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FACTORS AFFECTING DIAMOND RETENTION IN POWDER METALLURGY DIAMOND TOOLS

CZYNNIKI DECYDUJACE O WEASNOSCIACH RETENCYJNYCH OSNOWY W NARZEDZIOWYCH SPIEKACH
METALICZNO-DIAMENTOWYCH

This paper describes the effects of principle factors which have an influence on potential diamond retention capabilities in

powder metallurgy diamond tools. Investigations were carried out using a 3-D computer model of diamond particle embedded
in a metallic matrix. The proposed model assumed that the material was fully densified by the hot pressing technique and then
cooled down to room temperature. The energies of plastic and elastic deformation of the matrix around the diamond grit as
well as recoverable strain energy accumulated in the grit on cooling were calculated. The effects of Young’s modulus and yield
strength of the matrix as well as friction between diamond and matrix on these energies were analysed. The obtained results
have shown that a matrix characterised by high yield strength ensures better diamond retention capacity whereas high Young’s
modulus of the matrix and its chemical affinity to carbon, which increases friction at the diamond-matrix interface seem to
have lower importance.
Keywords: PM Diamond Tools, Diamond Retention, Computer Modeling, Mechanical Properties

W pracy przedstawiono analiz¢ wplywu podstawowych czynnikéw majacych wplyw na wiasnosci retencyjne materiatu
osnowy w narzedziowych spiekach metaliczno-diamentowych. Badania wykonano z zastosowaniem modeli 3-D czastki dia-
mentu osadzonej w osnowie. W zaproponowanym modelu zalozono, zZe material zostat zageszczony do gestosci teoretycznej w
wyniku prasowania na goraco i nastepnie ochtodzony do temperatury otoczenia. Dla temperatury otoczenia obliczano catkowitg
energi¢ odksztalcenia oraz energi¢ odksztalcenia plastycznego materialu osnowy wokdt diamentu oraz energi¢ odksztalcenia
sprezystego czastki diamentu. Analizie poddano wplyw modutu Younga i granicy plastycznosci osnowy oraz wspoélczynnika
tarcia pomiedzy czastkg diamentu i osnowa na te energie.

W wyniku analizy otrzymanych rezultatéw badan modelowych stwierdzono, ze material osnowy odznaczajacy si¢ wigkszg
granicg plastycznosci zapewnia wyzsze wlasnosci retencyjne osnowy. Natomiast wigkszy modul Younga oraz zwigkszenie
wspélczynnika tarcia, np. poprzez zastosowanie osnowy odznaczajacej si¢ powinowactwem chemicznym do wegla maja z
punktu widzenia retencji diamentu mniejsze znaczenie.

1. Introduction

Powder metallurgy diamond tools are widely used
for machining natural stones and other difficult to cut
materials, such reinforced concrete or asphalt. In order
to maintain the highest productivity of the tool at the
lowest cost, the tool composition has to be properly ad-
justed to the workpiece properties and operating con-
ditions. A well engineered matrix must hold the dia-
monds firmly and wear at a rate fast enough to discard
degraded diamond grits in order to keep the tool sharp
and ensure its long service. The wear resistance of the
metallic matrix can be easily changed by adding soft
or hard components to the powder mixture [1]. More
difficult task is to control the hold on the diamond grits,

*

which is affected by the matrix mechanical properties,
mismatch between the thermal expansion coefficients of
the matrix and diamond, and phenomena taking place
at the diamond-metal interface. Most often the bond-
ing between diamond crystals and matrix relies on me-
chanical locking. During cooling to room temperature,
due to the mismatch between thermal expansion coeffi-
cients, diamond grits are tightened by the surrounding
matrix wherein complex stress and strain fields occur.
When coated diamond is used additional chemical bond-
ing may occur which increases friction/adhesion at the
diamond-matrix interface [2-5].

