.1 Phase structure of the Ni-Cr-P braze - diamond composite material

XRD measurements were carried out from the Ni-Cr-P braze layer, where the single diamond crystals
were joined on the stainless steel base material surface. Figures 84 to 89 show the material’s phases,
its x-ray diffraction curve and possible compound candidates.
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Figure 84 presents an XRD curve with nickel - chromium alloy reflections coming from lattice planes
{111}, {200} and {220} marked with the blue bars in the image [60]. The shifted reflections marked
with red bars indicate the presence of another similar phase with an FCC structure.

Diamond gives high-intensity reflections, as presented in Figure 85, where reflections from diamond
{111}, {220}, {311} and {222} type lattice planes are identified [61]. The only phase found with a
chemical formula of (Ni, Cr)P is identified in Figure 86. This phase has an orthorhombic crystal
structure. Here, the peak at the 39.883° angle can be fitted with 100 % reflection of plane {112}. Some
of the other minor peaks fit the XRD curve measured from the Ni-Cr-P braze material [62].
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Figure 84. The braze of Ni-Cr-P, an XRD curve with the FCC type (Ni, Cr)-phase (shown as light-coloured
during the SEM research earlier) identified, the reflections come from lattice planes {111}, {200} and
{220} marked with blue bars. Note the slightly sifted reflections marked with red bars, which came
from another phase such as pure FCC nickel. [60]
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Figure 85. Clear diamond reflections from crystal planes type {111}, {220}, {311} and {222} marked
with brown bars, Ni-Cr-P braze filler material. [61]
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Figures 87 - 89 present the identification of carbides. The results show the best fit of peaks achieved
were with CrsC, and Cr;Cs type carbides, although the peaks’ intensity is too low to draw firm
conclusions. The low intensity of the carbides is most probably due to their small volume fraction
within the total volume of the structure. Carbides are normally well-crystalized and should give clear
peaks to their diffraction curve.

Notable here is that large (Ni, Cr)3P-and (Ni, Cr)2P-type phases are not clearly visible in the XRD results
despite their high prevalence within the braze structure, although the (Ni, Cr)2P phase can be
identified according to Figure 86. This can indicate that the crystal structure of these phases is
amorphous or near amorphous and clear peaks were not as clearly formed. The low amount of
available data was not because of inadequate penetration of the copper radiation or a lack of material.
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Figure 86. (Cr, Ni)2P phase reflections fitted in the XRD curve measured from the Ni-Cr-P braze
material, fits at a 39.883° angle, 100% reflection of plane {112}. The second highest 75 % reflection is
coming from {211} type planes at the 42.429° angle [62].
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Figure 87. A possible reflection of Cr23Ce carbide from planes type {333} with a 44.151° angle [63].
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Figure 88. The Cr7Cs type carbide with 100 % reflection at a 44.167° angle; 46 % reflection at a 42.546°
angle and 33 % reflection at a 39.189° angle, where a possible match can be identified [64]
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Figure 89. The Cr3C> type carbide with 100 % reflection at a 43.576° angle; 54 % reflection at a 35.314°
angle and 3 3% reflection at 39.189 degrees, not matching [65].

As aresult of the XRD measurements of Ni-Cr-P braze — diamond composites it can be concluded that
the (Ni, Cr)2P and (Ni, Cr)3P type phases are difficult to identify using XRD diffraction. This is due to the
phases’ crystal structures after brazing: the structures were either mostly or fully amorphous and
peaks did not form despite a high proportion of the metal alloys within the phases. These results
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indicate that BSE imaging is a more powerful method for analysing the phase structures of the braze
materials when compared to the XRD method.

With the small proportion of carbides formed on the diamonds’ surfaces meant that only a limited
amount of data was available. These layers of carbide were more clearly visible and identified in the
BSE images.

3.8.2 Phase structure of Ni-Cr-Si-B braze - diamond composite material

Results of the XRD measurements performed to the Ni-Cr-Si-B specimen are presented in Figures 90
to 96, below. The composite specimen with single diamond crystals was prepared on a stainless steel
base material and was measured after cleaning without any grinding or polishing.

