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The current trend to replace cobalt in diamond cutting tools (DCT) for stone cutting has motivated the
study of alternative materials for this end. The present study characterizes several copper-nickel-based
materials (Cu-Ni; Cu-Ni-10Sn, Cu-Ni-15Sn, Cu-Ni-Sn-2WC and Cu-Ni-Sn-10WC) for using as matrix
material for diamond cutting tools for stone. Copper-nickel-based materials were produced by hot pressing,
at a temperature of 850 �C during 15 min and under an applied pressure of 50 MPa. The mechanical
properties were evaluated though the shear strength and hardness values. The microstructures and fracture
surfaces were analyzed by SEM. The wear behavior of all specimens was assessed using a reciprocating
ball-on-plate tribometer. The hot pressing produced compacts with good densification. Sn and WC pro-
moted enhanced mechanical properties and wear performance to Cu-Ni alloys. Cu-Ni-10Sn and Cu-Ni-
10Sn-2WC displayed the best compromise between mechanical and wear performance.
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1. Introduction

Stone cutting tools are made of abrasive reinforcements
embedded in a metallic matrix, with a common solution being
the use of diamond-reinforced metals (Ref 1). These tools work
in severe in-service conditions (Ref 2), and therefore an
appropriate selection of a suited matrix along with an effective
reinforcement is mandatory, once the tool performance will be
dictated by their constituents.

Regarding diamond cutting tools, the diamond-embedded
particles are responsible for the cutting process, while the metal
matrix must withstand the forces and attrition generated during
the cutting process. However, the wear rate of the matrix must
be similar to the wear rate of the diamond particles in order to
allow their replacement when the particles are blunt, e.g., lost
their abrasiveness (Ref 3). By guarantying this renovation of
the reinforcing particles, these tools are able to present a
constant cutting rate, because the continuous metal matrix wear

causes new diamond particles to emerge, freeing up those
which during the cutting process lost their sharp edges.

Additionally, the metal matrix must present a chemical and
physical interaction with the diamond particles, being able to
retain them during the cutting process (Ref 1) and also
preserving the diamond properties. The diamond cutting tools
industry uses mainly two powder metallurgy techniques for
producing these tools: hot pressing (HP) [more common (Ref
4)] or cold pressing followed by sintering in vacuum furnace
(Ref 1).

HP consists in the simultaneous application of temperature
and pressure in order to sinter a metal matrix in order to get a
product free of porosity, being used for a wide range of
materials (Ref 5-9). When used for producing diamond-
reinforced metals, HP presents the advantage to strictly control
the processing parameters (temperature, pressure and time) in
order to avoid the dissolution and/or graphitization of diamond
particles, fact that can hamper the tool performance. Another
benefit from using HP is the ease of mixing different powders
and consequently the possibility of creating new composite
materials with appropriate physical and mechanical properties.
This technique brings also an enormous freedom in the parts
design, once they can be used for obtaining intricate geometries
(Ref 1, 10) and near net shape parts.

The diamonds used for fabricating these tools are synthetic
and therefore withstanding temperatures till 900 �C without
degradation. In this sense, diamond cutting tools are mostly
produced by powder metallurgy techniques using sintering
temperatures between 700 and 900 �C (Ref 10).

Regarding the metal matrices, and given the target proper-
ties listed above, the most commonly used are cobalt- and iron-
based alloys (Ref 11). Some alloying elements are usually
added to these matrices, like tin (Sn) and tungsten (W) (Ref 12),
besides being frequently reinforced by tungsten carbide (WC)
(Ref 11). These additions are made in order to obtain a matrix
with higher mechanical and/or wear performance, as well as to
improve the retention of the diamond particles.
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Cobalt is one of the most commonly used matrix, once it
presents perfect compatibility with diamond when using adequate
processing temperatures; grants a suitable retention of diamond
particles and itswear resistance is considered adequate for these in-
service conditions (Ref 13). Despite these good features, Co is a
highly toxicmaterial and its availability is reduced (Ref 13). In this
context, there is a need to find metallic materials than can replace
Co in these tools (Ref 14). Iron-based alloys have been studied as
alternative, however when using these alloys, graphitization of the
diamond particles during sintering can occur, thus reducing the
lifespan of these tools (Ref 14).

