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NUMERICAL ANALYSIS OF DIAMOND RETENTION IN COBALT AND A COPPER-BASE ALLOY

ANALIZA NUMERYCZNA RETENCJI KRYSZTALU DIAMENTU W KOBALCIE I STOPIE MIEDZI

Why cobalt outperforms other matrix materials in its capacity for diamond retention in cutting tools is considered. To
this end diamond loading conditions were modelled to establish the magnitude of stress and strain in the matrix surrounding
a working diamond crystal. Only at 315 N did the contact force in Co result in plastic strain of 4-8%, which has a destructive
influence on diamond retention. The strain field generated in a poorly performing Cu-40%Co-6%Sn matrix under a load of
190 N closely resembled that generated by 315 N in Co. It is postulated that diamond retention is related to the yield strength
and work hardening characteristics of the metallic matrix.
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W artykule przedstawiono analiz¢ czynnikéw decydujacych o bardzo dobrych wiasnosSciach retencyjnych kobaltu w od-
niesieniu do krysztaléw diamentu w spiekanych materiatach narz¢dziowych. W tym celu przygotowano komputerowy model
krysztatu diamentu osadzonego w osnowie i poddanego dziataniu zewnetrznego obcigzenia dla ustalenia wielko$ci naprezen i
odksztatcent pojawiajacych si¢ w osnowie. Stwierdzono, ze sita 315 N dziatajaca na diament umieszczony w kobalcie powoduje
odksztalcenie plastyczne osnowy w zakresie 4-8%, co ma negatywny wplyw na retencje. W przypadku stopu Cu-40%Co-6%Sn
podobne warto$ci odksztatcert zaobserwowano pod dziataniem sity 190 N. Na podstawie otrzymanych wynikéw symulacji kom-
puterowych mozna stwierdzié, ze wlasnos$ci retencyjne materialu osnowy uzaleznione sg od jego granicy plastycznosci oraz
zdolno$ci do umocnienia wywotanego odksztalceniem plastycznym.

1. Introduction The depth of cut (a) usually ranges between 0.4 and
20 mm, whereas the feed rate (v) is adjusted to the saw

Various kinds of granite, dense refractories and fused
ceramics are wet sawn in many passes with a reciprocating
movement of a segmented circular saw blade, which alternate-
ly operates in the up-cutting and down-cutting modes (Fig. 1).

Fig. 1. Kinematic diagram of circular sawing

blade characteristics, machine rigidity and power, and tool
life requirements. Thus cutting rates (a- vy) vary from 300
to 600 cm?/min under standard and heavy-duty conditions,
respectively.

In down-cutting, each working diamond crystal penetrates
into the workpiece to full depth when coming in contact with
it, whereas in up-cutting, diamonds gradually increase the
depth of penetration to achieve the maximum value while
leaving the cutting zone. Consequently, the diamond break-
down is facilitated by downward rotation of the blade that,
by its nature, creates pulsing impact forces acting on crystals
which enter the cutting zone. Their magnitude depends on the
maximum chip thickness (%,,,,) approximated as [1]

Vr-a 1 1
a-D D?

(D

max vS-C-w.
where C and w stand for the number of diamonds per unit
surface and the average width of diamonds, respectively.

The failure of a diamond crystal is governed in a complex
manner by its shape, orientation and ability to withstand im-
pact forces, the magnitude of mechanical and thermal loading,
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and the matrix retention properties. With blocky and robust
crystals (Fig. 2), used for the most demanding sawing tasks,
the cutting conditions must be carefully chosen in order to
facilitate their controlled micro-fracturing. Otherwise, due to
insufficient diamond penetration depths (/,,,.), excessive fric-
tion leads to cutting point blunting (steps I and II in Fig. 3).

Fig. 2. High grade synthetic diamond
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Fig. 3. Diamond pullout-controlled wear progression in circular saw-
ing

This results in high forces oriented 80-85° normal to the
stone surface [2], which, being transmitted to the matrix, may
cause its plastic deformation (step III in Fig. 3). As each work-
ing diamond is subjected to cyclic loading, applied at 3-35 Hz
intervals, depending on the blade diameter (0.3-3.5 m) and pe-
ripheral speed (25-35 m/s), each time the yield strength of the
matrix is exceeded, the crystal seat slightly opens and thereby
the hold on the diamond is being gradually destroyed. Finally,
when pullout occurs, the trailing matrix ridge is immediately
removed by harsh 2-body abrasion (step IV in Fig. 3). The
wear rate then decays over time as clearance increases, and
other forms of wear, such as 3-body abrasion and erosion,
take over.

