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Brazing of diamonds is important in grinding technology. The brazing parameters can strongly influence the
grinding tool's performance. In this work a Cu-Sn-based active filler alloy (73.9 Cu-14.4 Sn-10.2 Ti-1.5 Zr, wt.%)
was applied to join monocrystalline block-shaped diamonds onto a stainless steel substrate using three different
brazing temperatures (880, 930 and 980 °C) and two different dwell times (10 and 30 min), respectively.

Ié?a/;/;/zrds: The characteristics of the joints were investigated by means of scanning electron microscopy and energy
Diam Oi d dispersive X-ray spectroscopy (microstructure and phase composition), by Raman-spectroscopy (residual stress)

as well as by shear testing (bond strength). The microstructural investigations revealed an intermetallic interlayer
of type Fe,Ti at the steel-filler alloy interface, which grew with increasing brazing temperatures and longer dwell
durations. The brazing parameters strongly affected the residual stresses in the diamond. Compressive residual
stresses with a maximum value of — 350 MPa were found in the samples brazed at 880 and 930 °C, whereas
tensile stresses of maximum + 150 MPa were determined in samples joined at 980 °C. The effect of the brazing
parameters on the shear strength is very pronounced. The shear strength decreased from (3214 107)MPa at

Residual stress
Microstructure
Shear strength

880 °C, 10 min to (78 4-30) MPa at 980 °C, 30 min.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

With the increasing need to manufacture high-performance
grinding tools for efficient and high-speed surface finishing of
components superabrasives such as diamond and cubic boron nitride
attains more and more attention. These materials combine high
hardness, high strength and high chemical inertness due to their
predominant covalent lattice structure. For single-layer diamond
grinding tools, active brazing is a suitable method for joining diamond
grains onto a grinding tool body [1-3]. In order to attach industrial
monocrystalline diamonds or chemical vapour deposition (CVD)
polycrystalline diamond to metallic substrates different methods of
brazing can be applied, which distinguish in the way of the heat input.
The heat can be introduced e.g. by focusing a laser beam on the sample
[4], by induction heating of the joining partners [5-8] or by heat
radiation in a vacuum furnace [9-14]. Due to the covalent lattice
structure, the presence of an active element like titanium, chromium
or vanadium in the filler alloy is required for brazing of diamonds.
These active elements react with diamond and change its surface in
such a way that the filler alloy can wet the diamond [15]. The chemical
reaction with Ti at the filler alloy-diamond interface leads to the
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formation of a titanium-carbide (TiC) layer [16-18]. Cu-Sn alloys
with additions of titanium belonging to the group of the high strength
age hardening alloys [19,20] exhibit this required wetting behaviour
[18,19,21] and form strong joints with the diamond [19]. Furthermore
the Cu-Sn-Ti filler alloys exhibit a number of binary and ternary
intermetallic phases [22-27] depending on the melting, cooling and
annealing conditions. A good thermodynamic and crystallographic
overview of the Cu-Sn-Ti system is given in [28]. The addition of small
particle-sized powders, like titanium-carbide or tungsten-carbide, to
the filler alloy acts as reinforcement and improves the filler alloy's
abrasion resistance [12]. These particles can either be introduced
mechanically into the filler alloy [12] or formed in-situ in a controlled
chemical reaction between a binder and Ti during the brazing process
[29].

Brazing of diamonds leads to the formation of residual stresses in
the vicinity of the joining zone due to the different coefficients of
thermal expansion (CTE) of the diamond, the filler alloy and the
substrate. A very elegant method to quantify the residual stress in
materials is the Raman-spectroscopy. It combines short measurement
times with a high lateral and vertical resolution. As a result it is
possible to measure stresses directly at the sites of interest, i.e.
adjacent to interfaces, indents, edges, grooves and integrated circuits
[30-34]. Residual stresses in the specimen are indicated by a shift of
the wavenumber of the Raman-Stokes-peak compared to the
wavenumber of the Raman-Stokes-peak of a stress-free specimen.


http://dx.doi.org/10.1016/j.ijrmhm.2011.06.006
mailto:buhl@iwf.mavt.ethz.ch
http://dx.doi.org/10.1016/j.ijrmhm.2011.06.006
http://www.sciencedirect.com/science/journal/02634368

S. Buhl et al. / Int. Journal of Refractory Metals and Hard Materials 30 (2012) 16-24 17

Assuming a certain stress state (uniaxial, biaxial, hydrostatic) the
peak-shift can be converted into the local residual stresses.