Figure 90 identifies the diffraction peaks of diamond [61]. The possible diffraction peaks for pure FCC
nickel are presented in Figure 91, together with peaks for the FCC Ni-Cr alloy, which can be found on
the left-hand side of each pure FCC Ni peaks, which can also be seen in Figure 84 above. Figure 92
shows the peaks for a possible Ni>Si phase marked with light blue bars, a peak of 100 % reflection is
at a 46.731° angle, 87 % reflection at a 48.696° angle and 66.1 % reflection at 49.354° angle [67]. In
Figure 93 possible peaks for NisSi are marked with light blue bars, a peak of 100 % reflection is at a
44.137° angle, a 42 % reflection at a 51.423° angle [68]. Figure 94 presents the diffraction peaks for
Cr2B phase, 100 % peaks at a 44.919° angle and 84 % at a 46.179° angle, here there is a possible fit
with the diffraction curve [53]. Chromium carbides were not clearly identified, in keeping with the
earlier measurements of the Ni-Cr-P braze - diamond composite: Figure 95 shows the CrzCs type
carbide [64] and Figure 96 depicts the Cr23C7 type carbide [63].
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Figure 90. The Ni-Cr-Si-B type braze material with diamonds, high diffraction peaks from diamond
single crystals identified and marked with blue bars [61].
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Figure 91. The marked diffraction peaks for pure FCC nickel [66], measured peaks for FCC (Cr, Ni)-alloy
can be found on the left-hand side of each Ni peak marked with blue bars. This data shows there are
two nickel-based FCC phases present with a slightly different basic lattice distance.
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Figure 92 Diffraction peaks for the Ni2Si marked with light blue bars [67], a peak of 100 % reflection is
ata 46.731° angle, 87 % reflection at a 48.696° angle and 66.1 % reflection at a 49.354° angle [67].
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Figure 93. Diffraction peaks for NizSi marked with light blue bars, a peak of 100 % reflection is at a

44.137° angle and 42 % reflection at a 51.423° angle. [68]
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Figure 94. Diffraction peaks for chromium borides marked with light blue bars, 100 % peak ata 44.919°

angle and 84 % at a 46.179° angle [69]
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Figure 95. Possible diffraction peaks for the CrzCs type carbide marked with green bars on the image.
[68].
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Figure 96. Possible diffraction peaks for Cr23C7 type carbide marked with light blue bars [63].

3.9 Comparison of the micro-hardness values of the phases formed in the braze materials

According to analyses of the cross-sectional specimens, the brazing materials were found to have built
up in several phases, even more than expected according to the binary phase diagrams presented
earlier. As a consequence of this multiphase structure information on the mechanical properties of
these phases could be achieved at a micro-scale. Although the dimensions of the phases were
generally well under 50 um, hardness data could be taken using a micro-hardness tester at 5 to 20g
loads. Besides with the micro-hardness it was possible to get information of the toughness of the
phases by analysing the formed micro-scale fractures. The values measured from different phases can
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be compared with each other and perhaps after correction calculations (Eq. 3-5) made with other
known materials.

Data was taken from cross-sections of the stainless steel - brazed diamond material, as well as the
diamond-free graphite base material. On the left-hand side of the earlier presented Figures 72 and 73,
(the Ni-Cr-P type braze cross-section near the graphite) you can find some of the hardness tester
intender marks hit at the different phases.

3.9.1 Micro-hardness levels of the phases in the Ni-Cr-P braze alloy

Results of the micro-hardness tests measured from the Ni-Cr-P braze filler material’s phases and the
corrected hardness values are presented in Table 29. The correction equations and experimental
methods were introduced in section 2.3.3 Micro-hardness measurements. Some micro-hardness test
indentation marks are presented as an example in Figure 97. The single crystal diamond is seen in
black on the right-hand side of the image.

According to these results presented in Table 29, the un-calibrated hardness value of the (Ni, Cr)2P
type phase is high, over 900 HV0.02 while the hardness level of (Ni, Cr)3P, is 14 % lover. The hardness
values of the Ni-based FCC structured phase were measured both from pockets (marked with letter A
in the image 97) and from protrusions (marked with letter B in the image 97) of the formed braze
layer, as presented in Figure 97. There was a slight difference between these values: the hardness of
the pockets was slightly elevated, and these results are collated with all others in Table 29.

Table 29. The micro--hardness values HV0.020 measured from the phases of braze filler material Ni-
Cr-P presented together with the calibrated values in the last row of the table.

Dark Light Mi based FCC  |Ni based FCC
Base Ni2P Ni3P Pocket Protrusion
Average: 217 905 776 333 284
STDEV: 13 34 21 13 9
Values Calibrated by y = 1.59x - 161.5
Average: 183 1277 1072 369 289
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Figure 97. Some of the indentation prints (some of them marked with a ring) from the hardness
indentation tip hit on the Ni-Cr-P type braze’s various phases. Example of a pocket is marked with
letter A and protrusion with B.

3.9.2 The micro-hardness of the Ni-Cr-P braze material phases made on the graphite base

Earlier micro-hardness data values were taken from phases away from the single diamond crystals. It
was not possible to measure two carbide types and the (Cr, Ni)-P-C- type phase near the diamond
single crystal because of height differences between the diamonds and the braze, that had occurred
due to the mechanical specimen preparation technique. Diamond, as a harder material, cannot be
ground with the same manner and speed as the relatively soft braze filler metal. The micro-hardness
of the brazing Ni-Cr-P on the graphite base material was measured to learn the hardness level of the
carbides formed between the graphite base and the brazing filler metal.

During the braze layer data measurements on the graphite base four different phases were
established, including the carbide and the (Cr, Ni)-P-C-phase. This data, together with the corrected
values, is presented in Table 30. The same calibration equations were used in these correction
calculations as before.