Both hardness and yield strength of the metallic ma-
trix are still believed to give good indication of its
diamond-holding ability. Such a simple approach to the prob-
lem of diamond retention neglects, however, at least three im-
portant facts. First, hardness tests involve relatively high plastic
strain of between 5-12% [3]. Second, both hardness and yield
strength are measured by means of static tests, whereas the
diamond/matrix set-up is subjected to high frequency impact
loading which may affect the yielding behaviour of the matrix.
Although the load duration estimates are available [2], the ac-
tual stress regime cannot be quantified and it is difficult to
precisely determine the strain rates involved. Third, a typical
diamond cutting point maintains protrusion for around 30 000
impacts [2,4,5], which implies fatigue of the matrix.

In view of all these limitations, the diamond retention ca-
pacity of the matrix can be reliably estimated only in sawing
tests by counting the number of diamonds and pullouts on the
tool working face and calculating the proportion of the total
number of diamonds to the total number of diamonds and
pullouts. Such tests were previously carried out by the au-
thors on class IV granite using 250 mm segmental saw blades
which contained 40/50 US mesh premium grade diamond at
20 concentration (5 vol.%) and differed in the matrix material
[6,7,8]. In addition to the number of diamonds and pullouts,
the working face of the saw blades were also analysed for the
height of diamond protrusion using an optical profiler.

The results are given in Table 1.

TABLE 1
Diamond crystal retention and protrusion [6,7,8]

Total number of Mean height
Matrix diamonds retained of diamond
on saw blade ¢ protrusion ? (um)
Co 757 (71%) 70+5
Cu-40%Co-6%Sn 544 (49%) 565

“ values in brackets represent the proportion of the total number
of diamonds to the total number of diamonds and pullouts
b confidence intervals were estimated at 90% confidence level

2. Experimental procedure and results
2.1. Modelling the diamond/matrix setup
On the basis of previous works [9,10], the strain rate in-

dependent, 3D finite element analysis (FEA) was carried out
for both the Co and Cu-40%Co-6%Sn matrix using ABAQUS



software. The stress/strain distribution field was studied for a
single cubo-octahedral diamond crystal, having a morphology
index 7 =0.25 [11], which had been partially embedded in a
metal matrix, as shown schematically in Fig. 4.

{1003 | Height of

| protrusion

< 350 pm —

Fig. 4. Perfectly shaped diamond crystal partially embedded in a
metal matrix

The diamond was meshed with 3456 linear hexahedral
elements of type C3D8R, whereas the matrix was meshed
with either 15924 or 12368 linear tetrahedral elements of type
C3D4 for the crystal protrusion of 50 and 70 um, respective-

ly.
2.2. Modelling the cooling stress

During the cooling stage of the hot pressing cycle a stress
field arises in the matrix surrounding each diamond crystal due
to a mismatch between the thermal expansion coefficients. As
the dependence of mechanical and thermal characteristics of
the system components on temperature is unavailable, ana-
lytical prediction of the amount of plastic strain and strain
hardening, and their effect on the magnitude of the residual
stress presents difficulty. It has been, however, proved experi-
mentally that the application of y-Raman spectroscopy allows
quantification of hydrostatic stress that sets up in diamonds
partially embedded in cobalt during segment fabrication [12].
Therefore, to reproduce the stress/strain conditions in a hot
pressed segment, the diamond/matrix setup was pre-stressed
by simulated cooling from an unstressed condition, existing
at a hypothetical T, temperature, lower than the hot pressing
temperature, to 293 K. The model of an elastic-plastic material
was applied and experimental true stress-true strain curves of
Co and Cu-40%Co-6%Sn were used as the input data. It was
also assumed that the main mechanical and thermal character-
istics of the experimental matrix materials and diamond were
temperature independent within the cooling range.

The ABAQUS input data are presented in Table 2.

The variation in hydrostatic stress along the central axis
of a diamond crystal protruding above the cobalt matrix was
calculated for three values of T,, arbitrarily chosen as 450,
500 and 550 K, and compared with the y-Raman data taken
from ref [12]. As in the u-Raman measurements, the stress
was calculated for crystal protrusion of 50 um.

