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Abstract: Copper, iron and cobalt based pre-alloyed powders for diamond tools were prepared by ultrahigh pressure water
atomization (UPWA) process. Pre-alloyed powders prepared by different processes including UPWA, conventional water atomization
(CWA) and elemental metal mechanical mixing (EMMM) were sintered to segments and then compared in mechanical properties,
holding force between matrix and diamond, fracture morphology of blank and sintering diamond section containing matrix. The
results showed that the pre-alloyed powder prepared by UPWA exhibits the best mechanical properties including the relative density,
the hardness and the bending strength of matrix sintered segment. Sintered segments fractography of UPWA pre-alloyed powder
indicates mechanical mosaic strength and chemical bonding force between the pre-alloyed powder and the diamond, leading to the
great increase in the holding force between matrix and diamond. The mechanical performance and the service life of diamond tools

were greatly improved by UPWA pre-alloyed powders.
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1 Introduction

In diamond tools industry, the traditional way to
prepare metal matrix powder is EMMM method, which
is difficult to achieve the pre-alloyed powder matrix and
easily leads to powder oxidation, inhomogeneous matrix
composition and solute segregation [1—3]. The control
force between matrix material and diamond is poor,
which results in poor mechanical properties of diamond
tools, and short service life [4—6].

The elements can form intermetallic compounds
and achieve partial or complete mutual dissolution
during the preparation of pre-alloyed powder.
Components segregation of matrix powder can be
avoided, especially when all pre-alloyed powders are
consistent with the nominal element composition [7]. By
using the matrix pre-alloyed powder, activation energy
can be greatly reduced, and thus reducing the sintering
temperature and avoid the strength loss [8]. On the other
hand, the microstructure of matrix is more uniform, and
the density, the hardness and the bending strength of
matrix are improved significantly, leading to the

improvements in control force mechanical properties and
service life of the diamond tools [9,10]. The process
using pre-alloyed powder can be able to solve the
uniform mixing problem of matrix powder, and enhance
elements of matrix material which realize a fully
coverage and contact between diamond.

The concept of using pre-alloyed powder in
diamond tools was proposed by Umicore Corporation in
Belgium since 1990s [11]. Researchers all over the world
made a lot of efforts to the application of pre-alloyed
powder in diamond tools [12—14]. At present, the main
preparation method of the pre-alloyed powder for
diamond tools is water atomization method and
hydrometallurgical co-precipitation method [15—18].
Conventional atomization method
disadvantages of coarse particle size and high oxygen
content in products, which limited its application [19,20].
UPWA technology, considered as the most effective way
to improve the diamond tools performance, is based on
conventional atomization technology and developed by
spray nozzle optimization, atomization device design and
rapid solidification technology. The pre-alloyed powder
prepared by this method shows fine particle size, uniform

water shows
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composition  segregation, low oxygen content,
controllable particle morphology and low production
cost [21,22]. In the present work, to explore the
advantages of UPWA, three kinds of pre-alloyed
powders were prepared by UPWA, CWA and EMMM
separately. The powders were sintered to segments and
compared in properties. Moreover, the fracture
morphologies of sintered segments were characterized to
explain their property differences.

2 Experimental

2.1 Materials and equipment

The experimental powders of copper, iron and
cobalt based alloy were prepared by UPWA and CWA,
and the powder produced by EMMM method was
purchased. Technical performance of UPWA powder,
water atomization powder and mechanical mixing metal
matrix powder used in the experiment is listed in Table 1.
The chemical composition of matrix powder material is
listed in Table 2. Figure 1 exhibits the particle
morphologies of UPWA pre-alloyed powders. Tables 1
and 2 show that the average particle size and the oxygen
content of UPWA pre-alloyed powder are far lower than
those of the EMMM matrix powder, and also show a

Table 1 Technical performance of UPWA powder

certain decrease compared with CWA pre-alloyed
powder.

Both the blank and the diamond added matrix
materials with a size of 40 mm X 8§ mm X 32 mm were
prepared by SMVB60 vacuum sintering machine.

2.2 Sintered segment preparation

Matrix powder and diamond were uniformly mixed
and then enclosed into graphite mold. Graphite mold was
placed into an electrode pressure head. At 800—1000 °C,
the metal matrix material was melted and combined with
diamond. The sintered segment of diamond tool was
prepared by a following cooling, mould unloading and
polished smooth.