Copper (Cu) low melting point (when compared with Co
and Fe) is a great advantage to avoid diamond particles
graphitization. Carbon null solubility in copper is another
advantage, once it guaranties that diamond particles retain their
properties after processing. However, Cu displays lower
hardness relative to cobalt- or iron-based alloys, which is a
drawback. This aspect can be somewhat overcome by adding
nickel (Ni), thus obtaining a Cu-Ni alloy, with higher
mechanical properties than Cu (Ref 15). Furthermore, the
addition of WC in adequate amounts has been proven effective
by increasing hardness and wear resistance (Ref 16). Sn has
also been added to Cu-Ni and other alloys (Ref 17) once due to
its low melting temperature, densification is enhanced by
liquid-phase sintering (Ref 17), leading to higher mechanical
properties and improved retention of diamond particles.

This work intends to assess the viability of using Cu-Ni
alloys as matrix for diamond cutting tools. For this purpose,
several materials were produced and characterized when
regarding mechanical properties and wear behavior.

2. Experimental Details

2.1 Specimens Fabrication

Copper-nickel-based specimens were produced starting
from elemental copper (Cu) and nickel (Ni) powders. Cu and
Ni were mixed using 55 wt.% of Cu. Tin (Sn) and Tungsten
Carbide (WC) were added to the Cu and Ni mixture, thus
obtaining single reinforced materials and also double reinforced
materials. Table 1 summarizes the size and supplier of all the
powders used to produce these specimens. Table 2 shows the
composition of the produced specimens.

The elemental powders were mechanically mixed in a blender
for 6 h. The obtained mixture was divided and placed inside
graphite dies, with 10 mm width and 30 mm length. The
composites were then sintered by means of pressure-assisted
sintering process, in vacuum, using a high-frequency induction
furnace (schematically represented in Fig. 1), according to the
following procedure. The die was placed inside the chamber,
while the samplewas compressed at 8 MPa, and then heated up to
800 �C, with a heating rate of 25 �C/min. When the temperature

reached 800 �C the pressure on the sample was raised to 50 MPa
(while the heating proceeds at 25 �C/min till 850 �C). The
sample was maintained at 850 �C with 50 MPa pressure, for
15 min. Afterward, the samples were allowed to cool inside the
die, in vacuum, till room temperature. The obtained samples had
a diameter of 10 mm and a height of 10 mm.

2.2 Chemical Characterization

The obtained specimens were characterized in terms of
chemical composition by means of Scanning Electron Micro-
scopy (SEM)/Energy Dispersive Spectrometer (EDS). The
fracture surfaces (after shear tests) were also obtained by
means of SEM.

2.3 Hardness Measurements

Vickers Hardness measurements were conducted in the
produced specimens using an EMCO-TEST, DuraScan model,
hardness tester was used, with a dwell time of 15 s under a load
of 200 gf.

2.4 Shear Tests

Shear tests were performed at room temperature (�23 �C),
with a crosshead speed of 0.02 mm/s, in a servohydraulic
machine (Instron 8874), equipped with a 25 kN capacity load
cell. Tests were performed in a custom-made stainless steel
apparatus with a sliding part equipped with a cutting tool. A
compressive force was applied in the sliding part in order to
promote fracture due to shear loading. Shear strength (MPa)
was calculated dividing the highest force (N) recorded during
the test by the cross section area (mm2).

