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This study is about the production of new matrices that are an alternative to cobalt matrices in diamond cutting tools. Thus, Fe,
Cu, Al203 and Mo were used as the matrix components. The mass fractions of 1 %, 2 % and 3 % Mo were added to the matrix.
The production of matrices was performed in a fully automatic hot-pressing machine under 35 MPa of pressure, at a sintering
temperature of 850 °C, with a dwell period 4 min. The microstructures and phase compositions of the matrices were established
with a scanning electron microscope (SEM-EDS) and an X-ray diffractometer (XRD). The hardness and bending strength of the
segments were determined. The transverse rupture strength (7RS) of the segments was determined using the three-point bending
test. The results revealed that Mo increased the bending strength and hardness of the segments.
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Ta raziskava se nanasa na pripravo novih segmentov, namesto segmentov s kobaltom, pri rezalnih orodjih z diamanti. V ta
namen je bila uporabljena osnova z Fe, Cu, Al203 in Mo. Masni delez Mo, ki je bil dodan osnovi, je bil 1 %, 2 % in 3 %. Sinteza
segmenta je bila izvrSena na avtomatski vroCi stiskalnici s pritiskom 35 MPa pri temperaturi sintranja 850 °C s 4-minutnim
zadrzanjem. Pregled mikrostrukture in analiza sestave faz sta bila izvrSena z vrsti¢nim elektronskim mikroskopom (SEM-EDS)
in z rentgensko difrakcijo (XRD). Izmerjeni sta bili trdota in upogibna trdnost segmentov. Precna trdnost segmentov (7RS) je
bila izvrSena s tritockovnim upogibnim preizkusom. Rezultati so pokazali, da Mo povecuje upogibno trdnost in trdoto
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segmentov.

Klju¢ne besede: molibden, rezalno orodje z diamanti, mikrostruktura, mehanske lastnosti

1 INTRODUCTION

Diamond cutting tools are used in natural stone-
cutting processes. Day by day, the usage of such tools
has been increasing. In order to attain a high bonding
strength between a bonding matrix and diamond grits
without causing any deterioration of diamond grits, the
composition of the bonding matrix must be designed in
such a way that a low hot-pressing temperature can be
applied, no catalytically deteriorating elements, such as
Fe, Co, and Ni, exist in the bonding matrix, an interfacial
transient layer can be developed, and a relative abun-
dance of a strong but brittle bonding matrix that can lead
to a self-dressing capability can be tailored.! Cobalt is an
important binding element used in cutting tools. Thus,
cobalt powders are widely used in the production of the
metal matrices of diamond cutting tools that are designed
to drill and cut hard rocks and concretes.? With the
gradually increasing usage of diamond cutting tools in
natural-stone cutting, the consumption of Co used in the
production of cutting tools has also rapidly increased. As
a result of the above, Co prices continually increase as
well. The increases in the raw-material prices cause the
production of diamond cutting tools to be more expen-
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sive. Thus, other alternative cheap metals are required to
be used in diamond cutting tools instead of Co as the
matrix additive metals.? In addition, it is partially dange-
rous to be exposed to metal powders during the cutting
process due to the toxic property of cobalt. In order to
eliminate this danger, the only thing to do is to find a
new metal matrix that has no toxic risk.>”’

Some researchers studied the production of a new
matrix that has its properties similar to the ones of the
matrix with Co and such examinations are still being
continued. New matrices with molybdenum (Mo) with
perfect mechanical properties and exhibiting the same
performance as the matrix with Co were produced during
this study. The microstructures and mechanical proper-
ties of these matrices were experimentally investigated.

2 EXPERIMENTAL STUDIES

In this study, matrices with molybdenum that are an
alternative to matrices with cobalt were produced using
the powder-metallurgy (PM) method. Fe, Cu, ALLO; and
Mo metal powders were used for the matrices. Table 1
illustrates some of the properties of these powders.
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Table 1: Metal powders used for the matrix
Tabela 1: Kovinski prahovi, uporabljeni za osnovo

Metal Powder size (um) Pureness (%)
Fe 40 99.9
Cu <63 99.9
Al,O3 < 10 99.9
Mo 40 99.9

Of the elements in Table 1, Fe and Cu had the largest
fractions of the matrix composition. Al,Os, used in addi-
tion to the other elements, was included in the matrix in
order to prevent grain coarsening during the sintering,
fill up the pores that might have occurred in the matrix
and increase the wear resistance of the matrix. Various
amounts of molybdenum were added to this matrix to
improve the microstructure and mechanical properties of
the matrix. Table 2 shows the design of the new matrix
formed by mixing these elements together at specific
ratios. Metal powders were prepared by being weighed
with a precision electronic scale forming the amounts
shown in Table 2 and then they were placed in a mixer
and mixed homogenously for 30 min. No Mo was added
to the AQ sample included in Table 2 and used as a refe-
rence sample.