Chromium carbide has been shown to be very hard, as has been reported in the literature. The analysis
showed that the (Ni, Cr)-P-C phase formed at the same time as the carbides was also very hard phase.
The hardness of the Ni-based FCC phase and the (Ni, Cr)sP phase was found to be equal to hardness
level measured earlier from specimen brazed with diamonds on the stainless steel base material.
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Table 30. The results for the HV0.010 and HV0.020 micro-hardness measurements of the braze on the
graphite-base material.

HV0.020 Average: | Stdev. | Corrected | Measurements
Ni based FCC 281 22 286 4
NisP phase 567 24 740 3
HV0.010 Average: | Stdev. | Corrected | Measurements
Ni based FCC: 284 291 2
CrCs 1063 84 1529 4
(Cr, Ni)-P-C 796 1104 3

3.9.3 Micro-hardness levels of the phases in Ni-Cr-Si-B braze alloy

The fine-structured Ni-Cr-Si-B braze also had its micro-hardness measured. These values were taken
using 10 g and 5 g loads and show the fineness of the material — it is finer than Ni-Cr-P type brazing
filler material. Figure 98 shows indentation marks on the polished cross-section surface. The results
of the tests are presented in Table 31, along with the corrected values calculated using the same
correction equations used before.

The data shows that the hardness level of the Ni-Cr-Si-B braze material phases is considerably higher
than the prior-tested Ni-Cr-P material phases. This could be due to the boron alloying of the Ni-Cr-Si-
B metal. According to the measurements, there is a significant difference between the hardness levels
of the braze filler materials. This kind of difference in micro-hardness is certainly affecting to the wear
behaviour of braze filler material, also the finer structure of the Ni-Cr-Si-B braze filler is indicating of
higher resistance for abrasive wear.

Table 31. Measured micro-hardness values and corrected values for different phases in the Ni-Cr-Si-B
brazing filler material. Phases are marked with letters A, B, C, and D in Figure 98.

Phase: Load/g | Points: | Average: | Stdev: | Corrected:
A: Light phase 10 7 1223 148 1735

A: Light phase 5 3 1236 82 1804

B: Spotty phase: 10 4 822 97 1093

C: Grey phase 10 5 899 52 1215

C: Grey phase: 5 3 1019 62 1231

Base material: 10 3 266 4 202

D: Boride: 5 2 1034 90 1250
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Figure 98. Indentations used to measure micro-hardness from the polished Ni-Cr-Si-B brazing filler
metal cross-section. Note the brittleness of the dark and hard boride (D) in the left upper corner of
the image.
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3.10 Residual stresses in the braze layer made on the graphite base material

During experiments analysed earlier in this study, cracks in the braze layer were found on brazed
diamonds due to different coefficients of thermal expansion and their residual stresses. To get further
information on these stresses, tests on how the braze material performed against graphite were
completed. Graphite was chosen as a substitute for diamond in this case as no large-enough
specimens of diamond were available. Carbon is diluted from graphite material in the same way as
happens with diamond, to form carbides in the boundary between the graphite and brazing filler
metal. What must be noted is that part of the diluted carbon did not form carbides, and could be
soldered into the other brazing filler metal phases.

For these studies, braze samples were utilized on 30xX50 mm graphite substrates. On the substrates
carbon reacted with braze filler material creating carbide layers between the braze and the graphite
base as presented earlier in Figure 76. The brazing temperature for the Ni-Cr-P braze material was
950°C and was higher for Ni-Cr-Si-B at 1032°C. Specimens were prepared within a high vacuum.

After brazing it was noticed that there were cracks on braze layers of both specimen types as is
presented in Figures 99 and 100. This is because of the different coefficients of thermal expansion of
the base material and braze filler metal. The number and the width of the cracks were measured with
a scanning electron microscope (SEM), as presented in Figure 100. To do this a sharp line was
scratched in the middle of each specimen and the width and angle of individual cracks crossing that
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line were measured. Using this information the vector component of the crack width to the line
direction was calculated. During the observations the accuracy of the SEM was determined using a
calibration standard [56] with a consistent magnification and working distance values used to measure
cracks. It was noticed that there was 1.2 % microscope error in a horizontal direction which was
corrected for the final results presented in Table 32 below.

The results show that the Ni-Cr-Si-B type braze has more cracks per specimen millimetre, but that the
total width of cracks per millimetre of surface is higher with the Ni-Cr-P braze material. This result is
similar to earlier findings that Ni-Cr-Si-B braze filler material is harder but also a more brittle material
compared to Ni-Cr-P.

Table 32. Collected results of the crack width and distribution measurements for both the Ni-Cr-Si-B
and Ni-Cr-P brazing filler metals.

