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An approach to increasing the efficiency of the diamond grinding of hard-working materials is shown. A well-
founded choice of characteristics of the diamond-bearing layer of the tool can be made through analyzing the
results of 3D modeling of the processes of formation and operation of the diamond-bearing layer and stresses upon
it. Diamond wheels formed on porous ceramic binders are investigated and discussed.
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1 Introductions

Grinding with diamond wheels is the most efficient
way of machining parts from various materials. Issues re-
lated to improving the efficiency of diamond abrasive
processing, due to their relevance, are of increasing inte-
rest for manufacturers and consumers of diamond-abra-
sive tools. One of the ways to improve the effectiveness
of grinding is the creation and use of a highly porous tool,
since an increase of the wheel porosity creates more fa-
vorable conditions for the intensive cutting of materials
with a reduction in the defectiveness of surface quality of
the machined parts.

The presence of large pores ensures the placement of
shavings between grains and contributes to additional
cooling of the workpiece due to the acceleration of the
penetration of the coolant into the cutting zone. As a re-
sult of lowering the temperature in the cutting zone, the
processing capacity can be increased by 2-2.5 times due
to forcing the cutting mode [1-2].

Thus, as indicated in [3], the use of grinding wheels
made of porous diamond makes it possible to reduce the
temperature in the grinding zone by 1.5-2.1 times up to
300-500 °C, which is well below the threshold of dia-
mond thermal destruction.

The main advantages of porous grinding tools are:

e increased metal removal per unit time and short-

ening of the grinding cycle;

e simplicity of profiling and increase in tool life
due to a significant reduction in the frequency of
dressing;

e significant reduction in the risk of burns due to
the high permeability of the diamond-bearing
layer;

e reduction of residual stresses after grinding.

This opens up prospects for the use of porous diamond
wheels for operations where the maximum contact zone
of the diamond-bearing layer with the detail takes place
(for example, in deep and flat grinding or grinding gear
teeth, especially for materials that are sensitive to overhe-
ating and are hard to work).

Currently, high-porosity grinding wheels are made
mainly of white electrocorundum grade 25A, chromotita-
nium electrocorundum grade 91A, or silicon carbide 64C.
The creation of diamond wheels with an open structure
(No. 10-12) will allow the realization of the above possi-
bilities of porous grinding tools and take advantage of
synthetic diamond used as an abrasive material.

For the production of porous diamond wheels, it is ex-
pedient to use a ceramic binder, which allows a diamond-
bearing layer to be produced with a given porosity and
makes it possible to create favorable conditions for the
self-sharpening of the tool and to shorten the processing
time [4].

The experience of using ceramic bindings indicates
that compared with metal and polymer binders they exhi-
bit maximum temperature stability and can be used in dry
grinding without the use of coolant. With ceramic binder
it is possible to create a diamond abrasive tool with high
porosity and self-sharpening ability. Such a tool is most
effective in semi-finishing and finishing operations as
well as in deep grinding, with high-speed modes, as it pro-
vides processing without burns with increased feed rates
and cutting depths [5-7]. Currently, wheels with ceramic
binder are widely used in all types of machine part grin-
ding and are the most effective tool in mass production
for internal, external, flat and incision grinding [5, §8].

However, it should be noted that the typical ceramic
binders used in the manufacture of the grinding tool are
of little use for the manufacture of diamond wheels, since
sintering of the diamond-bearing layer with their use
occurs at a temperature of 750 °C and higher [9,10]. As is
known, the main disadvantage of synthetic diamond used
as an abrasive material its low temperature resistance: an
increase in temperature to 700-750 °C, in particular in
using fine-grained diamond powder, causes the de-
struction of grains [11, 12]. It should also be taken into
account that the temperature that occurs in the cutting
zone when grinding hard-to-work materials can exceed
800 °C.