Table 2: Matrix design and sintering parameters
Tabela 2: Oblikovanje osnove in parametri sintranja

Sample - Sintering Sintering
Composition (w/%) | temperature | _: .
number °C) time (min)
A0 Fe-10Cu-1A1,03
Al Fe-10Cu-1A1,03-1Mo 850 4
A2 Fe-10Cu-1A1,03-2Mo
A3 Fe-10Cu-1A1,03-3Mo

In this study, no diamond grains were added to the
powder mixture because only the matrix design was con-
sidered. In order to press the powder mixture prepared,
the computer-aided and laboratory-type hot press, which
can be controlled with a computer programme, and gra-
phite moulds were used. Before the powder mixture was
placed in a graphite mould, it was not subjected to any
cold-pressing process. The powder mixture was placed
directly in the graphite mould. After the mixture filled
the graphite mould, it was placed in a sintering oven as a
single block. The sintering process was performed under
an argon atmosphere. At the beginning of the sintering
process, the pressure and temperature were applied to the
mixture via the graphite mould. This application conti-
nued up to a temperature of 700 °C and a pressure of 35
MPa, taking 6 min. As of this moment, every group
sample was kept at 850 °C and under 35 MPa of pressure
for 4 min. When the sintering process was completed,
the heating unit was deactivated and the samples were
kept inside the moulds to cool down to room temperature
in order to prevent oxidation.

The hardness measurements of hot-pressed samples
were performed using a Brinell scale with a ball with a
diameter of 2.5 mm and a load of 62.5 kg. In order to
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determine the transverse rupture strength (7RS) of the
segments, three-point bending tests were performed
using a Schimatzu universal testing machine at a loading
rate of 1 mm/min at room temperature according to
ASTM B 528-83a standard. The microstructures of the
sintered samples were observed with scanning electron
microscopy (SEM). A quantitative surface analysis was
performed with energy dispersion spectroscopy (EDS).
The crystallographic structures of the materials were
investigated with an X-ray diffraction analysis (XRD —
X’Pert Philips Diffractometer).

3 RESULTS AND DISCUSSION

The segment matrices with or without molybdenum
were produced successfully via hot pressing under 35
MPa of pressure, at a sintering temperature of 850 °C,
with a dwell period 4 min. Figure 1 illustrates the micro-
structure images of the samples with and without molyb-
denum. In the micrograph on Figure 1a, light brownish
areas show Fe, dark brownish and cornered shapes show
Al,Os, and reddish areas show Cu. In the microstructure
images on Figures 1b to 1d, it is observed that the
molybdenum added to the segment matrix was included
between the iron and copper particles. The Mo particles,
homogeneously distributed in the segment matrix,
generally surrounded the Cu and Fe particles. It was
observed that the copper (Cu) in the sample without Mo
distributed regularly between the Fe particles and alumi-
nium oxide (Al,O;) was placed in the spaces between the
Fe particles. It can be understood from the images that
the copper which remained among the Fe particles could
not be evenly spread among the particles but remained in
rather large lumps. The reason for this was a lower
liquidity of the copper due to the non-performance of the
liquid-phase sintering. It is understood from the micro-
structure image that although the sintering temperature
was not so low, no sufficient strong bond was formed

Figure 1: Light micrographs of the alloys sintered at 850 °C: a)
w(Mo) =0 %, b) w(Mo) =1 %, ¢c) w(Mo) =2 % and d) w(Mo) =3 %
Slika 1: Svetlobni posnetki mikrostrukture segmentov, sintranih pri
850 °C: a) w(Mo) = 0 %, b) w(Mo) =1 %, ¢c) w(Mo) =2 % in d)
w(Mo) =3 %
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Figure 2: SEM-MAP analysis showing a uniform phase distribution of Fe, Cu, Al and Mo elements for Fe-10Cu-1Al,03-3Mo
Slika 2: SEM-MAP-analiza izkazuje enakomerno porazdelitev elementov Fe, Cu, Al in Mo v Fe-10Cu-1A1,03-3Mo

between the metal-powder particles due to the short
sintering period (4 minutes). The formation of this bond
became harder with the addition of molybdenum.

It is very important to obtain other homogeneous
components in the matrix in order to enhance the mecha-
nical properties of the materials. Figure 2 shows the
images of the SEM-MAP analysis of the sintered
Fe-10Cu-1A1,03-3Mo. The SEM image illustrates a
fairly homogeneous distribution of Cu, AL,O; and Mo in
Fe. The EDS images show the main spectrums of Fe, Cu,
Al and Mo elements at all locations. The level of Fe was
considerably higher compared to Cu, Al,O; and Mo.
Aluminium spectrums represent the presence of AL,Os.