Brazing filler metal Ni-Cr-Si-B | Ni-Cr-P
Total width of the cracks inum | 333.25 341.79
Number of cracks: 23 15
Average width of cracks in pm 20.14 27.95
Number of fractures in mm 0.49 0.35
pum of cracks/specimen mm 7.08 7.93
Coating thickness in mm 0.10 0.10

Height

pm
IZO-II

-140
-160

Figure 99. Fractures on the Ni-Cr-P braze filler material surface after cooling to room temperature, the
image is measured using an optical profilometer.
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Figure 100. An example of a width measurement of one crack using SEM in the Ni-Cr-Si-B type brazing
layer made on graphite base material.

What also became evident is that the brazed graphite specimens were bent after cooling to room
temperature. This indicated that residual stresses remained in the structure and were not completely
relaxed by fracturing.

The residual stresses remaining in the centre line of the braze layers were calculated using the Eq. 10
presented in the methodology part of this work, and according to the results the stress in the Ni-Cr-
Si-B braze layer was 322 N/mm? and for the Ni-Cr-P braze: 213 N/mm?. According to these results the
residual stresses were more easily relaxed in the Ni-Cr-P type braze material when brazed on graphite
or a carbon-filled substrate, indicating that the ductility of the braze relaxed the stresses.

3.11 Load bearing capability of brazed diamond single crystals

Brazed diamonds are used in tools or applications where they carry mechanical loads. In use, such as
when grinding hard ceramics, it is important that the diamond is properly fixed on the tool surface
and that it does not fracture under stress. Is it possible to measure how much stress can an individual
single diamond crystals endure before breaking? And furthermore, how much can a brazed diamond
tool be stressed during use?

To gain an understanding of the stress-bearing potential of the diamonds and tools, tests on the
breaking loads of individual diamonds were performed. For these tests a mechanical testing method
suitable for single diamond crystal testing was developed. A set of diamonds were brazed in rows on
a flat stainless steel plate with nickel-based chromium alloyed braze filler material. An example of the
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test sample is presented in Figure 101, where the tested specimen is presented before and after the
mechanical test.

Ni-Cr-P type brazing filler material was used to braze test specimens for mechanical testing. The
distance between individual diamonds was set to 1 mm and the diameter of a single crystal was
between 250-300 um. It should be noted that the tested diamonds were covered with the braze filler
material and carbide layers as presented in Figure 102 a) below.
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Figure 101. Area of the mechanically tested specimen before (a) and after (b) the test measured using
the optical profilometer. A diamond single crystal found from both images is marked with a white ring
on both images.

The total thickness of the braze layer on the substrate surface was 68 um when measured in the
specimen cross-section. Figure 102 b) presents the surface fracture of the diamond after mechanical
testing. Diamonds are typically fractured this way, and pull offs of the single diamond crystals were
not observed. This result means that the bonding between the diamond and the braze filler material
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is strong enough to hold the stressed diamond until the diamond breaks by fracturing. Some marks of
mechanical deformation are found on the braze filler material surface near the diamond indicating
that the testing tool touched the braze surface during the test.

S e A &8

e el 3 D 2 2

| AccV Spot Magn Det WD F————— 200 um
£9200kv 46 100x  SE 264 198:4 )

it RS o 3 ;

B

Figure 102. Top view of mechanically tested diamond before (a) and after (b) the test. Diamond is
brazed on the stainless steel surface, the diamond is covered with braze/carbide layer. Note the
different magnification of the images.

The testing speed for the tests was selected to be 2 mm per minute and the distance per test was set
to 20 mm, so one test cycle would measure the breaking load of 20 diamonds, and with several test
cycles altogether 296 diamonds were tested. As a matter of fact due to a slight displacement of the
diamonds in rows it was not possible to hit every one, as presented in Figure 101, where the same test
area is presented before and after mechanical testing. Testing destroyed only most of the diamonds
in the rows.

The position of the tool and the level of the load was measured at 100 times per second. Due to noise
of the measured signal, an average value of five separate measurements was calculated to reduce the
noise level.

For each test the peak height (see Figure 103 below) of the force to break up the single diamond
crystal was measured and the background was subtracted from the measured peak. Figure 103
presents the load peaks of one test run; the peak height gives the force needed to break up a single
diamond.

As shown in Figure 103, there is some divergence in the diamonds’ breaking loads. A reason for this
could have been the variations in size and orientation of the single crystals, but also due to differences
in the height of the braze layer. This would mean that, for some diamonds, the mechanical testing tool
touches more of the braze layer than with others. This error can be minimized by subtracting the
background level from the measured peak height, and this was done when analysing the test results.