Therefore, the main condition for the production of
porous diamond wheels on ceramic binders is a decrease
in the sintering temperature of the diamond-bearing layer
and a decrease in the temperatures arising during grinding
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in the cutting zone. This problem can be achieved by for-
ming the porous structure of the diamond-bearing layer at
a reduced temperature (up to 650 °C) using low-melting
ceramic binders.

One of the conditions for obtaining high-quality po-
rous diamond-abrasive tools is to ensure a uniform distri-
bution of grains. In this regard, the choice of the rational
structure of the diamond wheel with a given porosity and
uniform grain distribution during the design stage of the
tool will allow higher metal removal rates, reduce the risk
of burning, improve the chip removal conditions and
increase the service life of the tool.

Realization of the advantages of ceramic-matrix dia-
mond wheels with a given porosity is possible provided
that the composition and structure of the diamond-bearing
layer are properly selected, as along with the justified
choice of the grinding mode. The methodology of 3D mo-
deling [13] based on the finite element method used in
this work allows the design of high-cost diamond wheels
to be automated and includes the following stages:

e modelling the process of forming a diamond

layer to determine the conditions that ensure the
integrity of diamond grains;

e simulation of the grinding process to determine
the rational conditions for processing materials
of different groups in the mode of self-sharpen-
ing;

e three-dimensional study of the parameters of the
relief of the working surface of the diamond
wheel by laser scanning;

e development of an expert system for determin-
ing the rational characteristics of diamond

wheels and modes of grinding hard-to-work ma-
terials.

To carry out these tasks the software packages
COSMOS, ANSYS® Mechanical, NOSTRAN, and "LS-
DYNA" were used.

In order to determine the rational characteristics of the
diamond-bearing layer of porous wheels and the conditi-
ons for conducting the processes of formation of the dia-
mond-bearing layer and grinding in the self-sharpening
regime, the effect of porosity of the binder, temperature
and strength loads on the level and nature of the distri-
bution of stresses arising during sintering of the diamond-
bearing layer and the grinding of different groups mate-
rials (on an example of a hard alloy VKS8, sitall AS-418
and synthetic polycrystalline diamonds (SPCD)) were in-
vestigated.

Fig. 1 presents models designed to study the stress-
strain state of the "metal-phase-diamond grain-binder-
pore" system, which simulates the structural-phase featu-
res of the porous diamond wheel at the micro level. 3D
models differed in the content of arbitrarily oriented clo-
sed pores with a size of 50-100 microns. In imitation mo-
dels, diamond grains of the brand AC with a grain size of
125/100 are modeled as octahedra. Inclusions of the me-
tal-solvent FeosSis in the amount of 6 vol. % (hereinafter,
the metal phase) is represented in the form of randomly
arranged rectangular parallelepipeds. Concentration of
grains was set as a percentage of the volume of the binder
and the total volume of grains (25 %, 50 %, 100 %) and
was performed by decreasing the inter-grain distance in
the model. The binder was created in the form of prisma-
tic fragments. The characteristics of the binder correspon-
ded to the properties of a typical ceramic binder K1-01;
the porosity of the binder was varied between 15-50 %.

Finite element- mesh

Fig. 1 3D micro-level models of porous diamond wheel

Temperature and strength loads were assigned proce-
eding from the conditions for conducting the processes of
formation of the diamond-bearing layer and grinding [ 14—
16].

Analysis of the stress-strain state of systems was
carried out on the basis of the results of finite element
calculations and their visualization. To determine the ra-
tional characteristics and conditions for the formation of

a diamond-bearing layer of porous wheels, as well as the
processing parameters of materials of different groups in
the self-sharpening mode, the influence of the porosity of
the binder, temperature and force loads that imitate the
sintering and grinding processes on the level and nature
of stress distribution was investigated.
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2 Influence of diamond-bearing layer sintering
parameters on the stress-strain state of the
"metal-phase-diamond  grain-binder-pore"
system

As is known, the diamond-bearing layer of wheels on
the ceramic binder is obtained in two ways depending on

a b

the given porosity:
e  hot pressing (for wheels with dense and medium
structure from 1 to 7);
e free sintering (for wheels with open, highly po-
rous structure from 8 to 12).
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Fig. 2 Influence of the temperature and strength loads on the level and pattern of equivalent stresses occurring in the
sintering zone of the diamond-bearing layer on the temperature: a) 400 °C; b) 600 °C; c) 800 °C

Taking into account the conditions for the formation
of the diamond-bearing layer, the sintering temperature
was varied within 400-800 °C; compaction pressure - va-
ried in the range of 30-50 MPa.