The analytical and experimental stress distribution curves
are presented in Fig. 5.
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TABLE 2
Mechanical and thermal properties of matrix materials [6,8,13] and
diamond [14]

Matrix properties at 293 K| Co |Cu-40%Co0-6%Sn | Diamond
0.2% offset yield
strength (MPa)

Young’s modulus (GPa) 202 138 1050

Poisson’s ratio 0.3 0.3 0.2
Thermal expansion
coefficient (1076-K™1)
Static coefficient of
friction on diamond

640 360 -

13.8 18.4 1.5

0.1 0.1 -

—e— hydrostatic stress (u-Raman spectroscopy [12])
hydrostatic stress (cooling from 450 K; FEA)
hydrostatic stress (cooling from 500 K; FEA)

-8-
—0—

—e— hydrostatic stress (cooling from 550 K; FEA)
600 T
1
——o-
o e
5001 g o
g /
= ! e 0 =0~ o.
§ 4004 Z | - °
> | £
g £
£ 300 I
@ I
o 1
2 |
% 200 4 I
% 1
g :
S 100+
O..
¥
-100 | : . . . . . .
0 50 100 150 200 250 300 350

Depth beneath diamond surface, pm
Fig. 5. Stress distribution curves in a diamond crystal protruding 50
um above the cobalt matrix

As the surface stress in the u-Raman spectroscopy mea-
surements was normalised to zero [12], it is evident from Fig
5 that the hydrostatic stress distribution for 7, =500 K fits the
experimental data within the depth range 0-200 um. Interest-
ingly, after cooling the system from 500 K the maximum von
Misses stress reaches the yield strength of Co taken for the cal-
culations (Table 2, Fig. 6a). Therefore, due to lack of y-Raman
spectroscopy data for the diamond/Cu-40%Co-6%Sn system,
the T, temperature was established by the yield strength cri-
terion as 425 K (Fig. 6b).

ax: +3.6+002

Fig. 6. Stress distribution in (a) Co and (b) Cu-40%Co-6%Sn after
cooling the diamond/matrix setup from 500 and 425 K, respectively
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2.3. Modelling the diamond loading conditions

In the next step the FEA was used to predict how the
stress/strain field generated in the matrix during its consolida-
tion reacts to an external force applied to the protruding dia-
mond. Prior to loading, the diamond protrusion was increased
to 70 um to comply with the mean height of protrusion eval-
uated on the working face of real segments (Table 1). After
pre-stressing by cooling from 7, the diamond was loaded by
a combination of pressure and a concentrated force as shown
schematically in Fig. 7.

70 um

Fig. 7. Diamond loading scheme

The crystal loading conditions were inferred from the ex-
perimental data published in ref [15]. Detailed analysis of
forces acting on a working saw blade indicates that the normal
to tangential force ratio may vary between 4 and 11, depending
on the cutting conditions [15]. As documented in Table 3, the
tangential force per unit length of contact remains unaffected
by the sawing conditions, whereas the normal force varies to
a large extent.

Experimental results obtained in sawing class IV granite
by a single-crystal saw, fitted with force transducers, gave an
average contact load of ~190 N per crystal cutting, a rate
equivalent to 300 cm?/min [2]. Such high contact loads, com-
bined with the F, figures from Table 3, imply that only one
crystal per ~3 cm length of contact between the blade and
granite is actually involved in cutting. This can be explained
by two facts. First, at any moment only ~26% of crystals
seen on the working face of a saw blade have sufficient height
of protrusion to be involved in cutting [5], and second, in
down-cutting the impact loading of the cutting crystal caus-
es increased removal of workpiece material of a magnitude
which prevents the trailing diamonds, or even segments, from
engaging [16]. It should also be noted that high grade dia-
mond crystals of 40/45 mesh size are sufficiently strong to
withstand both static and dynamic forces exceeding 500 N
[17].

In order to closely reproduce the conditions given in Ta-
ble 3, the diamond crystal was loaded with a force of 130,
145, 190 and 315 N, angled versus its normal component at
14, 11, 9 and 5°, respectively.

The FEA results are shown in Table 4 and in Figs 8-11.

TABLE 4
Maximum von Mises stresses and plastic strains

Contact Co Cu-40%Co-6%Sn

Force angle | Maximum | Maximum | Maximum | Maximum
N) ¢ (deg) stress strain stress strain
(MPa) (%) (MPa) (%)
130 14 769 1.42 517 4.24
145 11 797 1.83 530 4.96
190 9 851 3.39 543 8.15

315 5 963 8.38 - -

TABLE 3
Results of sawing tests performed on class IV granite (adapted from
ref [15]
: Normal Tangential
Cl;;ttl:g Depth force per force per
v of cut | unit length | unit length | F,/F, ¢ |hue ”
3y I a (mm) | of contact | of contact
(cm”/min) F,(N/cm) | F, (N/cm)
150 7.5 114 11 10.8 (5°)| 1.00
300 10 68 11 6.3 (9) | 1.74
300 7.5 54 11 5.0 (11°)| 2.00
450 15 48 12 4.2 (14°)] 2.16

¢ values in brackets indicate the contact angle (¢) between
the resultant force and its normal component
b relative values calculated using equation (1) and assuming
vge C- w=const

Obviously the normal force per unit length of contact
inversely correlates with A, which implies dulling of high
grade diamonds at low penetration depths.