The bond strength between the diamond and the substrate is
important for grinding applications. However, only limited data can
be found in the literature. Different test methods have been proposed
to measure the bond strength of diamond [35-40]. Among these
methods, the shear test is a meaningful experiment to characterise the
effect of the brazing conditions on the joint strength. Yamazaki et al.
measured the shear strength of a diamond-steel-joint brazed with a
silver—copper-titanium filler alloy [39]. The shear strength values
were in the range between 21 MPa and 240 MPa and depended on the
cooling rate as well as on the crystallographic orientation of the
diamond. In [35] the shear strength of CVD diamond on a WC-Co
substrate was investigated and found to be in the range of 29 MPa to
90 MPa. In most cases the diamond film was ruptured during the
loading and therefore the shear strength values are underestimated. A
different setup for testing the shear strength of joints, originally
developed for adhesion testing of metallic and ceramic coatings, was
developed by Siegmann et al. [40]. The main advantage of this device
is its easy handling, i.e. testing of simple specimen geometry, quick
preparation and carrying out. Furthermore the test delivers inter-
pretable and quantitative results of fracture mechanisms and shear
strength.

The performance of metal-diamond joints is strongly depending
on the microstructure, the residual stresses and the bond strength of
the diamond-filler alloy and filler alloy-substrate interfaces. These
parameters are strongly influenced by the processing parameters
(brazing time and temperature) as well as by the filler alloy
composition. In a previous work, we have studied the influence of
the brazing parameters on the properties of diamond-metal joints
brazed with an Ag-Cu based active filler alloy [41].

The main goal of the present work is to correlate the microstruc-
ture, the diamond's residual stresses and the shear strength of
actively-brazed joints brazed with a Cu-Sn-based active filler alloy for
an advanced understanding of the brazing parameters' effects on the
properties of diamond-steel-joints.

2. Experimental
2.1. Materials and brazing process

In this work monocrystalline block-shaped diamonds were brazed
using a Cu-Sn-based active filler alloy onto a steel substrate. The
complete specimen design is shown in Fig. 1. This design was chosen
since it allowed performing the microstructural investigations, the
residual stress measurements and the mechanical tests on the same
sample. The diamonds (Element Six e6, MT L101005Q™, Isle of Man,
United Kingdom) had the dimensions 1.0 mm x 1.0 mm x 0.5 mm and
were oriented on the (100) cubic plane. Three surfaces were polished,
i.e. the upper and lower surface of the rectangular solid and
additionally one of the lateral surfaces. This diamond type was
employed because of its well-defined geometry in comparison to
standard polygonal diamond grains, making it appropriate for the
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Fig. 1. Applied specimen design.

intended investigations. The steel substrate consisted of the austenitic
Cr-Ni-Mo stainless steel (X2CrNiMo 18-14-3, AISI 316L) and had the
dimensions 10 mm x5 mm x 30 mm. As filler alloy a powder of the
commercially available Cu-Sn-based 73.9 Cu-14.4 Sn-10.2 Ti-1.5 Zr
alloy (wt.%; Sulzer Metco, Hattersheim, Germany) with a liquidus
temperature of 925 °C and a solidus temperature of 868 °C [16] was
used. The average powder particle size was 12 um with 10 vol.% of the
particles being larger than 31 pm. In Table 1 the mechanical properties
of the stainless steel substrate, of a Cu-Sn-Ti alloy with a similar
composition like the filler alloy as well as of the diamond are
summarised [19,42-47].

The steel substrates were cleaned from surface contaminations
using acetone in an ultrasonic bath. Afterwards, they were degassed in
a Torvac high-vacuum furnace for 45 min at 800 °C under high-
vacuum of 10> to 10~ mbar (Cambridge Vacuum Engineering LTD,
Cambridge, United Kingdom). In the following step the filler alloy was
placed on the substrate as a paste after drying at 150 °C. It had a
thickness of about (149 + 13 um). The diamond was directly posi-
tioned with the lateral polished surface at the edge of the steel
substrate on top of the filler alloy.

Three different brazing temperatures (880, 930 and 980 °C) and
two different dwell durations (10 and 30 min) were chosen as brazing
parameters. According to thermodynamic calculations, the filler alloy
is only partially molten with a liquid fraction of 0.9 at 880 °C [16,17].
In general three samples were brazed within each batch, except from
the batch brazed at 980 °C for 30 min for which six samples were
produced. The joining processes were carried out in the above
mentioned high-vacuum furnace utilising a custom-made brazing jig.
A small weight (approximately 3 g) put pressure on the diamond
during the whole brazing process. It prevented floating and rotating of
the diamond and also improved the wetting of both parts by the
molten filler alloy. After brazing, the specimens were cooled at a rate
of 20 K/min in the high-vacuum furnace. In the final step, the
specimens were carefully ground and polished for further
investigations.