The diamond tool sinter segment preparations with
blank and with diamond were similar. Blank diamond
tool sintered segment preparation includes the
procedures as testing of raw materials, mold assembly,

weighting, feeding, loaded indented, hot pressing,
cooling, unloading mode, polishing smooth,
measurements, weighing and performance testing.

Diamond tool sintered segment preparation includes the
procedures as testing of raw materials, burden, mixture,
mold assembly, weighting, feeding, loaded indented, hot
pressing, cooling, unloading mode, polishing smooth,

Number Aversazfz /ﬁ amrticle den‘:;gﬁ?:g;ﬂ) Morphology Matrix powder type

Al 16.98 3.1 Spherical UPWA Cu-based pre-alloyed powder

B1 34.56 33 Spherical CWA Cu-based pre-alloyed powder

C1 52.28 3.5 Near spherical, dendritic EMMM method Cu-based pre-alloyed powder
A2 17.67 3.0 Spherical UPWA Fe-based pre-alloyed powder

B2 35.72 33 Spherical CWA Fe--based pre-alloyed powder

Cc2 53.45 3.5 Near spherical, dendritic EMMM method Fe-based pre-alloyed powder
A3 14.66 3.2 Spherical UPWA Co-based pre-alloyed powder

B3 35.05 34 Spherical CWA Co-based pre-alloyed powder

C3 51.78 3.6 Near spherical, dendritic EMMM method Co-based pre-alloyed powder

Table 2 Chemical composition of matrix powder material (mass fraction, %)

Number Cu Fe Co Sn Zn Ti Cr wC Ce (6]
Al 60.15 24.05 - 491 4.83 1.95 1.98 - 1.96 0.085
Bl 60.08 24.04 - 4.92 4.81 1.96 1.97 - 1.95 0.128
Cl 59.94 24.02 - 4.85 4.78 1.94 1.95 - 1.97 0.482
A2 30.18 55.14 - 5.82 5.78 - - - 2.93 0.092
B2 30.05 55.08 - 5.79 5.76 - - - 2.94 0.145
C2 29.93 54.92 - 5.78 5.74 - - - 2.96 0.492
A3 30.04 15.04 35.12 7.80 7.76 - - 4.06 - 0.081
B3 30.02 14.98 35.05 7.83 7.74 - - 4.05 - 0.136
C3 29.91 14.92 35.02 7.82 7.70 - - 4.08 - 0.452
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(b) Fe-based; (c) Co-based

measurements, weighing and performance testing.

Liquid phase sintering process was used in all
experiments. Parameters and operating procedures of the
sintering process are listed in Table 3.

2.3 Performance characterization

The chemical composition of matrix powders was
analyzed with a WFX-120 atomic absorption
spectrometer and a TC—436 nitrogen-oxygen analyzer.
Morphology of matrix powder particle was observed
with a JSM—6360LV scanning electron microscopy. The
average particle size of powder was measured by LS800
laser particle size analyzer.

The hardness of sintered segment was measured
with an HR—-150A Rockwell hardness. The bending
strength of the sintered segment was tested by Nodal
LD—508 type universal testing machine. The density of
sintered segment was measured by drainage method.

Fracture morphology of sintered segment was observed
with a JSM—6360LV scanning electron microscope.

Table 3 Parameters and operating procedures of sintering

process
Temperature Time/  Heating rate/ Pressure/
range min (°C-min ") MPa
Room temperature to
600 °C 4 150 9
600 °C to sintered 15 106 30
temperature
Sintered temperature 2 0 30
Cooling 0.5 0 30

3 Results and discussion
3.1 Mechanical properties of matrix diamond
products

Table 4 lists the mechanical properties of sintered
segments of Cu-based pre-alloyed powder prepared by
UPWA, CWA and EMMM methods under the same
composition recipe and sintering conditions.

It is found that the relative density, hardness and
bending strength of sintered segments prepared by
UPWA powders are higher than those prepared by
EMMM. Diamond tool sintering is a process of powder
curing to remove the holes. During the sintering, the
pre-alloyed powder forms fine particle size and large
surface area, which has a faster diffusion velocity to
transform the hollow surface with high energy into solid
crystals with low energy. The relative density, the
hardness and the bending strength of diamond tools have
been significantly improved. Therefore, the pre-alloyed
powders have a higher bending strength than the
powders prepared by EMMM method [23].