Figure 104 presents a measured peak of when one diamond is tested and broken. Before hitting the
diamond there is a base level of background force and when the diamond is hit the force value rapidly
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increases. The distance moved by the testing tool between hitting the diamond and breaking was
measured to be 0.038 mm. The slope of the curve was calculated as y = 680.65x.
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Figure 103. The results of one 20 mm test cycle with measured peaks, the background level and
calculated force values needed to break up the test diamonds.
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Figure 104. One of the measured load peaks to break up diamond single crystal. The slope of the linear
section of the curve when breaking the diamond is calculated to be y = 680.65x
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As stated previously, two load cells were used during the mechanical testing. Results achieved with
these cells are shown in Figure 105 where the breaking load of the diamonds are presented as a
function of the number of tested diamonds. In Figure 105 we can compare the results achieved with
a more sensitive 5 kN load cell which shows minor differences, especially in the amount of maximum
breaking loads.

All the results are collected in Figure 106 where the breaking load is presented as a function percent
of all specimens tested. Figure 106 shows that 80 % of the diamonds broke at load levels between 20
N and 40 N and 50 % of the specimens broke at load levels between 24 N and 33 N. A minor portion,
about 10 %, of the diamonds can hold over 40 N loads.
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Figure 105. The breaking loads of diamonds shown as a function of the amount of measured
diamonds. Results of the two load cells used are presented separately.
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Figure 106. Mechanical testing: The load for breaking a diamond single crystal as a percentage of
tested specimens.
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Figure 104 showed how much force was used to break up the diamond crystal. In Figure 107, below,
several of these peaks are collated. The slope of each peak after contact with the diamond is high. The
level of the slope indicates the yield of the diamond, the braze fitting and the break-up of the braze
with a carbide layer. The values of the slope lines presented in Figure 108 are shown in Table 33.

According to the results presented in Table 33, there is a large range of values demonstrating the
difference between the thickness and structure of the carbide-braze layer compared to the tested
individual single diamond crystals.
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Figure 108. Slope lines of the selected mechanical testing curves presented according to Figure 107.
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Table 33. Calculated slope values for the mechanical measurement tests presented in Figure 108

Test number | Slope
1 382x
5 334x
6 606X
7 459x
9 430x
10 582x
12 1044x
13 1496x
16 389x

3.12 Corrosion resistance of the brazed composites

As discussed in Section 1, the nickel-based brazing filler metal is used because of its strong corrosion
resistance when joining single diamond crystals on the stainless steel surface. The brazing alloys
studied here both have a high chromium content to improve the corrosion resistance. Because,
according to the earlier studies, the microstructures the Ni-Cr-P and Ni-Cr-Si-B braze filler material are
constructed of several phases with different composition of especially chromium, it is liable that there
is selective corrosion found from these materials lowering the total corrosion resistance of the braze
— diamond single crystal composite. To get information about the corrosion phenomena and
differences of the corrosion behaviour of the studied materials simple corrosion tests were carried
out.

3.12.1 Corrosion resistance of Ni-Cr-Si-B and Ni-Cr-P braze — diamond composite materials at low
pH values

Altogether three Ni-Cr-Si-B type composite specimens, one Ni-Cr-P type specimen brazed with
diamond crystals and reference specimens made of AlISI 316 type stainless steel were tested. The
specimens were scaled before and after the corrosion tests and the results are presented as weight
loss during the test. The tests were carried out in a chlorine solution with a low pH value of 1.2
according to the ASTM G48-00 standard [70].

Looking at the results in Figure 109, the weight loss of the Ni-Cr-P type brazing filler metal during the
corrosion test was over 2.5 times higher compared to the Ni-Cr-Si-B type brazing filler metal. The
corrosion rate was also 2.5 times higher when compared to the reference material. This was a
confusing result because according to Table 13 the chromium content of the Ni-Cr-P type (BNi-7)
brazing filler material is considerably higher compared to the Ni-Cr-Si-B type (BNi-2) material. Weight
loss of the Ni-Cr-Si-B braze—diamond composite was measured to be at the same level to the reference
material, stainless steel.
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Figure 109. Weight loss of the tested materials after modified ASTM G48-00 [70] corrosion testing.

Polished cross-section specimens were prepared from these tested corrosion samples and it was
noticed that the Ni-Cr-P type brazing filler metal had nearly completely disappeared from the
specimen surface, which explains the high weight loss during the test. The Ni-Cr-Si-B braze only
suffered corrosion in certain areas, as shown in Figures 110 a) and b), which were taken after corrosion
testing. According to the images the nickel-based light phase and the spotty phase are not dissolved
into the corrosive solution. The silicon, nickel and boron containing phases, no longer visible, were
found to have a low chromium content of about 1-3 wt.-%.
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Figure 110. Cross-section of the Ni-Cr-Si-B brazing material — diamond single crystal composite after
the corrosion test, (a) SE-image and (b) BSE-image taken from the same area of the specimen.
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Results from these simple immersion tests show that the Ni-Cr-Si-B brazing material performed better
in low-pH chlorine solutions compared to the Ni-Cr-P braze, although chromium borides of the braze
structure took a high faction of the chromium available in the Ni-Cr-Si-B braze material. One factor
here that affected the corrosion resistance of the Ni-Cr-Si-B braze material could have been the slight
difference in chromium content between the phases present, excluding the chromium boride phase.
Itis possible that in the specific test conditions strong corrosion pairs did not form, which reduced the
corrosion rate of Ni-Cr-Si-B braze.