2.2. Characterisation methods

A thorough investigation of the filler alloy's microstructure was
carried out using a Hitachi S-4800 high resolution scanning electron
microscope (SEM, Hitachi-High Technologies, Tokyo, Japan). The
atomic compositions of the developing phases were determined by
means of energy dispersive X-ray spectroscopy (EDX, INCAPenta-
FETx3, Oxford Instruments, High Wycombe, UK).

The micro-hardness of selected phases and reaction layers was
measured using a Fischerscope HM2000 (Helmut Fischer GmbH,
Sindelfingen, Germany). The measurement settings were a maximum
load of 5 mN with loading and unloading times of 20 s.

Raman-spectroscopy was used for the determination of residual
stresses inside the diamond. A WITec Confocal Raman Microscope 200
(WITec, Ulm, Germany) with a laser as light source (wavelength:
442 nm; Omnichrome Series 74, Melles Griot Laser Group, Carlsbad,
CA, USA) was used. The resolutions in lateral and vertical dimension
were 300 nm and 600 nm, respectively. The residual stresses were
determined from the shift in the wavenumber ® of the Raman-

Table 1
Mechanical properties of the used materials [19,42-47].
Material Young's modulus  Yield strength Tensile strength CTE
[GPa] [MPa] [MPa] [10~6/K]
X2CrNiMo 200 200 500-700 16.0
18-14-3
Cu-20Sn- - 550 820 -
10Ti

Diamond 1050 - 3750; 7500-12,500* 1.1

@ Compressive fracture strength on (111) surface.
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Stokes-peak of a brazed diamond compared to the wavenumber wq of
the Raman-Stokes-peak of an unbrazed and stress-free diamond. At
room temperature the wavenumber of the diamond Raman-Stokes-
peak was determined to wo~1332.2 cm™ !. All measurements were
performed at room temperature under ambient condition.

Due to the geometry of the specimen (Fig. 1), which allows an
unconstrained thermal expansion and contraction of the diamond in x-
direction during the brazing process, an equibiaxial stress-state can be
assumed. The equibiaxial residual stresses Oequibiaxial in the y-z-plane
can be calculated from the shift Aw in the diamond Raman-Stokes-peak
according to Eq. (1):

Oequibiaxial = Aequibiaxial (0—0y) = Aequibiaxial -A. (1)

The proportionality factor Aequibiaxial for diamond in this case is
[48-52]:

Aequibiaxial = 2°@o / [P*(S11 + S12) + @+ (Sp1 + 3-5pp)] @)
= —043GPa/cm™!

where the S;; and S;> denote the elastic compliance constants of

diamond (S;; =1.01 TPa~ !, Sy, = —0.14TPa~ ![52]) and p and q are

the diamond's phonon deformation potentials (p= —2.82-w3, q=

—1.78-®3) according to [49].

Assuming that the lateral surface of the brazed diamond is stress-
free, the wavenumber of the first measurement point was set as
wavenumber g for the residual stress analysis as mentioned above.
This resulted in stress-depth graphs, which were calculated with
Egs. (1) and (2) and averaged over 10 data points. In Fig. 2a a
specimen with the various test positions for the residual stress
measurements is shown. Test position No. 1 was situated approxi-
mately 10 um above the filler alloy-diamond interface in the centre of
the diamond's lateral surface. The test positions No. 2 and No. 3 were
shifted 100 pm to the right and to the left and also 10 pum above
the interface. The test positions No. 4 and No. 5 were at a distance
of 110and 210 um from the filler alloy-diamond interface. The
parameter “depth” indicates the measurement direction (cf. Fig. 2b)
which is the direction parallel to the filler alloy-diamond interface as
well as perpendicular to the polished lateral surface of the specimen.
In this direction a Raman-spectrum was recorded every 0.8 um and
the wavenumber of the Raman-Stokes-peak was analysed. The
analysis was performed using the programme WITec Project 1.92
(WITec, Ulm, Germany). A satisfactory Raman signal could be
obtained until a maximum depth of approximately 250 um.

The shear strength of the joint was determined with a STM-20 A
shear testing device (Walter + Bai AG Testing Machines, Loehningen,
Switzerland). With respect to the shear testing device's design the
load was introduced 50 pm above the filler alloy-diamond interface
and parallel to it. A sketch is presented in Fig. 2c. Prior to testing any
fillets formed during the brazing process were carefully removed
using a triangular file. The tests were performed under displacement
control with a shear rate of 0.1 mm/s until the joint failed. The
maximum load was obtained from the load-displacement graphs and
divided by the brazed diamond surface area (Aprazed diamond = 1 mm?)
in order to obtain the shear strength. The tests were performed under
ambient temperature. A more detailed description of the shear test
setup is given in [40].