Figure 3 illustrates the X-ray graphs for all the
samples that were sintered for four minutes at 850 °C.
From the results, it was understood that numerous phases
developed. The phases seen in the matrix without Mo
were Fe, Cu, ALLOs;, CusFeq, CusAl,, Al;Cu,Fe, Fe;Al,
CuO, Fe,O; and Fe;04. The Fe,O; phase (111) in the
structure had a sliding plane and the Fe;O,4 phase (200)
also had a sliding plane. As a result of the Mo addition to
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Figure 3: XRD diffraction patterns of the segment matrices
Slika 3: XRD-posnetki osnove segmenta
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the reference sample, along with the above mentioned
phases, some other phases occurred in the alloy such as
Mo, FesMo and Mo4Oy;. It was believed that the FesMo
phase, developed between Fe and Mo, formed due to the
micro-alloying at the contact points of the particles.
According to the XRD graph, the Al,O; peaks showed
lower intensity values compared to Fe and Cu. This may
be attributed to the fact that extremely small AL,Os parti-
cles were embedded in the matrix.

The hardness values of the segments were determined
by taking the mean of five different measurements for
each sample. Figure 4 illustrates the hardness graph of
the segment matrices. The hardness of the segments in-
creased with the increasing Mo amount. While the
hardness value for the segment without Mo was 75 HB,
its values for the segments with (1, 2 and 3) % Mo were
measured to be (97, 99 and 105) HB, respectively. A
small difference between the hardness values of the seg-
ments with 1 % and 3 % Mo can be explained with their
similar addition amounts. The complex phases and
oxides formed in the microstructure caused an increase
in the hardness of the segments. Thus, such phases in the
structure contributed to an increase in the hardness by
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Figure 4: Hardness of the segments
Slika 4: Trdota segmentov
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Figure 5: TRS graph of the segment matrices sintered at 850 °C
Slika 5: Upogibna trdnost (TRS) osnove segmentov, sintranih pri 850 °C

acting as a reinforcement.® Weber and Weiss® investi-
gated the some properties of Fe-based matrices with
cobalt. They reported that the hardness of the matrices
with w(Co) = 15-20 was measured as the average of
80-95 HRB (= 140 HB). However, in our study, a maxi-
mum of w(Mo) = 3 % was added to the Fe-based matrix.

In order to determine the transverse rupture strength
(TRS) of the segments, three-point bending tests were
performed using the Schimatzu universal testing machine
at a loading rate of 1 mm/min at room temperature.
Figure 5 shows the tension-percentage elongation graphs
obtained as a result of the three-point bending test for all
the samples. In the graphs, it can be seen that the highest
elongation and lowest bending strength belonged to the
A0 sample without Mo and that with the increasing Mo
addition, the elongation values of the samples decreased
and their bending strengths slightly increased. While the
TRS value of the segment without an addition of Mo was
measured as 750 MPa, the TRS values of the segments
with (1, 2 and 3) % Mo additions were measured as (800,
830 and 860) MPa, respectively. These results were
expected. The sintering temperature of the diamond
cutting tool was 850 °C and the sintering period was as
short as 4 min. Within this short period, Mo could not
develop a sufficiently strong bonding with the other ele-
ments. Furthermore, we also maintain that the reason
why molybdenum could not have a perfect bonding with
the matrix was the fact that the Mo,4O;, phase developed
with the oxidation of molybdenum adversely affected the
cohesive strength between the particles.!® Thus, this
caused the matrix to be brittle and also resulted in a
slight increase in the hardness and a slight decrease in
the toughness. Significant differences occurred in the
amounts of elongation as well. While the elongation was
approximately 18 % in the segment without an addition
of Mo, it was between 9-13 % in the segments contain-
ing Mo.

4 CONCLUSIONS

The segments with and without molybdenum were
produced successfully with the hot-pressing technique at
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35 MPa of pressure, at a sintering temperature of 850 °C
for a sintering period 4 min, and the microstructure,
hardness and bending-strength properties of these seg-
ments were experimentally examined. The results are as
follows:

From both the light photographs and the SEM-MAP
analyses, it is seen that the molybdenum added to the
segment matrix was distributed between the Fe and Cu
particles. The Mo particles, distributed homogeneously
in the segment matrix, generally surrounded the Cu and
Fe particles.

According to the XRD analysis results, the molyb-
denum added to the segments caused the formations of
new phases in the matrix. During micro-alloying, some
phases formed between the metallic powders added to
the matrix due to the effect of the temperature and
pressure.

The addition of molybdenum caused a slight increase
in the hardness values of the segments. The complex
phases and oxides that formed between the metals form-
ing the matrix also provided an extra contribution to this
hardness increase.

With the three-point bending tests, it was found that
the elongation values of the samples with Mo decreased
but an increase occurred in the bending strengths.
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