Computer aided modelling (CAM) seems to be a
perfect technique to study phenomena affecting diamond
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retention in the matrix, which has been utilised to evalu-
ate residual stresses and local plastic deformation zones
in diamond impregnated metal matrix composites [6-11].
Basing on the finite element modelling results it has been
suggested that diamond retention depends on the energy
of elastic and plastic deformation of the matrix around
the diamond crystal. None of the above cited studies,
however, did not scrutinized the effects of matrix char-
acteristics, such as Young’s modulus, yield strength, etc,
on its retention properties. Therefore the main objective
of the present research was to investigate the combined
effects of mechanical properties of the matrix and fric-
tion between matrix and diamond on retention of the

Fig. 1. Mesh used in the numerical analysis

embedded grits. To this end the Abaqus software was
used to create a 3-D model.

2. Experimental procedure and results

The simulations were performed on an elastic-plastic
model, where the linear tetrahedral type C3D4 elements
and linear hexahedral type C3D8R elements were used
to generate the mesh in the matrix and diamond, respec-
tively.

The mesh configuration is presented in Fig. 1,
whereas mechanical and thermal properties of the
analysed matrices are summarised in Table 1.

TABLE 1
Input data used for calculations
Diamond Matrix
Hot pressing temperature, (°C) 850
1.05-107° 1.6-107
. . . el
Thermal linear expansion coefficient, (m-K™") (0-1200°C) (0-1200°C)
Poisson ratio 0.2 0.3
160
) 180
Young’s modulus E, (GPa) 1000 200
220
350
Yield strength Ry, (MPa) - ggg
750
Tensile strength, (MPa) - 900
Strain, (%) - 10
Size, (um) 350 -
Height of diamond protrusion®, (um) 12050 -
Friction coefficient p at diamond-matrix interface 0; 0.2; 0.4; 0.6; 0.8; 1.0

* — the height of diamond projected out over the matrix level



To simplify calculations it has been assumed that
the matrix is an ideally plastic material which retains
its room temperature properties up to the hot pressing
temperature. The thermal properties of diamond were
taken from ref [12]. It has been assumed that the matrix
expands thermally in a similar manner to cobalt, widely
used as a matrix in the diamond tools industry.

As already mentioned, the potential retention prop-
erties of the matrix can be associated with energies of
its local deformation. Therefore the following energies
were calculated:

e total strain energy of the matrix being the sum of
elastic and plastic deformation energies (ALLIE),

e energy dissipated by plastic deformation of the ma-
trix (ALLPD),

e recoverable strain energy accumulated in the dia-

mond grit (RSE).
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During the cooling step the matrix grips the embed-
ded diamond thus generating a complex residual stress
field in the crystal. It is postulated that the higher stress
is generated in the diamond grit the better is the hold on
the grit by the matrix (better diamond retention). Hence
RSE becomes the key parameter used to assess retention.

The other two energies (ALLIE and ALLPD) being
accumulated in the matrix may, presumably, have an ef-
fect on its deformation when the tool is being exploited,
i.e. when the diamonds are loaded.

All investigated parameters were calculated for each
combination of mechanical properties of the matrix and
friction coefficients. Examples of maps showing distrib-
ution of stress/strain generated around diamond crystals
are presented in Figs 2 and 3. The calculated values of
ALLIE, ALLPD and RSE are summarised in Tables 2-4
and graphically analysed in Figs 4-6.

