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Metal-bonded diamond particle composite blocks were fabricated by pressureless sintering,
using multi-phase copper based alloys as the bonding materials. The processing sequences
included ball-milling the diamond particles and metallic powders, uniaxially pressing the
milled powder mixtures into green compacts, and sintering the green compacts in vacuum.
The bonding materials, constituted of Cu, Sn, Ti, Mo and TiC, were prepared by blending
various elemental and prealloyed powders. Addition of Ti as an active element effectively
enhanced the interfacial cohesion strength, by developing an intermediate layer between
the diamond particles and the matrix phase. This resulted in the observation that the failure
mode of the composite blocks in a bending test was predominantly cleavage of diamond
particles instead of pull-out of diamond particles. © 2000 Kluwer Academic Publishers

1. Introduction ties of this category of composite blocks are inherently
Different materials, including materials based on poly-mediocre. In addition, the metal matrix is relatively dif-
mers, ceramics, and metals, are currently used as tHeult to grind off during service, such that an electrical
bonding agents of diamond particle composite blockscurrent had to be supplied to the composite blocks to
Among these three categories of bonding agents, metatorrode the metal matrix in order to expose new dia-
lic bonding materials exhibit the optimal combination mond particle cutting edges.
of mechanical and thermal properties, and are the pri- Though with different approaches, all the above
mary bonding materials in the fabrication of compositementioned systems involve weak interfacial bonding
blocks containing diamond particles [1]. Metal-bondedstrength between diamond particles and metal matrix
diamond tools are used extensively for cutting, drilling, such that pull-out of diamond particles during service
and surface grinding of stones, concrete, advanced c@redominates as the mode of tool failure. During ser-
ramics, and cemented carbides [2—6]. vice, the interface between the metal matrix and the di-
The primary consolidation route to fabricating metal- amond particles must withstand the moment to which
bonded diamond particle composite blocks is hot pressthe diamond particles are subjected. A weak bonding
ing, primarily using alloys based on cobalt or bronze.strength between the diamond particles and the metal
In a recent report [7], alloys based on iron successmatrix, arising from weak physical type bonding, is
fully substituted for cobalt in hot-pressed diamond par-often insufficient to endure the stress. A weak interfa-
ticle composite blocks and improved service perfor-cial bonding strength usually results in excessive pull-
mance was documented. Nevertheless, hot-pressing @t of diamond particles from the matrix phase dur-
a tedious operation with several constraints in regardng service and, consequently, degraded tool life. This
to mass-production. Pressureless sintering of diamonghenomenon frequently occurs in hot-pressed diamond
particle composite blocks using castiron as the bondingools using cobalt as the primary constituent [8]. Thus,
material has been proposed [1]. In this approach, relaan interfacial reaction that promotes bonding between
tively high concentrations of carbon have to be addedliamond particles and metal matrix is the fundamen-
to the bonding material and consolidation of the com-tal requirement for enhancing tool life [9]. Chemical
posite has to be carried out at low temperatures to avoidonding between the metal matrix and the diamond
conversion of diamond into graphite. Still, the proper-particles can develop when an active metal is added to
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the bonding materials [10-12]. Among the commonac: 1200

tive metals, titanium has been most used and standa 60 min
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hanced when the diamond particles was coated wit2 60 min
titanium [13]. In addition to coating the surface of di- 200 { 60 min / 3¢/min
amond particles with active metals, active metals cal 3Eimin

also be added in the form of an alloying constituent in 0
the bonding materials. For example, it has been show 0 60 120 180 240 300 360 420 480 540 600 660
that a thin interfacial layer, predominantly composed ot Time(min)
chromium, preferentially developed around the sul'fa-ceitigure 1 Thermal profile used in the sintering of metal-bonded diamond
of diamond particles when chromium is presented in garticle composite blocks.
prealloyed form in the matrix phase [8].

It is the purpose of this study to apply pressureless
sintering to the fabrication of composite blocks of di- Ness tester under a load of 500 g. Transverse rupture
amond particle and metal matrix, with an interfacial Strength of the sintered specimen was determined by a
bonding strength enhanced by a chemical reaction. A§our-point bending test with a gauge length of 40 mm.
diamond particles easily convert to graphite at high temRelative wear resistance test of the sintered specimens
peratures, densification of the composite blocks hagdainst granite was carried outin a dry condition, using
to be carried out at low temperatures and in the ab@ modified turning machine. The machine operated at
sence of carburization catalyst. Thus, densification of00 rpm and the specimen ground against the granite
the composite blocks should be assisted by the formaRlate along a circle having a diameter of 5 cm, which
tion of a liquid phase during sintering. The composi-resulted in a peripheral speed of 2.1 m/s. The feed rate
tion of the metal matrix is designed to be composedf the specimen to the granite plate was 0.4 mm/min.
of a backbone constituent that dictates the mechanicdihe morphologies of the diamond particles exposed to
properties of the matrix phase, a liquid phase formatioryarious tests were examined using a scanning electron
constituent, and an active metal. A processing route officroscope (SEM).
press-and-sinter is employed for the consolidation of
the composite blocks and the performances of the sin-

