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Grinding is a common method for high-precision machining of machine parts. This
article describes problems that arise during the operation of diamond abrasive tools,
and discusses the results of simulation of the grinding process in the modes of high-
speed processing and the natural self-sharpening of the tool.
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1. Introduction

The efficiency of the process of diamond grinding is determined by the qualitative
characteristics of diamond wheels and the correctness of the choice of grinding conditions. The
first condition is largely ensured at the stage of production of the diamond wheels, the second at
the stage of their operation.

Currently, the most promising areas for improving the efficiency of the grinding process
are to increase the speed of diamond-abrasive processing and to implement a naturally self-
sharpening tool through rational choice of the parameters of the components of the wheel.
High-speed grinding increases productivity, accuracy and surface quality.!™ The control of the
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self-sharpening process can increase the cutting ability of the grinding wheel, which is
otherwise reduced because of clogging and blunting of its working surface.**

Improving the efficiency of diamond abrasive tools is an important scientific and practical
problem, the solution of which requires the development of science-based grinding modes and
a rational choice of wheel components. The results from a great deal of theoretical and
experimental research in the field of abrasive treatment testify to the efficacy of modelling for
optimization of both the sintering and grinding processes.>?

2. Principle

Simulating the complexity of the grinding process requires significant computational resources.
Despite this, international experience provides evidence that processing (including high-speed
grinding) simulation is an excellent tool for the evaluation and optimization of grinding
processes and, consequently, for increasing our knowledge about them. %7 The development
of computer technology opens perspectives for the development of complex research
methodologies for grinding processes using three-dimensional (3D)-simulations.

In the present work, the main tools for correlating theoretical modelling to experimental
grinding processes are analytical software packages based on the finite element method (FEM).
Testing the adequacy of the model requires a large number of experiments; however, limitations
of existing measurement methods do not allow the patterns of behaviour of a material to be
established by varying a large number of parameters.

The present work has led to the development of a modelling technique that allows an
adequate model of the grinding process using diamond wheels. Such a model is necessary for
the prospective evaluation of the feasibility of using diamond-based technology and as a means
to improve the cutting ability of grinding wheels.

Results for the improvement of diamond composite tools and the development of a coating
of cutting diamond grains containing nanostructured diamond are also presented. They indicate
the potential benefits of the deployment of nanostructured diamonds in the binding component.
Note that the nanodiamond properties are unique in the sense that they differ from those of both
hitherto known filling agents and other carbon materials. Furthermore, it should be noted that
the sizes of the ultradispersed diamonds (UDD) are very small (4-6 nm).®

3. Results and discussion

A study of the effect of grinding wheel binder type, of the type of metal phase, and of the
qualitative and quantitative composition of the diamond grains in the 3D system
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“workpiece—grain—metal phase—binder” was accomplished. In addition, the influence of
thickness, composition, and of geometric shape of the grain coverings was determined.

Since the processing is performed at high speeds, there is a risk of structural failure under
the influence of significant centrifugal forces; therefore, it is necessary at the design stage to
take into account these features. Our study was performed in two stages: first, the calculation of
tool design; and second, the calculation pertaining the layer of diamond fragments. Figure 1
shows the stress distribution diagrams in the composite diamond tool investigated.
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Figure 1. Stress (o) distribution in a composite diamond tool (6, = 3.45 GPa). (a) structural test of the
grinding wheel; (b) testing of a single piece of composite diamond layer.

After defining the necessary properties of diamond wheels for grinding it is necessary to
establish a productive combination of properties for the manufacture of these tools. It has been
determined that temperature may be a decisive factor in the process of destruction of the
diamond grains. This conclusion has been made on the basis of the calculation of the stress—
strain state. Since the tensile strength of diamond is lower than its compressive strength, the
criterion for fracture was obtained by calculating the maximum tensile stress for diamonds of
different brands and grits. Figure 2 shows the simulation of the manufacturing process of the
diamond composite material, indicating the worst-case by using a metal binder, in which case
the temperature has a huge impact on the destruction process.

On the basis of these simulations, multifactorial dependencies were obtained and a
mathematical description of the sintering process of the diamond composite layer was
formulated, which clearly describes the behaviour of the investigated system for a particular
range of the properties of its components, chosen according to the most widely used types of
grinding wheels (the parameters have the same values in the experiments concerning the
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Metallic binder Metallic binder
Sintering temperature: 400 °C Sintering temperature: 700 °C
Elastic modulus of binder 4.4 x 10" N/m? Elastic modulus of binder 4.4 x 10" N/m?
Elastic modulus of coating 1.1 x 10" N/m? Elastic modulus of coating 1.1 x 10" N/m?
Maximum value of 6.q,y,: 1.25 GPa Maximum value of 6.q,,: 2.01 GPa

Figure 2. Influence of binder properties and process conditions of sintering on the integrity of the
diamond tool.

production and exploitation of the diamond composite layer). The mathematical model used to
describe the process has the general form:

Y=b,+ D bX,+ > b XX, +> b X +... . (1)
The specific model to describe the process of sintering is:
Y =31.09-0.39X, - 0.17X, — 2.29.X, +3.60.X, + 0.85X,X, + 0.85X, X, + 0.85X, X, +
0.61X,X, +1.60X,X, +0.38X,X, —12.89.X7 —8.60.X7 +14.50.X> —10.03.X2, @)

where the chosen factors were: sintering temperature X, = 400-800 °C; coefficient of thermal
expansion of metallic inclusions in the grains X, =0.5x 10°— 1.7 x 10> K''; elastic modulus of
binder X,=1.9% 10" 6.9 x 10" N m ?; elastic modulus of coating X, = 1.1 x 10" =9x 10" Nm™™.
In Figure 3, a diagram of the stress dependence of the modulus of elasticity Y of the binder on
the sintering temperature, calculated according to equation (2), is shown.
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Figure 3. Stress dependence of the elasticity modulus of the binder /N m 2 on the sintering temperature / °C .
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Using this model, a favourable range of parameters for the manufacturing process of the
diamond composite layer can be defined. With the same method, a combination of properties of
the coating and the properties of the binder, which can significantly reduce the influence of the
temperature factor, can be determined. It may be noted that these diagrams can be selected to
determine the effect of each factor on the stress distribution. In the same way, the degree of
influence of any factor is determined (e.g., it was found that no significant change of the elastic
modulus of the grain coating makes it possible to use cheaper synthetic diamonds with
significant metal inclusions).

Additionally, mathematical models of the process of diamond abrasive machining were
obtained using finite element simulations. Some preliminary results on the use of different types
of diamond compositions and rational processing speeds are given. Figure 4 shows the
influence of mechanical parameters of components of the wheel on its 3D stress—strain state.

INFLUENCE OF ELASTIC MODULUS ON 3D STRESS-STRAIN STATE OF THE SYSTEM
Reduced stress diagrams at a peripheral speed of 160 m/s; value of the coefficient of thermal expansion (CTE)
1.7 x 10°K™!, thermal load 600 °C

=

Processed material

&
Processed material

value of elastic modulus value of elastic modulus value of elastic modulus
2 x 10" N/m? 9.8 x 10" N/m? 6.9 x 10'° N/m?

Processed material

Figure 4. Finite element model (FEM) simulation of the single grain microcutting process.

In these simulations the theory of multifactorial experiment planning (Figure 5) was also
employed.
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Figure 5. Stress dependence of the elasticity modulus of the binder / N m™ on the cutting speed.
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Equation (1) has the following specific form for describing the process of grinding:
Y =5591-0.02X,-0.07X,-6.79X, + 0.51.X, + 0.001X X, + 0.0LX X, - 0.001.X X, —
0.02X,X, +0.06X,X, +0.32X,X, —3.83X; -3.25X; —=12.05X; —9.52X; . 3)

The chosen factors were: the cutting speed (X,); the coefficient of thermal expansion of metallic
inclusions in the grains (X)); the elastic modulus of the binder (X,); and the temperature (X;).
Some results are shown in Figure 5.

Furthermore, numerical simulations were performed using an explicit dynamics solver
(LS-DYNA), in order to calculate the performance and dynamic behaviour of the grinding
process (Figure 6). Simulation modelling has established that above a speed of 120 m/s the
diamond abrasive grains become sharp. The reason for this phenomenon, in our opinion, is the
destruction of the blunted grains by impact with the workpiece. When operating at high speeds,
the binder becomes so rigid that the shock on the grains cannot be dampened and they collapse,
with the formation of brittle sharp edges.

Integration step Nel Integration step N2 Integration step Ne3
Timet=0c¢ Time £ = 0.0033 ¢ Time ¢ =0.0036 ¢
Visualization of stress distribution in the grinding at the ith step

Visualization of stress distribution in a group of abrasive grains at the ith step

Visualization of the destroyed volume of a group of abrasive grains at the ith step

Figure 6. Illustration of theoretical definition of damage in a working grain.

After analysing the behaviour of the main composite materials used in grinding, the idea of
introducing nanostructured additives in the binder and coating of the diamond grains, see
Figure 7, was further advanced.®

Investigations of the samples of the diamond-bearing layer of the grinding wheel, based on
the organic bonding agent B2-01% and diamond grains obtained by nickel-diamond coating,
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Figure 7. Diamond grain with nickel-diamond surface coating.

have been conducted. The composition of the diamond-bearing layer and its concentration
varied during manufacture of the samples. Tests of the physico-mechanical properties of the
particular brand of organic bonding agent used were carried out, whilst computer simulations of
the behaviour of these binders and coatings of diamond grains during grinding are planned for
the subsequent stage of investigation.

4. Conclusions

A new scientific approach to modelling the process of diamond grinding has been proposed,
which takes into account the main features of life-cycle engineering of diamond tools:
development, production and operation. Certain patterns useful for the selection of optimal
characteristics of diamond composite layers for the grinding process were identified. The
efficacy of high-speed grinding processing of superhard materials was demonstrated.
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