2.5 Wear Tests

A reciprocating ball-on-plate tribometer (Bruker-UMT-2)
was used to evaluate the wear behavior of the produced
materials. Reciprocating sliding tests were performed using a
20-N normal load, 1 Hz and a 6-mm total stroke length during
60 min. The cylindrical specimens were cut for producing
plates with 10 mm in diameter and 4 mm in height. Alumina

Table 1 Size and supplier of the powders used for the production of the specimens

Material Powder size, lm Supplier

Cu <44 JB Quı́mica Indústria e Comércio Ltda
Ni 3-6 Citra do Brasil Comércio Internacional Ltda
Sn <44 JB Quı́mica Indústria e Comércio Ltda
WC 2-3 JB Quı́mica Indústria e Comércio Ltda

Table 2 Composition of the produced specimens

Specimens Composition, in wt.%

Cu-Ni 55Cu-45Ni
Cu-Ni-10Sn (55Cu-45Ni)-10Sn
Cu-Ni-15Sn (55Cu-45Ni)-15Sn
Cu-Ni-Sn-2WC (55Cu-45Ni)-10Sn-2WC
Cu-Ni-Sn-10WC (55Cu-45Ni)-10Sn-10WC

Note on the compositions� calculations: Cu-Ni-10Sn stands for a
composition of 90 wt.% * (55Cu-45Ni) + 10 wt.% * Sn. The same
procedures apply to the remaining compositions
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balls (with 10 mm diameter, from Ceratec, NL) were used as
counterbody in these tests.

Both balls and pins were cleaned in an ultrasonic bath of
isopropyl alcohol for 15 min before and after the tests. After
testing, the weight loss was estimated by measuring the weight
of the samples. All tests were performed in laboratory
environment (20± 2 �C). The results were taken as the average
from at least three tests.

The coefficient of friction (COF) was recorded automatically
during the sliding test, using data acquisition software. The
tribometer has a load cell that is measuring the frictional force,
and the software has the formula of COF = frictional force/
applied load. The plot of COF/friction force versus time/or
sliding distance is shown in real time.

3. Results and Discussion

3.1 Microstructural and Chemical Characterization

SEM images of the produced specimens (Fig. 2) show that
no porosity is found, assessing the effectiveness of the hot-
pressing process for the production of these materials.

XRD analysis was performed in order to assess the formed
compounds on the Cu-Ni matrix. Figure 3 shows that only
CuNi peaks were detected.

In order to assess the reinforcement�s dispersion and the
possible reaction products between the Cu-Ni matrix and the
elements/reinforcements used on these materials, a microstruc-
tural and chemical characterization was made by SEM/EDS
(Fig. 3 and Table 3).

When analyzing Fig. 4(a) and (b) it is possible to verify that
Cu-Ni-Sn specimens present a different microstructure than that
found on Cu-Ni (Fig. 2a), with Sn being easily found on

Fig. 1 Schematic representation of the hot-pressing sintering
system

Fig. 2 SEM images of (a) Cu-Ni; (b) Cu-Ni-10Sn; (c) Cu-Ni-15Sn; (d) Cu-Ni-Sn-2WC and (e) Cu-Ni-Sn-10WC
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specific areas (see Z1 zones on Fig. 4a and b). Due to the fact
that Sn has a melting temperature of 231.9 �C (Ref 18), during
the hot-pressing stage (850 �C), liquid-phase sintering occurs.
Due to this fact, the presence of Sn is known to improve the
densification of the material (Ref 17), once it undergoes
melting, thus hindering the presence of any residual porosity on
these specimens.

Regarding Cu-Ni-10Sn-WC specimens, reinforced with WC
particles having 2 to 3 micrometers, Fig. 4(c) and (d) shows the
formation of WC clusters. These images show that WC is not
wetted by liquid Sn during sintering, once no WC is found
inside Sn areas (see Z2 zones on Fig. 4c and d). No reaction
between the WC and Cu-Ni-Sn was detected, as expected and
reported by other studies (Ref 19, 20) where WC limited
solubility in copper and an extremely low tendency to form
interfacial intermetallic with copper alloys is proven.

3.2 Mechanical Properties

Hardness and shear strength results experimentally obtained
for all the materials produced in this work are shown in Fig. 5.