tered specimens are compared with commercial prod3- Results and discussion
ucts fabricated via hot-pressing. Fig. 2 shows the effect of adjusting the volume per-

centage of Mo and, consequently, TiC in the compos-

ite blocks on the hardness of the matrix phase. As
2. Experimental procedures expected, the hardness of the matrix phase decreased
Natural diamond particles having sizes smaller tharwith the increase in Mo concentration. The hardness
30 mesh but larger than 40 mesh were used. The vobf the matrix phase ranged from about 270 kgf/fmm
ume percentage of diamond particles in the compositéo about 570 kgf/mry, which was much lower than
blocks was maintained at 10%. The binding materialghat of granite, 920 kgf/mf Accordingly, the matrix
were composed of mixed powders of prealloyed Cuphase can be easily ground off by granite to allow the
10Sn-15Ti (wt%), Mo, and TiC powders. The meanpassage of debris and to expose new cutting edges of di-
particle sizes of the prealloyed Cu-10Sn-15Ti, Mo, andamond particles during machining. On the other hand,
Tic powders were 15.am, 8.0um, and 2.3um, re-  the matrix phases of commercial diamond tools do not
spectively. The volume percentage of Cu-10Sn-15Ti inpossess such a wide range of hardness. For example,
the composite blocks was maintained at 40%, while Mo
and TiC split the remaining volume percentage of 50%.
The relative volume percentage of Mo to TiC was the 700
only variable investigated in this study. Paraffin wax ._ g
was used to enhance the handling strength of gree’s
compacts. Initially, 80 vol% of diamond particles and & *°
bonding agents was milled with 20 vol% of paraffin wax < 400 -
in the medium of heptane and 304 stainless steel ballsi300 |
The slurry was then dried, granulated, and sieved witt & - ®
a screen of 10 mesh. The granules were subsequent-g 200 -
pressed at a pressure of 100 MPa into rectangular spe:z 44,
imens having the dimensions of 1.5 mm5 mm x
50 mm, and cylindrical specimens having the dimen-  °© ' ' ' '
sions of 15 mmk) x 6 mm (D). 0 10 20 0 A %0

The specimens were sintered at 1600n vacuum. Concentration of Mo(Vol%)

The Sint_ering profile is ShOW_n in Fig- 1. H?.I’dneSS Of Figure 2 Variation of hardness of matrix phase with the increase of vol-
the matrix phase was determined using a Vickers hardsmetric percentage of Mo in the composite blocks.
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Figure 3 Variation of transverse rupture strength of the composite
blocks with the increase of volumetric percentage of Mo in the com-
posite blocks.

the hardness of hot-pressed cobalt ranges from 310 t
433 kgf/mnt [14], while that of cast iron ranges from
150 to 350 kgf/mrA. Obviously, a matrix with a wider
range of hardness could be fabricated via the proces
ing route carried out in this study. The capability of
fabricating tools having a wide range of hardness val-
ues of the matrix phase is important in the fabrication
of diamond tools, as the materials to be machined have
a wide range of hardness.

Fig. 3 shows the effect of adjusting the volume per-Figure 4 Fracture surface of a composite block having 50 vol% Mo
centage of Mo and, consequently, TiC in the composite0% TiC).
blocks on the transverse rupture strength of the sin-
tered specimens. Increase in the concentration of Mo
resulted in substantial increase in the transverse rupte blocks, by forming an intermediate layer between
ture strength of the composite blocks. The strength levthe diamond particles and the matrix phase. Similar
els achieved in this study were much higher than thosebservations were also documented with the addition
of hot-pressed composite blocks of diamond particleof small concentrations of active elements to systems
using cobalt as the primary bonding material, whichcomprised of copper and diamond [10-12], where the
usually have transverse rupture strengths lower thamterfacial bonding strength between copper and dia-
200 MPa [9]. The low strength of the cobalt-bonded di-mond increased due to the formation of an intermediate
amond tools is associated with the fact that hot-pressingarbide layer.
of the composite blocks is usually carried out at such Fig. 5 shows the fracture surface of a composite block
low temperatures as to avoid excessive degradation afhose matrix phase was composed of 40 vol% Cu-Sn-
diamond particles. In addition, the lack of an interfa- Ti and 50 vol% of TiC (10% diamond). Two distinct
cial bonding promoter in the cobalt-based matrix alsofeatures can be observed in these micrographs that can
causes low bending strength in the composite blocksexplain the relatively high transverse rupture strength
Fig. 4 shows the fracture surface of a specimen sinteredf this composite block compared to hot-pressed com-
using 40 vol% Cu-Sn-Ti and 50 vol% Mo (10 vol% di- posite blocks using cobalt as the primary bonding con-
amond) as the bonding material. There existed a finestituent. First, cleavage of diamond particles was the
grained thin layer located between the diamond partipredominant mode of fracture around the diamond par-
cles and the matrix phase. As the grains were very finéicles. This observation is clearly different from the ex-
(less than 0.22m), they were not densified grains of the cessive pull-out of diamond particles from the matrix
original powders but instead grains formed subsequermihase for hot-pressed composite blocks using cobalt as
to liquid phase sintering. It is thus expected that thes¢he primary bonding constituent [9]. Second, the inter-
fine grains are not simply the crystallized liquid phase facial cohesion between the diamond particles and the
as the cooling rate subsequent to isothermal hold wamatrix phase was very strong, as indicated previously,
not rapid enough to yield these fine grains. The fineeven with abundant brittle TiC grains in the matrix.
grains are possibly the products of reaction between Fig. 6 shows the relative wear resistance of the com-
the active elements and the diamond particles. Energgosite blocks against granite with the variation of matrix
dispersive X-ray analysis (EDXA) indicated that this composition. The wear resistance is expressed in terms
thin layer was primarily composed of Ti, though Mo of ratio of volumetric loss of granite to volumetric loss
also had a strong affinity to form carbides with carbon.of tool (Grinding ratio,G ratio). It is noted that the
It is thus very clear that the incorporation of Ti as antest conditions were so severe that a large amount of
active element in the bonding material substantially enheat was generated during testing, which caused sur-
hanced the transverse rupture strength of the compogace oxidation of the tools. This might have resulted in
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Figure 5 Fracture surface of a composite block having 50 vol% TiC Figure 7 Micrographs of the as-ground surface of tool, showing the
(0% Mo). mode of diamond loss during service.