Calculations showed that the level of stresses caused
only by increasing the pressure to 50 MPa at the sintering
temperature to 400 °C does not exceed the ultimate stren-
gth of the grains AC 125/100 (o4 = 0.2 GPa), which in-
dicates an insignificant effect of the strength factor. The
stresses arising during the formation of the diamond-bea-
ring layer of the tool are characterized by a characteristic
distribution pattern (Fig. 2): the maximum equivalent
stresses (Ocq) are localized at the sites of inclusion of the
metal phase in the grain and distributed along the contour
of the sphere inscribed in the octahedron.

When the temperature is raised to 600 °C or more the
stresses in the region of inclusions of the metal-phase
increase and exceed this critical level. This is explained
by the significant difference in the CTE of the metal-
phase and diamond, and also by the structural heteroge-
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neity of the latter. Due to a noticeable expansion of inc-
lusions of the metal-phase in the grains during the sinte-
ring of the diamondiferous layer, it is likely that they will
be partially destroyed already at the stage of tool manu-
facture.

3 Effect of the porosity of the diamond-bearing
layer on the stress-strain state of the '"'metal-
phase-diamond grain-binder-pore' system

The beneficial effect of a decrease in the volume con-
tent of abrasive grains is known to occur through an incre-
ase in the porosity of the grinding tool on the thermody-
namic intensity of the grinding process [5, 16—18].

Information on the nature of the effect of the porosity
of the diamond-bearing layer on the integrity of diamond
grains during sintering is extremely limited. It can be seen
from the data obtained by us (Fig. 3) that when the binder
porosity increases, a redistribution of stresses occurs du-
ring the sintering of the diamondiferous layer.
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Fig. 3 Stress distribution during diamondiferous layer sintering: a) with a porosity of 5 %.: b) with a porosity of 30 %
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Thus, in the case of a diamondiferous layer with 100
% grain concentration and natural porosity up to 5 %,
stress on grains at a sintering temperature of 700 °C and
a compaction pressure of 30 MPa reaches 0.762 GPa and
is distributed predominantly on the contact surface of gra-
ins and binder. In this case the grain volume in which the
stresses exceed the ultimate AC 125/100 (o4—=0.2 GPa)
strength of the grain reaches 20-23%. If the bond porosity
is increased to 30% the equivalent stress is reduced to
40%. The grain volume for which stress is higher than 0.2
GPa does not exceed 15%.

Moreover, the region of maximum stresses propaga-
tion also encompasses the peripheral sections of the bin-
der in which the pores are located. This is most likely due
to the peculiarities of redistribution of heat-sensitive lo-
ads in a material with increased porosity.

Calculations also showed that the stress-strain state of
the system under study during sintering of the diamond-
bearing layer is largely determined by grain concentration
in the porous binder and also by its thermo-physical cha-
racteristics. It has been established that with an increase
in the grain concentration to 100 %, the level of equiva-
lent stresses increases approximately three-fold. This fact
is probably due to the approaching of grains, fixed in the
binder, which causes the superposition of the stress fields
of neighboring grains and manifests itself in an increase
in the overall stress level.