The representative load-displacement curves obtained from
shear tests are presented in Fig. 6. Regarding Cu-Ni specimen�s
hardness and shear strength, a good accordance with values
found on literature for CuNi phase was verified (Ref 21). The
addition of Sn to Cu-Ni (Cu-Ni-10Sn and Cu-Ni-15Sn) has led
to an increase in hardness and shear strength, as reported by
other authors in several alloys (Ref 17). When increasing the Sn
content from 10 to 15%, a hardness increase was verified,
although shear strength exhibited similar values. Liquid-phase
sintering (due to Sn melt) can explain these results due to a
higher densification by eliminating residual porosity (Ref 17).

Regarding specimens with simultaneous addition of Sn and
WC (Cu-Ni-Sn-2WC and Cu-Ni-Sn-10WC) it is possible to
verify that hardness and shear strength although superior to
those of Cu-Ni were lower than the values attained by Cu-Ni-
10Sn and Cu-Ni-15Sn. This outcome can be explained by the
fact that WC particles have 2 to 3 micrometers, and thus are
prone to agglomerate, forming clusters that lead to a reduction
on hardness and shear strength.

After shear tests, the specimens fracture surfaces were
examined using SEM (Fig. 7 and 8). Macroscopically, it is
possible to see a clear difference in the fracture topography
between Cu-Ni (Fig. 7a); the Cu-Ni-Sn specimens (Fig. 7b
and c) and the Cu-Ni-Sn-WC group (Fig. 7d and e). While
Cu-Ni specimens exhibited a typical ductile fracture, shown
by an expressive plastic deformation (Fig. 8a), Cu-Ni-Sn
specimens (especially Cu-Ni-15Sn (Fig. 8b) exhibited the
most brittle fracture among these materials. By analyzing Cu-
Ni-15Sn fracture surface (Fig. 8b) two different areas can be
found: ones where a ductile behavior is prevalent, corre-
sponding to CuNi (see backscattered image on Fig. 8b), and
others with a more fragile fracture, corresponding to Sn rich
areas. These observations are aligned with the mechanical
properties obtained for Cu-Ni-15Sn, being the harder material,
with one of the highest shear strength. Regarding Cu-Ni-Sn-
WC specimens, ductile fractures were observed, as shown in
Fig. 8(c), where the WC clusters mentioned above are clearly
visible.Fig. 3 XRD pattern for Cu-Ni specimen

Table 3 Chemical composition of marked zones in Fig. 4, obtained by EDS

Composition, wt.% Cu-Ni-10Sn Cu-Ni-15Sn Cu-Ni-Sn-2WC Cu-Ni-Sn-10WC

Z1
Cu 14.95 17.81 16.18 16.83
Ni 47.11 41.03 42.79 43.15
Sn 37.94 39.38 38.09 36.22
O … 1.79 … …
W … … 1.32 …
C … … 1.63 3.80

Z2
Cu 31.10 29.64 2.30 64.36
Ni 53.86 56.94 97.70 23.82
Sn 13.99 13.42 … 7.00
O 1.06 … … …
W … … … …
C … … … 4.81

Z3
Cu … … 2.39 4.38
Ni … … 2.28 4.08
Sn … … … …
O … … … …
W … … 89.98 81.79
C … … 5.35 9.75
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3.3 Wear Behavior

3.3.1 Weight Loss. The average weight loss obtained for
Cu-Ni, Cu-Ni-10Sn, Cu-Ni-15Sn, Cu-Ni-Sn-2WC andCu-Ni-Sn-
2WC is shown inFig. 9.When analyzing these results it is possible
to conclude that addingSnor/andWCtoCu-Ni led to a decreaseon
weight loss of these materials, thus rising their wear resistance.

The results concerning weight loss were found coherent
with the measured hardness (Fig. 5), with the material having

lower hardness displaying the highest weight loss (Cu-Ni). The
materials that presented greater resistance to wear were Cu-Ni-
10Sn, Cu-Ni-Sn-2WC and Cu-Ni-15Sn (Fig. 9), corresponding
to the hardest materials. Comparing to Cu-Ni, Cu-Ni-10Sn
presented an expressive 96% reduction on the wear rate, Cu-Ni-
Sn-2WC displayed a 94% reduction, while Cu-Ni-15Sn
exhibited an 84% reduction on the weight loss. Regarding
Cu-Ni-Sn-10WC only a 52% reduction on the weight loss was
verified. Additions of dispersed hard particles in DCTs metallic