3. Results
3.1. Microstructural investigation

The SEM micrograph in Fig. 3 shows an overview of the whole
brazing gap of a specimen brazed at 930 °C for 10 min. With regard to

previous investigations a TiC-layer has formed at the filler alloy-
diamond interface, whose thickness depends on the brazing condi-
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Fig. 2. lllustration of the different measurement parameters: a) test positions,
b) parameter “depth”, c) schematic of the shear test.

tions [16,17]. However, this layer is difficult to identify by SEM due to
its thinness (~50-250 nm). At the steel-filler alloy interface a
titanium-containing intermetallic interlayer has developed. In-

Diamond

Filler alloy

X2CrNiMo 18-14-3
30 um

Fig. 3. Overview of the brazing gap of a joint brazed at 930 °C/30 min.
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between these reaction interlayers the filler alloy matrix with
different intermetallic phases can be seen.

In Fig. 4 the steel-filler alloy interfaces for samples brazed at 880 °C
for 10 min (Fig. 4a) and at 980 °C for 10 min (Fig. 4b) are shown in
detail. Directly at the steel-filler alloy interface the above mentioned
intermetallic layer is clearly visible. Polygonal intermetallic crystals with
the same composition are arranged ahead of this interlayer. Underneath
this interlayer a diffusion zone in the steel has formed during the brazing
process. In the matrix several intermetallic phases are visible differing in
composition, size and morphology, as a function of the brazing
conditions. The compositions of the occurring phases were measured
by EDX. Based on these measurements as well as a comparison with the
available phase diagram information and published literature data, the
possible phases were derived, being aware that EDX measurements
alone do not allow a clear identification of the phases. The intermetallic
layer at the steel-filler alloy interface as well as the crystals in front of it
exhibit big amounts of Fe (42.6-54.4 at.%) and Ti (26.4-36.2 at.%) as
well as minor contents of Cr (9.1-15.6 at.%) and Ni (1.8-9.6 at.%) and are
therefore concluded to be a (Fe,Cr,Ni), Ti-type Laves-phase [53]. The
diffusion zone is characterised by a titanium amount of 7.4 at.% to
11.2 at.%in addition to the steel components. The filler matrix consists of
89.0-97.2 at.% Cu, 4.0-9.1 at.% Sn as well as traces of Ti and is therefore
denoted as (Cu,Sn)-matrix (cf. Fig. 4a and b). Furthermore, three
different intermetallic phases or mixtures of intermetallic phases were
found. They are assumed to be CuSnsTis (9.6-13.1 at.% Cu, 30.4-34.0 at.
%Sn,42.6-53.1 at.% Tiand 5.1-8.7 at.% Zr) as well as mixtures of CuSnTi/

CusSnTi/
Cu,SnTi p,

% (Cu,Sn)-

Diffusion zone

(Fe,Cr.Ni), Ti-ayer

Diffusion zone

X2CrNiMo 18-14-3

10.0 kV 10 pm

Fig. 4. Magnification of steel-filler alloy interfacial regions: a) 880 °C/10 min,
b) 980 °C/10 min.

Cu,SnTi (18.0-44.2 at.% Cu, 14.3-32.9 at.% Sn, 14.8-27.9 at.% Tiand 1.8-
20.0 at.% Zr) and NiSnTi/Ni,SnTi (approximately 35at.% Ni, 24.3-
249 at.% Sn, 15.3-15.6 at.% Ti and approximately 10 at.% Zr) [16,22-
24,26,27,54-60].

Micro-hardness tests were performed on the (Fe,Cr,Ni),Ti-
interlayer, on the (Cu,Sn)-matrix as well as on the CuSnTi/Cu,SnTi
phase mixture. The measured micro-hardnesses, denoted in
Vickers hardness or indentation hardness, were HV (169 + 28) or
(1.7 4+ 0.2) GPa for the (Cu,Sn)-matrix, HV (1350 +70) or (14.3 +
0.7)GPa for the (Fe,CrNi),Ti-interlayer and HV (9624 25) or
(10.3 +£0.3) GPa for CuSnTi/Cu,SnTi.

The final thickness of the brazing gap as a function of the brazing
parameters is displayed in Fig. 5a. A tendency to smaller brazing gap
widths with higher brazing temperatures and longer dwell durations
could be observed, presuming an equal initial thickness for the
different specimens. The thicknesses decreased from about 50 um at
880 °C, 30 min to approximately 30 pm at 980 °C, 30 min. The
dependence of the interlayer and diffusion zone thickness on the
brazing parameters is shown in Fig. 5b. A higher brazing temperature
and longer dwell duration led to a thicker diffusion zone as well as to a
thicker interlayer. Comparing the thickness of the diffusion zone in
the range of 880 °C to 980 °C, it highlighted that for a dwell duration of
10 min the diffusion zone's thickness doubled (from 1.1 um to
2.2 um), whereas it nearly tripled for 30 min holding time (from
1.7um to 49 pum). A comparison of the intermetallic interlayer
thickness within the temperature range 880 °C-980 °C showed an
increase of approximately 110% for 10 min dwell duration (from
3.3 um to 7.0 pm) and of approximately 50% for 30 min (from 5.2 pm
to 8.0 um). In Fig. 5c¢ the (Fe,Cr,Ni),Ti-crystal size as a function of the
brazing parameters is shown. The crystals grew with higher brazing
temperature and longer holding time from 1.4 um (880 °C, 10 min) to
5.4 um (980 °C, 30 min).