3. Discussion

The ABAQUS software proved suitable for building a
model of a cubo-octahedral diamond crystal partially embed-
ded in a metal matrix, as well as for creating a digital rep-
resentation of the stress/strain field arising both inside the
diamond and in the diamond bearing matrix due to thermal
contraction and mechanical loads during tool fabrication and
use. Obviously the FEA approach does not account for varia-
tions in actual crystal shape, size and orientation, presence of
other crystals within the analysed volume, sensitivity of the
metal matrix to strain rate, its fatigue and mechanical proper-
ties at high strain rates, absorption of strain energy into the
loaded crystal and strain transparency phenomena occurring
at the crystal-matrix interface [2]. On the other hand, FEA
is a simple means of calculating stresses and strains in the
close proximity of a loaded diamond crystal which cannot be
estimated otherwise.

The ABAQUS calculations demonstrated uneven distrib-
utions of stress and strain in the matrix surrounding the loaded
crystal. The highest values were seen in areas (mesh nodes and
elements) lying on the trailing side of the surface, or somewhat
beneath it, and adjacent to sharp crystal edges (Figs 8 and 9).
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Fig. 8. Strain distributions in Co after loading through a protruding
diamond with a force: (a) 130 N (¢ =14°), (b) 145 N (¢ =11°), (¢)
190 N (¢ =9°), (d) 315 N (¢ =5°)
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Fig. 10. Distributions of o-j; normal stress (left) and &;; strain (right)
components in Co loaded through a protruding diamond with a force:
(a) 130 N (¢ =14°), (b) 145 N (¢ =11°), (c) 190 N (¢ =9°), (d) 315
N (¢ =5°)

This accounts for the location of debonding gaps (Fig. 3) seen
along the back-edge of overloaded diamonds [6].

From an infinite number of force/contact angle combi-
nations, the four experimentally derived examples (Table 3)
were addressed in the analysis. As demonstrated in Table 3,
high Ay, values imply harsh impact loading of the working
diamonds and mild loading conditions for the matrix. If the
working part of the diamond remains rough, showing extensive
micro-fracturing and no wear flatting, the cyclic loads remain
bearable by the matrix.

Although for Co the maximum plastic strains for contact
forces of 130 and 145 N were estimated at 1.4 and 1.8%,
respectively (Table 4), detailed analysis of the strain distrib-
ution maps showed that only tiny volumes of the matrix had
experienced plastic strain in excess of 1% (Figs 8a and 8b).
The increase in the contact force to 190 N resulted in around
two-fold increase in plastic deformation (Fig. 8c, Table 4),
whereas, with further growth of the contact force to 315 N,
the progressive build-up of plastic strain, to between 4 and 8%,
could reach a critical volume, thus having a destructive influ-
ence on diamond retention (Fig. 8d). Interestingly the strain
field generated in the poorly performing Cu-40%Co-6%Sn ma-
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Fig. 9. Strain distribution in Cu-40%Co-6%Sn after loading through
a protruding diamond with a force: (a) 130 N (¢ =14°), (b) 145 N
(¢ =11°), (c) 190 N (¢ =9°)
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Fig. 11. Distributions of o-; normal stress (left) and &;; strain (right)
components in Cu-40%Co-6%Sn loaded through a protruding dia-
mond with a force: (a) 130 N (¢ =14°), (b) 145 N (¢ =11°), (c) 190
N (¢ =9°)

trix under the load of 190 N (Fig. 9) closely resembled that
brought about by 315 N in Co.

Detailed analysis of the oj; normal stress and &;; strain
components has demonstrated that the major part of the lead-
ing diamond facets remains under compression and in contact
with the matrix when the contact force does not exceed 190
and 145 N for the Co (Figs 10a-10c) and Cu-40%Co-6%Sn
(Figs 11a-11b) matrix, respectively. The area under compres-
sion dramatically decreases and the gap between the leading
part of the diamond and the matrix markedly widens when the
contact force increases (Figs 10d and 10c). This may promote
massive crystal damage due to reflected dynamic tensile strain,
exacerbated by poor contact with the matrix [2].

4. Conclusion

The effect of contact force on the magnitude of stress and
strain in the surrounding matrix was studied theoretically us-
ing the finite element analysis. The results showed that, under
the same loading conditions, cobalt matrix outperformed its
copper-base counterpart in the load bearing capacity. This was
consistent with quantitative estimates for diamond retention
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acquired from granite sawing tests. Although the FEA has its
limitations, because it ignores the important effects of impact
loading and diamond orientation, it can be successfully used
for a quick assessment of the matrix capacity for diamond
retention by benchmarking against the best performing cobalt.
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