Fig. 5 Hardness and shear strength obtained for the produced materials

Fig. 4 SEM images with marked zones for EDS analysis of (a) Cu-Ni-10Sn; (b) Cu-Ni-15Sn; (c) Cu-Ni-Sn-2WC and (d) Cu-Ni-Sn-10WC,
with marked zones for EDS analysis
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matrices have been used with the purpose of controlling the
matrix material wear rate (Ref 1, 22, 23). In this work, while
WC particles were protecting the material from wear (and thus
lowering the weight loss), the presence of WC clusters,

especially on Cu-Ni-Sn-10WC, can explain this material lower
wear performance.

3.3.2 Coefficient of Friction. Figure 10 shows the evo-
lution of the coefficient of friction (COF) with sliding distance
for Cu-Ni, Cu-Ni-10Sn, Cu-Ni-15Sn, Cu-Ni-Sn-2WC and Cu-
Ni-Sn-10WC, during the reciprocating sliding tests, against
alumina balls.

For all the performed tests, a typical evolution of the COF
with sliding distance was verified: a first period corresponding
to the running-in regime after which the COF enters in a steady-
state conditions remaining approximately constant during the
whole test. Table 4 shows the average values obtained for the
COF (after the running-in stage) for Cu-Ni, Cu-Ni-10Sn, Cu-
Ni-15Sn, Cu-Ni-Sn-2WC and Cu-Ni-Sn-2WC, showing no
significant differences between them.

3.3.3 Wear Track Analysis. SEM images and corre-
sponding backscattered (BSE) images of the worn surfaces of
Cu-Ni; Cu-Ni-10Sn; Cu-Ni-15Sn; Cu-Ni-Sn-2WC and Cu-Ni-
Sn-10WC after sliding against unreinforced alumina ball are
shown in Fig. 11.

From Fig. 11 it is possible to conclude that the track with
greater width was observed for Cu-Ni, corresponding to the
material with higher weight loss. Conversely, the track withFig. 6 Load-displacement curves obtained from the shear tests of

the produced materials

Fig. 7 Fracture surfaces of (a) Cu-Ni; (b) Cu-Ni-10Sn; (c) Cu-Ni-15Sn; (d) Cu-Ni-Sn-2WC and (e) Cu-Ni-Sn-10WC

Fig. 8 Detail views of the fracture surfaces of (a) Cu-Ni; (b) Cu-Ni-15Sn and (c) Cu-Ni-Sn-10WC
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lower width was found for Cu-Ni-10Sn, material presenting the
lower weight loss.

In order to understand the dominant wear mechanisms in
each of the tested materials, detailed backscattered (BSE)
images of the worn surfaces were acquired and the chemical
compositions of several areas were determined.

Starting by the wear track of Cu-Ni (Fig. 12a) it is possible
to verify that a significant plastic deformation occurred, with
visible grooves, due to the sliding of the alumina ball (marked
with Z2 in Fig. 12a). Additionally, some material detachment
areas, due to adhesion wear, were found on this track, marked
with Z1 in Fig. 12a. In fact, while Z1 composition presents
only Cu and Ni, corresponding to freshly exposed areas, Z2
zone shows the presence of alumina ball debris besides some
oxidation (due to the noteworthy oxygen content), generated
due to frictional heating on this material that is not detached,
but instead plastically deformed (see Table 5).

Regarding Cu-Ni-10Sn, similar observations were made,
with significant plastic deformation along the sliding direction
and also detachment areas (Fig. 12b). The main difference is in
the depth of the detached areas that are significantly lower in
Cu-Ni-10Sn, when comparing with Cu-Ni, as clearly shown by
the magnified images of the wear tracks found in Fig. 13(a) and
(b).