3.2. Residual stresses

Fig. 6a representatively shows the shift Aw of the wavenumber of
the diamond Raman-Stokes-peak for a brazed diamond
(0g=1333.2cm~ ') compared to an unbrazed one
(0=1332.2cm™ ). If the wavenumber of the Raman-Stokes-peak
of a brazed diamond is higher than that of an unbrazed one, i.e. ®>w,,
compressive residual stresses have formed in the diamond. If the
Raman-Stokes-peak is shifted into the opposite direction, i.e. ® <o,
then tensile residual stresses are present. The accuracy of the
measured wavenumber is +0.02 cm ™!, i.e. converted into residual
stress, an error of about + 10 MPa.

In Fig. 6b the stress-depth graphs determined at the five different
test positions for a sample brazed at 930 °C for 10 min are shown as an
example. From this figure principally three facts can be pointed out,
which are also valid for other samples exhibiting compressive residual
stresses. For all test positions it can be stated that the compressive
residual stresses increase with increasing depth. At the test positions
No. 1 to No. 3 a strong increase of the compressive residual stresses
within the first 100 um can be observed until they reach a stress
plateau with almost constant residual stresses. In comparison to that,
the stress-depth graphs measured at the test positions No. 4 and No. 5
show a continuous linear increase of the compressive residual stresses
with increasing depth within the measuring range of 250 pm. From
these measurements, however, it cannot be excluded that stress
plateaus could occur at higher depths. Secondly, the stress-depth
graphs close to the interface have a rather similar shape, achieving
similar values of the maximum compressive residual stress in the
range of —300 to —350 MPa.

A comparison of the values of the compressive residual stresses at
a depth of ~250 pm measured at the test positions No. 1, No. 4 and No.
5 illustrates that the compressive residual stresses decrease with
increasing distance from the interface. They decrease from — 350 MPa
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Fig. 5. Influence of the brazing parameters on the microstructural properties: a) thickness
of the brazing gap, b) thickness of the interlayer and of the diffusion zone and c) crystal
size.

at position No. 1 via —290 MPa at position No. 4 to —175 MPa at
position No. 5. In case of the brazing parameters 980 °C for 10 and
30 min the tensile residual stress values at a depth of ~250 pm
decrease with increasing distance to the interface.

In Fig. 7 an overview of the measured residual stresses at the test
positions No. 1 (Fig. 7a), No. 4 (Fig. 7b) and No. 5 (Fig. 7c) for the
different brazing parameters is given. From this figure, it becomes
evident that the brazing parameters strongly influence the develop-
ment of the residual stresses. The stress-depth graphs for the two
lower brazing temperatures (880 and 930 °C) are rather similar and
indicate mainly compressive residual stresses in the diamond.
However, in the vicinity of the surface to a depth of approximately
50-100 um, tensile stresses in the range of 100 and 125 MPa are
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Fig. 6. Wavenumber of the Raman-Stokes peak of a brazed and an unbrazed diamond
a) and residual stress-depth graphs for the brazing parameters 930 °C and 10 min b).

detected. Thereafter they turn into compressive stresses. At a depth of
approximately 100 to 175 um the residual stresses are reaching their
stress plateaus. Furthermore the compressive residual stresses are
about — 75 to — 100 MPa higher for 10 min holding time compared to
those measured for 30 min dwell duration. This fact is valid for the
residual stresses determined at the test positions No. 1, No. 4 and No. 5
(cf. Fig. 7a-c). Maximum compressive residual stresses of about
— 350 MPa were measured in the samples brazed at 930 °C for 10 min.
A higher brazing temperature of 980 °C leads to the development of
tensile residual stresses in the diamond. The tensile residual stresses
are +25MPa and + 150 MPa for the dwell durations of 10 and
30 min, respectively. At the test position No. 4 (Fig. 7b) the
compressive residual stresses decrease by approximately —50 MPa
if the brazing temperature was increased from 880 to 930 °C. For the
samples brazed at 980 °C the tensile residual stresses determined at
test position No. 4 are lower (Oequibiaxial, max = + 50 MPa) compared to
those measured directly at the interface. At test position No. 5 the
determined compressive residual stresses are again lower for the
brazing temperatures of 880 and 930 °C (Oequibiaxiat= — 100 to
— 150 MPa) and the tensile residual stresses almost disappear
completely (cf. Fig. 7c).