TABLE 2
Total strain energy ALLIE (x1073 mJ)
Friction coeflicient y = O (frictionless)
Young’s modulus, GPa Young’s modulus, GPa
Yield strength, MPa 60 | 1s0 | 200 | 220 160 | 180 | 200 | 220
Diamond protrusion 25 um Diamond protrusion 100 ym
350 126.7 131.4 135.9 139.5 59.2 61.6 63.7 65.6
500 150.9 157.3 162.5 167.6 69.2 72.5 754 77.9
650 169.9 177.9 185.1 191.1 76.6 80.5 84.1 86.7
750 180.8 189.2 196.4 204.2 80.0 84.6 88.6 91.6
Friction coefficient y = 0.4
350 129.1 133.9 138.2 142.2 61.6 63.9 66.1 68.0
500 154.3 160.7 166.4 171.5 72.4 75.5 78.4 81.0
650 173.9 182.0 189.1 195.4 80.2 84.0 87.7 91.3
750 184.6 193.7 201.8 209.0 84.1 88.2 92.4 96.1
Friction coefficient u = 0.8
350 130.0 135.1 139.1 142.9 62.4 64.9 66.9 68.9
500 155.5 161.9 167.6 173.1 73.5 76.8 79.7 82.1
650 175.5 183.6 190.7 197.0 81.6 85.8 89.4 92.7
750 186.4 195.6 203.7 210.8 85.5 89.8 94.5 97.7
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MAP OF RESIDUAL STRESS DISTRIBUTION

E =160 GPa, Rg> =350 MPa, p=0.2 E =160 GPa, Ro> =750 MPa, p =0.2

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
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MAP OF PLASTICALLY DEFORMED ZONE

E = 160 GPa, Ry, =350 MPa, pn=0.2 E = 160 GPa, Ry, =750 MPa, 1 =0.2

1 1

E =220 GPa, Rp, =350 MPa, p=0.2 E =220 GPa, Rp2 =750 MPa, p=0.2

Fig. 2. Example of stress and strain distribution calculated for diamond protrusion of 25 ym
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MAP OF RESIDUAL STRESS DISTRIBUTION
E = 160 GPa, Rp> =350 MPa, un =0.2 E =160 GPa, Ry> =750 MPa, u=0.2
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Fig. 3. Example of stress and strain distribution calculated for diamond protrusion of 100 um



1078

www.czasopisma.pan.pl P N www.journals.pan.pl

Energy of plastic deformation — ALLPD (x10~* mJ)

Friction coeflicient ¢ = O (frictionless)

Yield strength, MPa

Young’s modulus, GPa

Young’s modulus, GPa

160 ‘ 180 ‘ 200 ‘ 220

160 ‘ 180 ‘ 00 ‘ 220

Diamond protrusion 25 ym

Diamond protrusion 100 ym

350 81.9 86.9 91.5 95.3 36.1 38.6 40.8 42.7
500 90.3 97.0 102.5 107.8 37.8 415 44.6 474
650 93.9 102.4 109.8 116.5 36.8 412 454 48.6
750 94.1 103.7 111.5 119.8 35.0 39.9 444 48.2

Friction coefficient ¢ = 0.4
350 83.9 89.0 93.5 97.6 38.0 40.4 42.7 44.8
500 92.9 99.6 105.7 111.1 40.0 43.6 46.9 49.7
650 97.1 105.6 113.1 119.7 38.8 432 475 51.6
750 97.3 107.3 1159 1234 37.0 41.6 46.4 50.8

Friction coefficient u = 0.8
350 84.6 89.8 94.2 98.1 38.6 41.2 434 454
500 93.9 100.6 106.6 112.3 40.9 44.6 479 50.6
650 98.5 106.9 1144 121.0 39.9 44.7 48.9 52.7
750 98.9 108.9 1174 124.9 38.0 42.8 48.1 52.1

Recoverable strain energy — RSE (x1073 mJ)
Friction coefficient u = 0 (frictionless)
Young’s modulus, GPa Young’s modulus, GPa
Yield srength, MPa 1160 [ 180 | 200 | 220 | 160 | 180 | 200 | 220