Concerning Cu-Ni-15Sn, only slight grooves were detected
(Fig. 13c). However, innumerous cracks from tensile stresses
during plowing were detected (Fig. 13c), besides adhesion
wear sites. This material revealed a lower plastic deformation,
fact that can be directly correlated with the higher hardness
displayed by the Cu-Ni-15Sn (Fig. 5). Additionally, much
lower oxidation was found on Cu-Ni-15Sn, when compared
with Cu-Ni-10Sn and Cu-Ni (Fig. 12c and Table 5).

In fact, when analyzing Fig. 13, from (a) to (c), a clear
transition on the wear track topography is found, from a softer
(Cu-Ni) to a progressively harder (Cu-Ni-15Sn) material,
promoted by the Sn content increase.

Regarding Cu-Ni-Sn-2WC wear track, large detachment
zones along the sliding direction, having very low deepness,
were found (Fig. 13d). The presence of WC particles in this
material, having higher hardness, can substantially reduce the
size and extent of grooves (Ref 20). Similar explanation can be
given regarding Cu-Ni-Sn-10WC, once when analyzing
Fig. 13(e), only minor grooves were found. In fact the main
contribution of WC particles to wear is their load shearing
ability, being a harder constituent than the matrix, thus
preventing material loss by abrasion. It is also worth to notice
that for both WC-reinforced materials, a good bond between
the WC particles and the matrix was verified, due to no
evidences of WC particles being pulled out from the matrix
during sliding, but instead being retained and thus protecting
the material from wear.

When comparing the chemical composition of similar areas
on Cu-Ni-Sn-2WC and Cu-Ni-Sn-10WC wear tracks, some
differences are found, pointing to a higher tendency for
oxidation on Cu-Ni-Sn-10WC (see Table 4). Focusing on
non-detached material areas (marked as Z2 on Fig. 12d and e),
an expressively higher oxygen content is found for Cu-Ni-Sn-
10WC. This difference can be explained by the fact that when a
higher content of WC particles is added, severe abrasion is

Fig. 9 Weight loss after reciprocating wear tests of the produced
materials against alumina ball

Fig. 10 COF evolution with sliding distance for the produced
materials against alumina ball

Table 4 Average COF values for the produced materials
against alumina ball

Material COF

Cu-Ni 0.324
Cu-Ni-10Sn 0.371
Cu-Ni-15Sn 0.393
Cu-Ni-Sn-2WC 0.346
Cu-Ni-Sn-10WC 0.368
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avoided, but the non-detached material suffers more recipro-
cating motion, which due to local heating stimulates chemical
reactions like oxidation.

Furthermore, there is a major difference between Cu-Ni-
Sn-2WC and Cu-Ni-Sn-10WC wear tracks topography, once
the latter presents deeper material detachment areas. This fact

can be due to the presence of WC clusters, where the
small WC particles are not perfectly bonded between them
(due to agglomeration effect), acting as preferential sites
for fracture during sliding. This is the main reason for the
weight loss results obtained for Cu-Ni-Sn-10WC, shown in
Fig. 9.

Fig. 11 Wear tracks of (a) Cu-Ni; (b) Cu-Ni-10Sn; (c) Cu-Ni-15Sn; (d) Cu-Ni-Sn-2WC and (e) Cu-Ni-Sn-10WC

Fig. 12 BSED images of the wear tracks of (a) Cu-Ni; (b) Cu-Ni-10Sn; (c) Cu-Ni-15Sn; (d) Cu-Ni-Sn-2WC and (e) Cu-Ni-Sn-10WC, with
marked zones for EDS analysis
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4. Conclusions

The main conclusions that can be drawn from the work
above described are:

• The production of Cu-Ni-based materials for using as ma-
trix material for diamond cutting tools was successfully
performed by hot-pressing technique, resulting in com-
pacts with good densification;

• The addition of Sn to Cu-Ni alloy proved to be beneficial
regarding the mechanical properties (hardness and shear
strength) and also wear performance;

• Additions of 2%WC to Cu-Ni-Sn led to mechanical and
wear performance improvement; however, higher WC
additions (10%) led to comparatively inferior results;

• Among all the tested materials, the best compromise be-
tween mechanical and wear behavior was attained by Cu-
Ni-10Sn and Cu-Ni-10Sn-2WC.
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