3.12.2 The corrosion potential and corrosion speed of the Ni-Cr-Si-B and Ni-Cr-P-diamond
composite materials

The modified ASTM G48 test [70] was a simple immersion test and gave only limited information about
the corrosive behaviour of the materials in one particular environment. To get more information about
the corrosion behaviour of the composites, polarization curves were measured from the braze-
diamond composite surfaces. For these measurements AISI 316 type stainless steel was used as a
reference material to which the braze materials were compared. All of these measurements were
performed at a room temperature of 22°C in 3.5 % ionized salt water, where the potential of the
specimen was measured against Ag/AgCl reference electrode. Because of the height differences of the
tested braze—diamond surfaces, the testing cell and the specimen was sealed with a soft rubber ring,
14 mm in diameter, making the tested area 1.54 cm? for each specimen. More detailed information
about the test is given in the experimental methods part of this work.

The results of these studies are presented in Figures 111-105. For all the specimens three potentio-
dynamic curves were measured from the same location of the specimen, refreshing the electrolytes
between the measurements. These measurements were taken to see how the corrosion developed
throughout the phases of the un-homogenous materials, dissolving into the electrolytes during the
experiments.

From the curves, Tafel extrapolation was performed to determine the corrosion potential Ecorr and
corrosion speed leorr. With the measured curve there was meant to be a linear section of two decades
for complete analysis, but because of the multiphase structure of the braze materials this was not
possible, giving approximate results as shown in Figures 111 - 113. [71, 72, 73]
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Polarisation curves for the three tested materials after the first stage of measurements
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Figure 112. Polarisation curves for the three tested materials after the second stage of measurements
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Figure 113. Polarisation curves for the three tested materials after the third stage of measurements

The results from analysis of the polarization curves, with Tafel-extrapolation, are presented in Figures
114 and 115. According to the results the corrosion potential reduced when the measurement was
repeated. The development can also be seen in the corrosion current density and speed: the density
increases for the braze—diamond composite specimens when the test is repeated. The surface area
also increases when the measurement is repeated because of the pitting corrosion of specimen
surfaces. The increase in the corrosion density presented in Figure 115 gives information about the
pitting tendency of the brazed surfaces. The corrosion speed of the reference material remains
constant or gets even lower when the test is repeated, indicating better corrosion resistance and
pitting resistance when compared to the composite samples.
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Figure 114. The development of the measured corrosion potential for the tested materials during the
three-stage testing.
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Figure 115. Development of the measured corrosion current density for the tested materials during
the three-stage testing.

Figures 116 and 117 are the cross-sections of tested samples. Here it can be noted that in the case of
the Ni-Cr-P brazing material corrosion is seen as pitting through the braze layer, indicating that the
rather coarse and heterogeneous phase structure cannot resist corrosion and corrosion pitting is
transferred into the base material. In the case of the Ni-Cr-Si-B braze—diamond composite there is
selective corrosion within the braze layer. This result is in line with the others achieved from the short
immersion tests. We can also, according to the cross-sectional studies, assume that the surface area
of test sample Ni-Cr-Si-B is effectively increased when selective corrosion erodes the braze layer
microstructure in micro scale. This can be seen in Figure 115 with the increase in current density for
the Ni-Cr-Si-B—diamond composite: here the current/surface area can remain constant, because
according to Figure 117, the surface area can be seen to increase. If the current density is constant
after the third stage of testing (assumed to be at the same level than in the first measurement), results
showed, that the surface area of the Ni-Cr-Si-B—diamond composite specimen was about 7 times
larger, the area of Ni-Cr-P—diamond composite was approximately 5 times larger, while the area of
the reference material remained constant.

119



AccY SpotMagn Det WD 1 200 pum
200kV 36 100x  BSE 17.1 Po 122

Figure 116. Cross-section of the Ni-Cr-P braze material after the three-stage potentio-dynamic testing
cycle. The pitting corrosion (ring) penetrated into the base material.
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Figure 117. Cross-section of the Ni-Cr-Si-B braze material after the three-stage potentio-dynamic
testing. Inside the braze layer micro scale pitting corrosion are evident, marked with arrows.
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4. Concluding remarks and suggestions for future work

The diamond single crystals are jointed on to the tool surfaces using several types of braze filler
materials. There are differences between the materials where the brazing temperatures vary
considerably, being higher for some than others. The relatively low cost nickel-based chromium
alloyed brazing filler materials are corrosion resistant with good material strength compared to other
brazing filler materials, and therefore ideal for use in demanding applications such as mechanical
pulping devices like Valmet’s Galileo-concept.