3.3. Shear strength and fracture behaviour

The mean values of the shear strength of the diamond-steel-joints
as a function of the different brazing parameters and the correspond-
ing standard deviations are shown in Fig. 8. The shear strength values
are listed in Table 2. For a brazing temperature of 880 °C the mean
shear strength values are (321 4+ 107) MPa and (221 4 87) MPa for 10
and 30 min holding time, respectively. The shear strength decreases
with increasing brazing temperature. Specimens brazed at 930 °C for
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10 min had shear strength of (1994 18)MPa, which further de-
creased to (140425)MPa when brazed for 30 min. The samples
brazed at 980 °C have the lowest shear strengths, independent of the
two investigated dwell durations. The shear strengths are (7149)
MPa for 10 min and (78+30)MPa for 30 min dwell duration,
respectively. In order to interpret the results of the shear tests the
fracture surfaces of the failed samples were investigated by SEM.
Fig. 9a-e presents the SEM micrographs of the fracture surfaces on
the steel substrate (a, c and e) as well as on the diamond side (b, d and
f). The samples were brazed at 880 °C, 10 min (a and b), at 930 °C,
10 min (c and d) and at 980 °C, 10 min (e and f). In general four
different fracture mechanisms are identified; they are a partially
ductile shearing of the filler alloy, brittle fracture in the intermetallic
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Fig. 8. The diagram shows the shear strength mean values with their corresponding
standard deviations.

interlayer, failure in the TiC-layer as well as partial destruction of the
diamond.

The shear surface on the steel substrate for the sample brazed at
880 °C, 10 min (sample No. 2) exhibits rough areas next to smooth
ones (see Fig. 9a). The rough areas are sheared filler alloy still
adhering to the diamond (cf. Fig. 9b). The smooth surfaces are
identified to be parts of the TiC-layer, as could be proved by EDX
measurements. In Fig. 9c the fracture surface on the steel substrate for
a sample brazed at 930 °C for 10 min (sample No. 3) is shown. Here
different fracture features can be seen. These are fracture in the brittle
(Fe,Cr,Ni),Ti-interlayer and directly at the filler alloy-diamond
interface (TiC-layer) as well as a partial destruction of the diamond.
On the diamond side these fracture characteristics except from the
TiC-layer are visible, too (cf. Fig. 9d). Completely different shear
surfaces were found for the specimens brazed at 980 °C, independent
of the dwell duration (cf. Fig. 9e and f). The whole surface on the steel
substrate as well as on the diamond is very smooth, indicating that the
fracture directly occurs at the filler alloy-diamond interface. For the
brazing parameters 880 °C and 930 °C for the dwell duration of
30 min the shear surfaces look similar to Fig. 9c and d. They exhibit the
two fracture features partial destruction of the diamond and brittle
fracture in the intermetallic interlayer at the steel-filler alloy interface.
In addition it can be stated that the larger the area of the destroyed
diamond the smaller the obtained shear strength.

Table 2
Shear strength values for the different brazing parameters.

Sample No.  Shear strength [MPa]  Diamond shattered

208+4 X
420+8
335+7
196 +4
318+6
150+3
188 +4
220+4
189+4
116 +3
13743
166+3
75+2
78 +2 -
61+2 -
42+1 -
60+2 -

Brazing parameters

880 °C 10 min

880 °C 30 min

930 °C 10 min

930 °C 30 min

XX X X X X X 1 X1

980 °C 10 min
980 °C 30 min

93+2 -
120+3 -
74+2 -

AU WN = =N = WN = WN = WN = W =
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Fig. 9. Shear surfaces on the steel substrate (a, c and e) and those on the diamond side (b, d and f); 880 °C/10 min a), b); 930 °C/10 min c), d); 980 °C/10 min e), f). The arrows show

the direction of the load introduction.

4. Discussion

The results above have shown that the brazing parameters
strongly influence the brazing microstructure and hereby the
diamond residual stresses as well as the shear strength. The discussion
about the origins of this effect is divided into four parts namely the
metallurgy of the filler alloy bond, the morphology of the filler alloy
layer, the origin of residual stresses and their influence on the
integrity of the filler alloy bond.