In this case, the centers of critical stresses exceeding
the strength of grains are localized on the faces of the
octahedron which imitates the diamond grain. The results
showed that in terms of grain integrity during sintering
their concentration in the diamondiferous layer when
using coarse diamond powders (100/80 pm and more)
should not exceed 50 %. With an increase in CTE and
thermal conductivity of binder there is a marked increase
in stress levels with all other conditions kept unchanged
and this tendency increases with increasing of diamondi-
ferous layer sintering temperature. This indicates the im-
portance of considering the complex thermo-physical

Grain

Pore Metallic phase

Bond

Material to be
a machined

characteristics and the need to reduce the sintering tem-
perature of the diamondiferous layer of the tool when
choosing a binder.

It has been established that when diamond-containing
composites are sintered at temperatures above 600 °C, the pro-
bability of destruction of low-grade diamond grains (AC2,
AC4, AC6) is high, which necessitates the application of pro-
tective coatings. Increasing the porosity of the diamondiferous
layer to 30 vol. % and above reduces this probability and eli-
minates the need for an additional technological operation of
the metallization of diamond grains.

Carrying out a series of simulation experiments using
mathematical planning methods made it possible to deter-
mine the optimal characteristics of the binder to ensure
the integrity of the grains at the stage of manufacturing
the diamond-bearing layer of the tool: thermal conducti-
vity A=0.6-0.75 W/m-K, CTE (6-7)-10-¢ K'!, the elastic
modulus E=95-110 GPa, the shear modulus G=(35-
45)-10° MPa.

4 Effect of the binder properties and porosity on
the ability of a diamond-abrasive tool to self-
sharpen during the grinding of different
groups of materials grinding

To model the grinding process by porous wheels, the
binder properties recommended at the previous stage of
the research were used as the initial data. Within the fra-
mework of this experiment, the porosity of the diamondi-
ferous layer (Pv = 20 %, 50 %) and the concentration of
grains in it were varied (Cg =25 %, 50 %, 100 %).

As the treated material, a sitall AS-418 strainer, VK8
hard alloy and synthetic polycrystalline diamonds
(SPCD) were considered. The implementation of the si-
mulation experiment was carried out using a series of de-
veloped 3D models of the diamond-bearing layer.
[lustrations of the distribution of stresses in the diamon-
diferous layer when grinding sitall AS-418 are shown in
Fig. 4.
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Fig. 4 3D models of diamond wheels with different porosity and grain concentration: a) PV=25 %, Cgr=25%, b)
PV=50 %,; Cgr=25%, c) PV=25 %; Cgr=100%;, d) PV=50 %, Cgr=100%

Analysis of the distribution of stresses showed that in
a diamond wheel with a more porous structure, the ma-
ximum equivalent stresses arising during grinding are lo-
calized both at the contact of the grains with the binder
and around the pores. In this case, the presence of additi-
onal stresses on the contacts of the pores and binder does
not affect the overall level of maximum stresses (Fig. 5).
With an increase in the concentration of grains and the
porosity of the diamondiferous layer, the dimensions of
such sites increase significantly; the maximum stresses
are manifested not only directly on the working surface
of the wheel, but also in its internal regions at a distance
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of ~100 um from the working surface. Calculations
showed that with an increase in the concentration of gra-
ins in the wheel, the level of the stresses arising increases
markedly. At 100 % concentration of grains for all values
of diamondiferous layer porosity, the stress level exceeds
the strength of the grains AC6 125/100 . This fact indica-
tes an increase in the probability of the significant loss of
grains during grinding. This phenomenon, known in the
practice of grinding as "involuntary self-sharpening", can
largely reduce the tool's efficiency and diamond-abrasive
processing performance.