(210 vol% diamond). It can be inferred from the micro-
40 graphs that the diamond particle was gradually ground
off initially, resulting in blunting of the cutting edge.
30 When the area of the blunted surface became relatively
large, severe interfacial friction between diamond par-
ticles and granite took place during testing, causing the
diamond particle to be exposed to a large bending mo-
ment. In this circumstance, the diamond particle can
either be pulled out of the matrix phase should the in-
0 » - . : terfacial bonding force (bonding strength multiplied by
0 10 20 30 40 50  bondingarea) be low, or be broken should the interfacial
Concentration of Mo (Vol%) bonding force be high. Infact, the tools fabricated in this
Figure 6 Variation of relative wear ratio of worked piece to tool with study primarily eX.thIted fraCt,u”ng of diamond parti-
the increase of volumetric percentage of Mo in the composite blocks. Cl€S. Pull-out of diamond particles was also observed,
only always with a thin film attached to the surface of
diamond particles, similar to those micrographs shown

the relatively lowG ratios compared with those rang- inFig. 4. Fracturin_g ofdiamond_ particles resulted in the

ing in the several thousands in a water-cooled test [L5gXPosure of new irregular cutting edges. Such a mode

In this study, there was almost a two-fold increase inof diamond loss certainly would promise a longer tool

the relative wear resistance of the tool when the refraclife than loss by pull-out of diamond particles during

tory phase was altered from TiC to Mo. Thus, bondingS€rvIce.

strength instead of hardness of matrix phase was the

primary factor determining the tool life. The relatively

high feeding rate during the wear test did not causét. Conclusion

fracture of the tool, even when the hardness of the maPressureless sintering is a viable route to the fabrica-

trix phase was as high as 570 kgf/rhamd the residual tion of high performance diamond particle composite

pores in the tools were very abundant. Accordingly, theblocks. Enhanced interfacial bonding between the dia-

ductile copper-based alloy did compensate for the lonmond particles and the matrix phase was achieved when

toughness of the components in the composite blocksTi was added as an active element into the bonding ma-
Fig .7 shows the micrographs of an as-ground surfac&ix. When granite is a material to be machined, the

for the composite blocks whose bonding material wadransverse rupture strength of the composite block, in-

composed of 40 vol% Cu-Sn-Ti and 50 vol% of TiC stead of the hardness of the matrix phase, is a primary

(V granite/V tool)
N
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factor affecting the tool life. Though without a direct 4. 7. FuJIMORI, Y. YAMAMOTO andA. OKADA, J. Jap.

comparison, the general properties and wear mode of Mater Sci. Soc32 (1995) 39.

diamond particles suggested that the composite blocks: M- 'GHARO andJ. RUSSELL, Surf. Eng.10 (1994) 52.

fabricated in thiS StUd will have erformance supe- 6. M. JENNINGSandD. WRIGHT, Ind. Dia. Rev49(1989) 70.

. y . p . p_ 7. Anon,Metal Powder Repb2 (1997) 10.

rior to copalt—bonded composite blocks fabricated via g, v, s. Lia0 ands. Y. LUO, J. Mater. Sci28 (1993) 1245.

hot—pressmg. 9. S. M. CHENands. T. LIN,J. Mater. Eng. Perf5(1996) 761.
10. P. M. SCOTT,M. NICHOLAS andB. DEWAR, J. Mater. Sci.

10(1975) 1833.
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