4.1. Filler alloy metallurgy

A prerequisite for the successful brazing of materials is the
formation of interlayers at the interfaces of the partners to be joined.
At the steel-filler alloy interface, the (Fe,Cr,Ni),Ti- type Laves-phase
has formed while at the filler alloy-diamond interface a TiC layer can
be assumed to exist, as has been reported in previous works [16,17].
However, the direct investigation of the TiC layer requires sophisti-
cated, but time consuming Focused Ion Beam (FIB) preparation
methods as well as transmission electron spectroscopy, which was
out of the scope of the present work. Both interlayers grow with
higher brazing temperature and holding time, which is due to
accelerated diffusion processes and extended diffusion time. It was
shown by other authors that the thickness of the TiC-layer can reach
values of 600 nm for brazing parameters of 930 °C/100 min, when
using the same filler alloy [16,17] or when annealing a titanium layer
directly on a CVD diamond substrate at 500 °C for 120 min [61]. At a
brazing temperature of 980 °C and 10 min holding time the thickness
of the TiC-layer is almost twice as big as that of 930 °C, 10 min with a
value of ~230 nm [16].

4.2. Filler alloy morphology

The brazing gap width decreases with higher brazing temperature
which is due to a viscosity decrease of the molten filler alloy. A better
spreading on the steel substrate is achieved and consequently the
brazing gap width decreases. A decrease in the filler alloy thickness
and an increase of the interlayer thickness result in an increase of the

percentage of brittle intermetallics with respect to the total filler alloy
thickness.

4.3. Origin of residual stresses

Thermal residual stresses are the basis for the evolution of residual
stresses in addition to volume changes of phase in the filler alloy layer
due to phase transformation as well as the relaxation of stresses due to
creep. The first form as a result of the different coefficients of thermal
expansion (CTE) of the steel/filler alloy (Otsees = 16107 % K~ 1[46]) and
the diamond (Qgiamona=1.1-10"¢ K~ 1[62]).

The thermal residual stresses can be determined from the thermal
strain &g, which can be calculated according to Eq. (3):

€t diamond = A0C-AT = (Ogiamond ~steel) - AT 3)

where Aot = (Xgiamond — Qsteel) 1S the mismatch in thermal expansion
coefficients of diamond 0tgjamong and of the steel oo and AT is the
difference between brazing temperature and room temperature. With
AT=860K the thermal strain in diamond is €, diamonda = — 0.013.
Using a Young's modulus of Egiamenda = 1050 GPa given in Ref. [42] and
considering only elastic deformation, the thermal residual stress in
the diamond would be approximately — 13.7 GPa, which is in a range
of residual stresses measured in diamond films deposited via chemical
vapour deposition CVD on various metallic substrates [62-65]. In
these cases typically both the Raman-Stokes peak shifts strongly and
the peak is split up, indicating high residual stresses in the range of at
least several GPa.

Generally, the thermal expansion of the system will be solely
determined by the thermal expansion of the steel substrate as is the
mechanically strongest part. This is always true once the filler alloy is
able to transmit stresses from the steel substrate to the diamond.

Let us start, however by considering high brazing temperatures at
which the filler alloy is in a liquid state and consequently there is no or
only a marginal mechanical coupling between diamond and steel
substrate. At these temperatures a TiC layer is formed between the
diamond and the filler alloy. Assuming epitaxial growth of this layer, a
large lattice mismatch would be created at the diamond-TiC interface
due to the misfit in the lattice parameter of the diamond
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(a100=0.3566 nm) and the TiC (a;9o = 0.4327 nm) lattice. Due to this
large difference of ~18% perfect coherency between the two lattices is
very unlikely. A number of different defects at the interface, like
stacking faults, micro-twins, misfit dislocations as well as grain
boundaries in the polycrystalline TiC layer will form, leading to a
stress relief [66-68]. Whether the TiC layer now introduces significant
stresses in the diamond or vice-versa depends on the ratio of the
respective products of Young's modulus and layer thickness. In all
cases in this context the TiC layer is too thin compared to the diamond
to introduce significant stresses in the diamond layer, however, its
thickness will become important in the following considering the
mechanical integrity of the bond.

Upon cooling the filler alloy starts solidifying and consequently
introducing thermal stresses into the diamond. At this point the upper
limit of residual stresses induced is determined by Eq. 3. In reality, the
stresses are relieved during the cooling cycle of the brazing process by
plastic deformation and creep of the filler alloy because of its low
strength in comparison to diamond [62,69]. Creep is predominant at
elevated temperatures. Compressive residual stresses are higher for
brazing temperatures of 930 °C than for 880 °C. This is due to the fact
that the brazing gap width scales inversely with temperature and
plastic deformation is confined to a smaller volume at the higher
brazing temperature which retards creep processes and leads to
higher residual stresses.

Consequently, the residual stresses in diamond at room temper-
ature are different from the theoretical values and are significantly
lower in comparison to the strengths of the diamond (cf. Table 1).