Metallic phase

Material
tobe-machined

i

Fig. 5 Stresses distribution during grinding sitall AS-418 with a porous diamond wheel (Py = 25%) with different grain
concentrations: a) Cg=20 %, b) Ce=50 %, c) Cu=100 %

With a decrease in the concentration of AC 125/100 grains
to 50 %, the stresses causing their destruction (6.>0.2 GPa)
arise at the contact areas of grains and the processed material
(for all materials studied) only in a diamondiferous layer with
50 % porosity (Fig. 6). This fact is explained by the rise in the

load on a unit grain, as a result of which the probability of
microdamage of blunted diamonds during grinding increases
as one of the conditions for efficient self-sharpening of dia-
mond wheels.
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Fig. 6 Diagrams of stress distribution during grinding of hard alloy VK8 porous diamond wheels: a) Py=15 %, Cy=50
%, b) Py=30 %, Ca=50 %

Studies have shown that in a number of cases the level
of equivalent stresses on the septum between closely spa-
ced pores and on the contact surfaces of grains and binder
exceeds binder’s strength. Thus, as the porosity of the di-
amondiferous layer increases to 50%, the total volume of
such sites increases severalfold. It should be noted that as
the hardness of the processed material increases, an incre-
ase in the number and dimensions of the binder sites is
observed, for which a critical stress level is fixed (6.>80
GPa).

This gives grounds for assuming that the stresses that
exceed the binder strength can cause local destruction of
the highly porous diamondiferous layer. The appearance
of microdamage in a binder will facilitate the loss of gra-
ins that have completely lost their cutting ability, and will
contribute to the renewal of the working surface of the
wheel. Thus, the change in the porosity of the diamondi-
ferous layer is one of the most effective control factors of
the self-sharpening process of diamond wheels.

5 Investigation of the structure and properties
of porous diamond wheels on a low-melting
ceramic binder

The results of theoretical studies served as the basis
for the creation of porous diamond wheels on ceramic
binders. Samples of ceramic-matrix diamond-containing
composites were prepared using the developed low-mel-
ting ceramic binder by a components mixture pressing
and subsequent free sintering at a temperature of 620 °C.
The porosity of the composite materials obtained was de-
termined by the hydrostatic weighing method: Pv=9 %
and Py=36 %, respectively, for a composite with natural
porosity and a highly porous material obtained by forced
swelling of binder). The macrostructure of samples of ce-
ramic-matrix diamond-containing composites and the
characteristics of pores in the obtained materials are
shown in Fig. 7.

The studies of the samples showed that mainly closed
spherical pores are present in the composites obtained. In

a sample with natural porosity (Pv=9 %) pores are predo-
minately 70— 80 pm; the maximum pore size reached
~125 pm. In a sample with increased porosity (Pv=36 %),
pores with dimensions of 300-350 pm predominate,
while the maximum pore size reaches ~500 um. The pre-
sence of large pores in the diamond-bearing layer of the
wheel due to air supply will provide intensive cooling in
the contact zone of a diamond-abrasive tools with mate-
rial to be processed and a workpiece.

The dynamics of wheel working surface change du-
ring grinding was studied by laser scanning on a 3D
microscope VK-9700K (Keyence). Processing of the ob-
tained data with the use of special software VK Analyzer
Plus allowed us to determine the main topographic para-
meters and to estimate the nature of the change in the 3D
topography of the wheels working surface before and af-
ter grinding (Fig. 8). During the experiment, a filter was
used to separate the waviness of the macro profile of the
working surface of the wheels from the relief of diamond
grains above the level of the binder [14]. The results of
the studies showed that for different grinding exposures
(10 s and 3 min) the value of the support surface tps of the
wheel with natural porosity (Fig. 8a) differs insignifi-
cantly (0.45 % and 0.6 %, respectively). Preservation of
topographic parameters indicates that the main wear of
the working surface of this sample does not occur due to
the loss of grains from the binder but due to the fragile
microfracture of grain. It can be assumed that the forma-
tion of a worn-out site on the surface of diamond grain
causes a local increase in the temperature load and stres-
ses in the grain during grinding. This leads to the appea-
rance of microcracks in grains, that are the starting points
of fracture of blunted grains. As it is known, the increase
in the cutting properties of diamond wheels is largely de-
termined by the ability of diamond grains to micro-chi-
pping. The new contact surfaces formed in this case act
as additional cutting edges, which increases the service
life of grains and tools in general.