Diamond protrusion 25 ym

Diamond protrusion 100 ym

350 6.7 7.2 7.7 8.1 4.0 43 4.6 49
500 9.7 10.5 11.2 11.8 5.9 6.3 6.7 7.1
650 12.7 13.7 14.7 15.6 7.8 8.4 8.9 9.4
750 14.8 15.9 17.1 18.2 9.0 9.7 10.4 11.0
Friction coefficient u = 0.4
350 6.7 7.2 7.7 8.1 42 4.5 4.8 5.0
500 9.8 10.5 11.2 11.9 6.2 6.6 7.0 7.4
650 12.9 13.9 14.9 15.8 8.3 8.9 9.5 10.0
750 15.1 16.2 17.4 18.5 9.7 10.4 11.1 11.8
Friction coefficient u = 0.8
350 6.8 7.3 7.7 8.2 42 45 4.8 5.1
500 9.9 10.6 11.3 12.0 6.3 6.7 7.1 7.5
650 13.0 14.1 15.0 15.9 8.4 9.0 9.6 10.1
750 15.2 16.4 17.5 18.6 9.8 10.5 11.2 11.8

TABLE 3

TABLE 4
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DIAMOND PROTRUSION 25 um
p =0 (frictionless) p=1.0

180

3 160 5 160
e # 160-180 g # 160-180
2 140 ~ 140-160 g 140 140-160
§ = 120-140 § #120-140
= 120 ~ 220 w=100-120 = 1 ~-220 =100-120
%bi 200 oo a6 <200 o
350 ' 3 S

500

i &
eld Strengy, - 650 i *o“‘\
L a

: 160 &
650 o

Yielq
trengty,
. Mpy

DIAMOND PROTRUSION 100 pm
p =0 (frictionless)

L ®

) £

g + 140-160 g

g »120-140 £

c c

= +220  ®=100-120 =
(’Q'l

Vield stre,, oth, oy 650
', Mpy

Fig. 4. The effect of friction and diamond protrusion on ALLIE
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Fig. 5. The effect of friction and diamond protrusion on ALLPD
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DIAMOND PROTRUSION 25 um
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Fig. 6. The effect of friction and diamond protrusion on RSE

3. Discussion and concluding remarks

As seen in Figs 2 and 3 the local stress is proportion-
al to the yield strength of the matrix, whereas the size
of plastically deformed zone shows the inverse trend.

From Tables 2-4 it is evident that ALLIE markedly
increases with the yield strength and Young’s modulus
while the effect of friction can be neglected. The ef-
fect of yield strength on ALLIE is more pronounced for
lower diamond protrusion and the opposite situation is
seen for Young’s modulus. Interestingly, the effect of the
coeflicient of friction increases by a factor of ~2.5 as the
height of diamond protrusion rises from 25 to 100um.

Contrary to ALLIE, ALLPD is mainly affected by
Young’s modulus, and its dependence on yield strength
is markedly weaker.

It is noteworthy that RSE strongly depends on the
yield strength of the matrix whereas the other two factors
are of secondary importance.

All in all, the generated data indicate that ALLPD
and RSE are mainly influenced by Young’s modulus and
yield strength, respectively, whereas both these proper-
ties equally affect ALLIE. The variation of friction co-
efficient between 0+1 has negligible effect on the cal-

culated energies, especially for low diamond protrusion.

It should be noted, however, that coated diamonds are

chemically bonded to the matrix and the friction coef-

ficient may attain values markedly higher than analyzed
in this work. In such a case the role of friction must not
be ignored.

The calculated energies apparently depend on the
height of diamond protrusion (Tables 2-4). It seems rea-
sonable to assume that the working height of diamond
protrusion is above 100um [13] and, therefore, the results
obtained for this value suggest that the factors which
contribute to improved diamond retention can be ranked
in order of decreasing importance as follows:

1. yield strength of the matrix — which markedly affects
RSE thus enhancing the hold on unloaded diamond
crystals

2. Young’s modulus of the matrix — which markedly
affects ALLPD and may potentially constrain plastic
deformation of the matrix around loaded diamonds

3. friction coeflicient at the matrix/diamond interface —
which has a minor effect on the calculated energies
within the range from u=0 to 1.
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