4.4. Integrity of the bond

The results of the shear tests clearly show that the bond strength of
diamonds on steel is strongly dependent of the microstructure as well as
of the residual stresses in the diamond and in the filler alloy. It is obvious
that the interlayers, i.e. the (Fe,Cr,Ni),Ti layer and the (Fe,Cr,Ni),Ti
crystals at the steel/filler alloy interface and in particular the TiC layer at
the filler alloy/diamond interface play an important role. A conclusion of
the high measured hardnesses is that both interlayers rather behave in a
brittle way. In contrast, the hardness of the matrix indicates a more
ductile behaviour. The formation of additional intermetallic compounds
in the (Cu,Sn)-matrix leads to a relatively high strength.

At the lowest brazing temperature of 880 °C, the (Fe,Cr,Ni),Ti-
interlayer and the TiC-layer are rather thin in comparison with the
overall brazing gap width (d; /dgap~0.1). It appears from the fracture
surfaces (Fig. 9a and b) that fracture starts at the TiC/diamond
interface and then propagates mainly along the interface but also
in the filler alloy. With regard to the results of the Raman
measurements, compressive residual stresses are present in the
vicinity of the TiC/diamond interface. According to [16] the thin TiC
layer has a cuboidal structure with rather smooth interfaces to the
diamond and to the filler alloy, and relatively high stresses are
necessary to initiate fracture.

At a brazing temperature of 980 °C, the TiC layer is significantly
thicker. For this reason the probability of the presence of a critical flaw
inside the TiC-layer is increased and therefore the fracture strength is
decreased. In addition, tensile residual stresses are present at the TiC/
diamond interface as shown in Fig. 7. Superposition with the external
load leads to higher overall stresses in the TiC-layer. As a result cracks
may nucleate more easily and propagate along the interface and in the
TiC layer.

The shear test results for the specimens brazed at 930 °C are more
difficult to interpret because the diamond fractured in almost all tests.
The destruction of the diamond is most probably a result of a not
exactly parallel alignment of the diamond and the shear plate. This
can lead to a stress concentration in the diamond at the contact point
to the shear plate, inducing cracks in the diamond. In these cases the
fracture strength of diamond was tested rather than the bond strength.

However, the measured values can be taken as a lower boundary for the
joint strength. Since this lower boundary for the joint strength is
significantly higher than the shear strength for the specimens brazed at
980 °C, it can be assumed that the fracture characteristics are rather
similar to those of the specimens brazed at 880 °C.

Obviously, there exists an upper threshold for the TiC-layer's
thickness which should not be exceeded in order to avoid a strong
decrease in shear strength. In the case of Ag-Cu based filler alloys with
a lower Ti content and lower processing temperatures this threshold
is not exceeded independently from the brazing parameters [41]. This
shows that besides brazing parameters the composition of active
brazing filler alloys and in particular the thermo-chemical properties
of Ti are of significant importance for obtaining an optimal joint
performance.

5. Summary and conclusions

In this work the influence of the brazing parameters, i.e. brazing
temperature and dwell duration, on the properties of diamond-steel-
joints was investigated. The specimen was a monocrystalline block-
shaped diamond (MT L101005Q™) brazed with a Cu-Sn-based filler
alloy (73.9 Cu-14.4 Sn-10.2 Ti-1.5 Zr, wt.%) onto a stainless steel
substrate (X2CrNiMo 18-14-3). The major findings are:

Formation of a (Cu,Sn)-matrix with different embedded interme-
tallic phases, like CuSnsTis, Cu,SnTi, CuSnTi, NiTiSn and Ni,TiSn as
well as the formation of an intermetallic (Fe,Cr,Ni),Ti-interlayer at
the steel-filler alloy interface.

Strong dependence of the residual stresses on the brazing
parameters, either the development of compressive (880 °C and
930 °C) or tensile residual stresses (980 °C). The highest compres-
sive residual stress appears with about —350 MPa at 930 °C for
10 min holding time.

Decrease in shear strength with higher brazing temperature and
longer holding time. Decrease from (3214 107)MPa for samples
brazed at 880 °C for 10 min to (714 9)MPa for samples brazed at
980 °C for 10 min. At the lower brazing temperature the fracture
path partly proceeds through the ductile filler alloy, whereas at the
higher brazing temperature the TiC-layer is the weakest element. In
this case the TiC-layer becomes too thick, assuming that the upper
threshold for the TiC-layer thickness is exceeded.

We found, that in contrast to the experiments done with an Ag-Cu
based active filler alloy [41], the residual stresses as well as the shear
strength strongly depend on the brazing parameters. Therefore, if this
filler alloy is used, the brazing parameters should be carefully chosen,
based on the most important required characteristic.
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