Table 4 also shows that compared with the CWA
pre-alloyed powder, the UPWA pre-alloyed powder has
the advantages of fine average particle size and low
oxygen content, and the relative density, the hardness
and the bending strength have also been improved.

3.2 Holding force calculation of matrix to diamond

Generally speaking, the interface between diamond
and matrix is the source of fracture. So, the bending
strength of sintered segments with diamond is lower than
the ones with blank. The decreased value of bending
strength can be used to measure the holding force of
matrix to diamond [24]. The holding force coefficient (£)
is calculated as follows:

O=(op—04)/ 0y (D
F=100(1-0) (2)

where Q is the decreased bending strength value between
diamond sintered segments and blank sintered segments;
F is the holding force coefficient of matrix to diamond.
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Under the same condition of ingredient formula and
sintering process, the holding force coefficients of
different matrix to diamond are listed in Table 5. The
results show that the pre-alloyed powders, especially the
UPWA powders, have a strong holding force to diamond.
The oxygen content of UPWA pre-alloyed powder is
reduced, leading to a higher holding force of matrix to
diamond compared with the CWA pre-alloyed powder.

In diamond tools, diamond particles are generally
distributed in the matrix. The cutting tools are abrased
with matrix material during cutting stones. This makes
the diamond particles abrased continuously [25,26]. So
the losing degree of diamond during sawing process is an
important indicator. Table 6 exhibits the calculation
results of the losing degree of diamond during the sawing
process under the same ingredient formula and sintering
condition.

The losing degree of matrix segments prepared by
the UPWA powders is lower than the ones prepared by
EMMM powders. It is shown that the pre-alloyed
powders prepared by UPWA have stronger holding force
to diamond than CWA powders. This is consistent with
the holding force coefficient results above.

Table 4 Mechanical properties of sintered segments
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3.3 Fracture analysis of blank matrix sintered

segment

Figure 2 shows the fracture morphology of blank
matrix sintered segment using Cu-based pre-alloyed
powder prepared by UPWA, CWA and EMMM. 1t is
found that the fracture morphology of the blank matrix
sintered segment with pre-alloyed powder prepared by
UPWA is dense and dimple, which is the typical
characteristic of ductile material (Fig. 2(a)). As shown in
Fig. 2(b), the fracture morphology of the blank matrix
sintered segment with the CWA pre-alloyed powder is
also dimple, but becomes larger compared with one in
Fig. 2(a), which means a decrease in toughness of the
matrix. In Fig. 2(c), the fracture morphology of the blank
matrix sintered segment with the alloy powder prepared
by EMMM shows smooth surface, which is the typical
characteristic of brittle material. Accordingly, the
fracture morphology of the blank matrix sintered
segment using the pre-alloyed powder is ductile, while
the one using EMMM powder is brittle. Conclusions can
be obtained that the pre-alloyed powder has a
significantly stronger holding performance to diamonds
than the EMMM powder. The UPWA pre-alloyed

Segment Powder Relative ~ Hardness

Bending strength

number number  density/% (HRB) o,/MPa o4/MPa Matrix powder type

X1 Al 99.5 98.4 964 825 UPWA Cu-based pre-alloyed powder
Y1 B1 99.2 96.2 940 776 CWA Cu-based pre-alloyed powder
Z1 Cl1 97.3 88.5 876 654 EMMM Cu-based pre-alloyed powder
X2 A2 99.6 103.3 1075 904 UPWA Fe-based pre-alloyed powder
Y2 B2 99.2 101.2 1030 838 CWA Fe--based pre-alloyed powder
Z2 C2 97.4 93.5 961 705 EMMM Fe-based pre-alloyed powder
X3 A3 99.6 106.5 1125 976 UPWA Co-based pre-alloyed powder
Y3 B3 99.3 104.3 1087 908 CWA Co-based pre-alloyed powder
Z3 C3 97.7 95.6 985 752 EMMM Co-based pre-alloyed powder

oy is the bending strength of blank matrix segments, and oy is the bending strength of matrix segments with diamond.