indexed on: http://www.scopus.com

451



June 2019, Vol. 19, No. 3 MANUFACTURING TECHNOLOGY ISSN 1213-2489

23 -
1% (I
L £

£

T S
o 7 o~ 40
E?. iy ° - "_T\
= 3‘ 4 Y
z o Ak 37 ] y N
< Ji \ o L \
Q? 20 ¥ .- o i A%
I 1 a ¥ 20 i _i\T,
Fi . f —i‘—‘
10 = X 10 7 -
1 N ¥ .
0 - | ﬁ nl- |
0 25 30 75 100 125 130 |50 200 230 300 350 400 450 500
dpare » pm dpore , mm
a b

Fig. 7 The structure of fracture of the diamond wheels and the distribution of pore sizes for samples of composite with
different porosities: a) Py=9 %, b) Py=36 %
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Fig. 8 3D topography of the diamond wheels working surface after grinding of synthetic polycrystalline diamond: a)
sample with Py=9%, b) sample with Py=36%
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The microrelief of a sample of a wheel with increased
porosity (Fig. 8b) obtained by forced heaving up of the
binder is more developed and has a significant number of
sharp cutting edges. Analysis of t,s values along the pro-
file depth of the diamondiferous layer showed that up to
a depth of 25 um a monotonic increase of this parameter
occurs to 6 %, while at the maximum depth of the profile
tps varies insignificantly (0.39-0.55 %). This allows us to
assume that when grinding is performed under the indica-
ted conditions, the formation of wear areas on grains is
practically not observed due to the microcracking of blun-
ted edges. More noticeable is the change in other topo-
graphic parameters of the working surface of the sample,
which is probably due to the microfractures of the highly
porous binder during grinding. The appearance of micro-
damage of the binder simplifies the removal of the grains
that have completely lost their cutting ability from the
working surface of the wheel. Studies have shown that for
a wheel with increased porosity of the diamond-bearing layer
(Pv=36 %)), the best cutting ability is observed at low values
of the relative support surface (t,s). Apparently, in this case the
specific energy of grinding is minimal and the processing is
most effective. The well-developed microrelief of the porous
diamond wheel provides additional advantages, such as re-
duced resistance to chip formation, the exclusion of burns and
the reduction of residual stresses in the material after tre-
atment. From these observations allow us to confirm effecti-
veness of porous diamond wheels formed with the developed
low-melting ceramic binder in the grinding of hard-to-work
materials.

6 Conclusions

With the proposed methodology it is possible to de-
termine the influence of structural, strength, and thermal
factors on the stress-strain state of the diamond-bearing
layer during the production and operation of diamond
grinding wheels at the design stage. Using this approach,
a scientifically based selection of the characteristics of
porous diamond wheels can be made, taking into account
the different processes conditions of the tool life. As a re-
sult of micro-level modeling using the developed models,
rational characteristics for combinations of constituent
elements of ceramic-matrix diamond wheels with natural
and increased porosity are determined taking into account
the temperature-strength parameters of sintering and grin-
ding of different groups of materials.

The results of theoretical calculations formed the
basis for the creation of porous diamond wheels on a low-
melting ceramic binder, which ensures the formation of a
diamond-bearing layer at a temperature of 620 °C. The
produced samples of diamond wheels demonstrate all the
advantages of diamond abrasive tools (durability, excell-
ent cutting ability, high grinding performance and preci-
sion of processing, long service life, a wide range of pro-
cessed materials, including brittle and difficult to process
materials). This greatly expands the possible areas of their
application in the processing of viscous and plastic steels,
cast iron, with intensive processing modes in the operati-
ons of profile deep grinding of parts from nickel and tita-
nium alloys, parts from alloy steels with a nitrided sur-
face, or precision grinding, as well as for grinding parts

from hardened alloyed steels and sharpening tool without
the use of coolant.
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