During the high temperature brazing process carbon from the diamond is dissolved and diffused into
braze filler material. Carbon forms chromium carbides between the braze material and the diamond
crystals; the carbide layers help to lower the contact angle between braze and diamond, but also help
to form a strong bond between the diamond and the braze. This greatly improves the mechanical
bond between the braze material and the diamond and therefore improves the diamond tool’s
usability.

The dilution of carbon affects the microstructure and properties of the braze filler material — diamond
composite. The degradation of single diamond crystals roughens the crystal facets, reduces the
mechanical properties and the tooling efficiency of the diamonds as the sharp edges of the diamonds
are rounded during the brazing process. Furthermore, carbide layers 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, leading to a reduction in the level of residual
stresses which then affects the tool performance.

Two different kinds of nickel-based braze filler materials was chosen for the studies to see what effects
of composition has to the final structure and properties between the braze filler material and
diamond. The Ni-Cr-Si-B braze filler material was found to have only slight carbide formation
compared to the Ni-Cr-P braze, despite the higher brazing temperature of the former. The lesser
amount of carbides present is because of the lower chromium content, and the formation of
chromium borides in the Ni-Cr-Si-B braze matrix combines a large part of the available chromium in
turn reducing the chromium carbide formation. The chromium alloying provided adequate corrosion
resistance but also decreased the mechanical strength of the diamonds because of the excess carbide
formation. The studied nickel based braze filler materials are originally developed mainly to join the
stainless steel materials and super alloys used in corrosive applications at high temperatures and for
this reason they are not necessarily the best performing alloys to join the diamonds.

Question 1 from Chapter 1.1

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 single diamond 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?

Inanswering Question 1: it was found that the degradation that occurred to the diamond facets varied,
in turn affecting the mechanical strength of the individual crystals. On the {111} type diamond facets
were found to form plateaus which were not found on other type of facets. These results show that
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carbon atoms are removed and diffused into the braze filler material from the {111} type plains,
perpendicular to the direction <111> of the {111} type diamond facet. These tests clearly show that
the higher the available chromium content, the thicker the carbide layer on the diamond surface and
the increase in degradation on the diamond surface.

Question 2 from Chapter 1.1

2. What is the final structure of the brazing filler material? What kind of dilution of the base
material is observed? To elaborate: how does the dilution of carbon from single diamond
crystals and the elemental components from the tested base material affect the final structure
of the braze joint?

In answering Question 2: the cross-sections of the carbide layers between the diamond and braze
were studied using Scanning Electron Microscopy (SEM) and Back Scattered Electron (BSE) analysis.
BSE-imaging together with the image analysis program used to measure the grey levels of the phases
proved to be a very efficient tool to characterize the phases. This imaging method is especially useful
when identifying separate phases within multi-phase materials, especially where some of the
components are electrically insulating like diamond or very small in size like the carbides on the
diamond surface.

Using the BSE-imaging confirmed that between the diamond and braze two different layers of carbides
formed, giving lighter and darker phase contrast and in turn indicating the difference in the carbon
composition of these carbides. The tests and imaging showed that in the Ni-Cr-P braze filler material,
a (Ni, Cr)3P type phase forms adjacent to the diamond. However, inside the braze, still further from
the diamond is the (Ni, Cr)2P phase. The separation of these phases is most likely because of the
carbon dilution and the formation of chromium carbides on the diamond surface, which reduces the
chromium content near the diamond.

The studies also showed that the lower parts of the diamonds were round-shaped and the sharp edges
had partly disappeared after brazing. The removal rate of carbon between the diamond and the base
material was high, indicating the diffusion of carbon into the base material. The structure of the base
material was face centred cubic austenite stainless steel, which is able to dissolve carbon inside the
crystal structure at the brazing temperatures used. Rounding of the sharp edges reduces the efficiency
of the tool if the edges on the top of the diamond are also rounded.

The internal structure of diamond crystals was studied with TEM and the results were confirmed with
fracture surface studies. According to these results, the crystals are not degraded inside. The reactions
only occur on the crystal surface, not internally weakening them. This means that although the carbon
from the surface of the diamond may diffuse into the brazing material, the components of the braze
filler metal cannot diffuse into the diamond at the brazing temperatures used.

The interface between diamond and braze was studied in detail. No evidence of graphite formation
was observed although the braze materials contained nickel. According to the results it is possible that
the deterioration of the interface’s mechanical properties could in part be due to the degradation of
the single diamond’s crystal surfaces. Results of the mechanical testing performed also confirm this
result: during the tests single diamond crystals were fractured but not pulled off the surface, which
would have been the case if there was a weak graphite layer between the diamond and the braze. It
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was also evident that cracks formed on the braze layers of the diamond surfaces due to differences in
the thermal expansion coefficients, indicating there is no graphite between the diamond and the braze
material.

Residual stresses formed on the diamond surface during brazing, as predicted. The distance between
the cracks formed with the Ni-Cr-Si-B braze filler material were found to be shorter when compared
to the Ni-Cr-P braze material. The latter material was found to be more flexible in its yield under
tension. The bond between the braze and the diamond was adequate to carry the forming residual
tension between them, and no cracks were observed in the layers there either.