Table 5 Holding force coefficients of matrix to diamond

Powder

Segment

Bending strength

number number o/MPa o/MPa 0% FI% Matrix powder type
X1 Al 964 825 14.42 85.58 UPWA Cu-based pre-alloyed powder
Y1 B1 942 776 17.62 82.38 CWA Cu-based pre-alloyed powder
Z1 C1 876 654 25.34 74.66 EMMM Cu-based pre-alloyed powder
X2 A2 1073 904 15.75 84.25 UPWA Fe-based pre-alloyed powder
Y2 B2 1032 838 18.80 81.20 CWA Fe--based pre-alloyed powder
Z2 C2 961 705 26.64 73.36 EMMM Fe-based pre-alloyed powder
X3 A3 1125 976 13.24 86.76 UPWA Co-based pre-alloyed powder
Y3 B3 1087 908 16.47 83.35 CWA Co-based pre-alloyed powder
73 C3 985 752 23.65 76.35 EMMM Co-based pre-alloyed powder
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Table 6 Losing degree of diamond during sawing process
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Segment Powder Diamond Di'fimond drop Losi‘ng degree of Matrix powder type

number number  particles number  pits number diamond/%
X1 Al 159 28 14.81 UPWA Cu-based pre-alloyed powder
Y1 B1 152 33 17.84 CWA Cu-based pre-alloyed powder
Z1 Cl 135 48 26.23 EMMM Cu-based pre-alloyed powder
X2 A2 155 31 16.67 UPWA Fe-based pre-alloyed powder
Y2 B2 146 35 19.38 CWA Fe-based pre-alloyed powder
z2 C2 134 50 27.17 EMMM Fe-based pre-alloyed powder
X3 A3 162 28 15.18 UPWA Co-based pre-alloyed powder
Y3 B3 156 32 17.02 CWA Co-based pre-alloyed powder
Z3 C3 140 45 24.32 EMMM Co-based pre-alloyed powder

Fig. 2 Fracture morphologies of blank matrix sintered segments
using Cu-based pre-alloyed powders prepared by UPWA (a),
CWA (b) and EMMM (c)

powder also shows an improved holding ability to
diamonds compared with the CWA powder.

3.4 Fracture analysis of diamonds matrix sintered

segment

Figure 3 presents the fracture morphologies of the
matrix sintered segments with diamonds using the
Cu-based pre-alloyed powder prepared by UPWA, CWA
and EMMM, respectively. In Fig. 3(a), no obvious gap is
observed between diamond and the matrix material,
revealing that the elements with strong carbide forming
ability in the matrix material react with diamond in
response. As a result, the bonding force is not only
mechanical but also chemical. Thus, the holding ability
of matrix material to diamonds is notably enhanced. The
same phenomenon is also observed in Fig. 3(b). As can
be seen in Fig. 3(c), the gap between diamond and matrix
material is wide and continuous. The pit surface is dense
and smooth. This phenomenon indicates that the bonding
between the matrix and diamond is not chemical but
mechanical. This indicates that the holding ability
between the matrix material and diamonds is greatly
increased by using the UPWA powder when compared
with the EMMM powder.

4 Conclusions

1) The relative density, hardness and bending
strength of matrix sintered segments prepared using the
UPWA powder are greatly improved compared with
those using the EMMM and CWA powders. The
sintering temperature of the diamond tools is reduced as
well as the diamond graphitization at high temperatures,
when using the pre-alloyed powders, especially the
UPWA powder. In addition, the mechanical properties of
the diamond tools are also greatly improved.

2) Using the pre-alloyed powders, especially the
UPWA powder, the holding force of matrix material to
diamond is significantly improved.

3) The fracture of blank matrix sintered segments
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o

Fig. 3 Fracture morphologies of matrix sintered segments with
diamond using Cu-based pre-alloyed powders prepared by
UPWA (a), CWA (b) and EMMM (c)

using the pre-alloyed powder is ductile fracture and the
morphology is fine. The UPWA powder has a much
stronger ability than the EMMM powder in the holding
performance to diamond. The UPWA powder also shows
a certain improvement compared with the CWA powder.

4) The bonding force between matrix and diamond
is not only mechanical but also chemical. The pit surface
is dense and smooth, and the bonding between matrix
and diamonds is not chemical but mechanical. The
holding ability between matrix and diamond is greatly
increased by using the UPWA powder when compared
with the EMMM powder.
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