Question 3 from Chapter 1.1

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?

In answering Question 3: a special mechanical testing method was developed to measure the strength
of the brazed crystals. The results of mechanical testing gave basic information on the breaking loads
for the stressed individual diamond crystals when brazed on the stainless steel surface with the nickel-
based braze filler material. According to the results 50 % of the diamonds are fractured between 24 N
and 33 N loads. The testing method developed can later on be used to test the load-bearing ability of
the crystals brazed according to different parameters and braze filler material compositions.

Question 4 from Chapter 1.1

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

In answering Question 4: the corrosion tests showed that the structure of the braze materials involves
several phases which lead to corrosion pairs and some selective corrosion. In the Ni-Cr-Si-B braze
material the phases were found to have low chromium content, with levels not high enough to refresh
a protective chromium oxide layer on the braze surface. According to the EDX-measurements there
were no large differences in the chromium content between phases, which is reducing the tendency
to form corrosion pairs with different corrosion potentials.

The tests have revealed that the current braze materials being commonly used (because they are
viewed as high strength and corrosion-resistant) are not the optimum materials when super-abrasives
like diamond are brazed. These materials were originally developed for brazing stainless steels, super
alloys and other similar metallic materials. The high chromium content of these alloys reacts with the
carbon within the diamonds and part of the mechanical strength of the diamond singe crystals is then
lost. This discovery is the basis for starting development work on new, more suitable brazing alloys:
the results here give strong guidelines and form an ideal basis for further research.

It was also important to find out how the reaction between diamond and braze could be adjusted to
upgrade the diamond tool performance and mechanical strength, in turn supporting further
development of the braze materials. For both brazing materials the diamonds were fully covered by
the braze filler metal. This process caused good wetting, which led very low contact angle values
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between the braze filler material and diamond grits. The results will help form suggestions for the
development of better braze material compositions. Chromium should be partly substituted for other
aggressive elements to form carbides on the diamond surface and prevent excess chromium carbide
formation. Suitable elements for this purpose could be titanium, molybdenum, zirconium and
niobium. Copper, iron, silicon, cobalt and manganese could be used to substitute part of chromium.
All of these alloys form MexP type compounds like NixP (where x=2 or 3), a braze alloy component
with phosphorus having low melting point. Some of these components can also reduce the brazing
temperature reducing the dilution of the diamond. The development work of new suitable brazing
filler materials was not part of present work but will be done in the future.

As a result of this work it has become clear that the mechanical properties of the crystals can be
improved if the brazing materials are developed to be more suitable for brazing diamonds. More
effective and durable grinding tools need to be developed and produced, focusing on optimized
interface structures between the diamond particles and the braze filler material chemistry. In general,
these kind of composite material tools could be used on hard materials (such as stone, concrete etc.)
for cutting, drilling, finishing and in any other applications involving hard materials. This gives us the
opportunity to develop and produce more durable, stable and energy-efficient grinding surfaces for a
whole host of industrial applications.

As a starting point of the research in the future new mechanical testing method was developed to
have statistical information about the properties of brazed diamond single crystals. Hundreds of
diamond single crystals were already tested. Achieved results give basic information of the breaking
load of the stressed individual diamond crystals. Development of novel method should include in the
future development of testing system mechanics, testing suitability of different kinds of loading
intenders and load cells and testing of sensitivity and repeatability of the method. The developed
testing method can be used for testing the affect of different braze materials and brazing parameters
on the load bearing ability of the diamond single crystals. For wider use the method should be better
assessed for its sensitivity and repeatability, which is one topic in the future.

The studies of two different brazing filler materials gave good guidelines for the necessary material
composition development work, which is now already started. Nickel based alloys should be alloyed
also with other elements than chromium to lower the brazing temperature, to prevent the excess
chromium carbide formation and to reduce the difference in chromium content in the formed phases
to prevent the formation of corrosion pairs. As it was showed in the studies difference in composition
between formed phase assists the pit formation and crevice corrosion weakening the structure in use.

The corrosion behaviour of nickel based brazing filler material — diamond composites is becoming an
important issue if the tools are used in corrosive conditions. Results concerning this matter is not so
much published this far and therefore the research should continue. Focus in this work should be
better corrosion resistivity by tailoring the braze filler metal structure with new alloying elements.

One goal for the brazing filler metal development is to make the carbide layers formed on the surface
of diamond single crystal thinner. The refinement of the layers is needing more accurate research
methods and more detailed TEM studies should be done on cross-sectional specimens and more
detailed surface analysis should be performed. More sensitive surface studies using techniques, such
as Auger spectroscopy can be utilized.
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On the basis of the achieved results and further development work tools with super hard abrasives
can have better quality and can be used in more severe conditions in the future. This need the detailed
development work of suitable brazing alloys together with development of good quality super-
abrasive crystals.
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