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Abstract. The results of the analysis of the possibility of constructing a system for ensuring the
quality of mechanical engineering parts by nanomodification of the surface layer are presented.
The implementation is considered on the example of grinding technologies with nanomodified
lubricating coolant. Mathematical models describing the process of creating conditions for
nanomodification of the surface layer and algorithms for practical implementation are presented.
Introduction
Formation of quality characteristics in the surface layers has always been the key problem of the
production process during grinding operations. Being the finishing stage of processing, any
deviations from the specified characteristics lead to failure of the entire process. Stable quality
assurance in grinding operations, especially those of profile and deep types [1, 2], requires special
attention to the design of operational technology. The paper discusses peculiarities of using coolant
modified with various nanoparticles for grinding operations in order to improve quality
characteristics of the surface layer by controlling surface defect structure of the material being
processed.
Characteristics of Grinding Technology Using Nanomodified Lubricating Coolant
To control metal surface defect structure in designing machining to ensure the quality of the
surface layer is an urgent and non-trivial problem. Nowadays, cavitation technologies for grinding
intensification [3] and nanotechnologies to prepare lubricating coolants are widely used [4].
When developing grinding technology using nanomodified coolants, the following essential
processing conditions must be satisfied: composition of nanomodified coolant (particle material,
particle size, concentration); coolant supply conditions (pressure, flow rate, supply method);
workpiece allowances for the grinding operation; processing modes (cutting speed, feed rate,
cutting depth); material and type of grinding wheel (there is no available information on this
condition yet).
To fulfill the above conditions, it is necessary to solve a number of scientific, engineering,
and technological problems listed below.
Selection of Coolant Composition with Nanoadditives. The formation of cavitation bubbles
within liquids allows solving a number of technological tasks for grinding, and change the
quality of physical and chemical conditions of the coolant, namely: to reduce the cutting forces
during processing, which provides for longer life of the wheels and increases the grinding ratio
[4]; to improve cooling efficiency of the coolant [5]; to modify physical parameters of workpiece
surface taking into account the activation of cavitation processes in the liquid, provided the
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.

443

Modern Trends in Manufacturing Technologies and Equipment
Materials Research Proceedings 21 (2022) 443-449

Materials Research Forum LLC
https://doi.org/10.21741/9781644901755-73

presence of surface sediments in microelements [3, 6, 7]; to fill the arising microcracks in the
surface layers of workpieces, thus increasing bearing capacity thereof [6].
Recommendations for using various nanoadditives [7, 8] in coolant composition to solve
functional technological tasks are summarized in Table 1.
Table 1. Applicability of nanoadditives to the coolant
No.
1
2
3
4
5

Functional technological task
Reducing the cutting force
Improving cooling efficiency
Improving the efficiency of lubrication

Recommended additive
Cu
CuO, NiO, CNTs and SiC
TiO2, SiO2, Al2O3, MoS2,
ZnO and nanodiamond
Modifying surface physical parameters taking Ni, Cu
into account the activation of cavitation processes
Filling arising microcracks in the surface layers
Cu

Selection of Filler Composition in the Form of Nanodispersed Powder Additives is based
on the adhesive properties of materials. There are practical recommendations on using
nanopowder additives in coolant during processing with selection of material type in accordance
with the grade being processed [5, 6].
For example, when grinding ferritic materials based on zinc manganese or copper
compositions, there are recommendations [6] on the introduction of copper nanoparticles into
coolant composition. Copper is chosen as a nanopowder material for grinding ferrite alloys due
to the absence of influence of particles integrated into surface microcracks on the magnetic
properties of materials. Besides, being filler in the coolant, copper is a versatile material, since it
has high adhesion and penetrating properties to most metal materials processed by grinding.
When grinding nickel-based superalloys, it is strongly recommended [6] to use nickel
nanopowders as fillers.
Selection of Filler Particle Size in the Form of Nanodispersed Powder Additives is based
on the key task to obtain penetration of particles into the deformed surface layer resulting from
grinding. To accomplish this, one has to estimate the sizes of pores and microcracks on the
surface, and select a particle size by three orders of magnitude smaller. For example, in [8], sizes
of microcracks in ferrites are studied after being processed with diamond grinding wheels, and
the crack width being 0.1-0.3 mm. In accordance with these data, it is recommended to use
copper nanopowders with 50-100 nm particle size as additives. Damages to the surface layers in
the form of microcracks with a width of 0.01-0.02 mm [9] were found during deep grinding of
turbine blades made of superalloy. In accordance with [6], it is advisable to use nickel powders
with 7-80 nm particle size.
Selection of Grinding Modes is based on the calculations recommended by the reference
books, and theoretical calculation of the operating conditions of cavitation processes occurring in
the nanomodified coolant.
During finishing processing by grinding with the use of nanomodified coolant, the surface of
the processed material is actively saturated with nanoparticles from the liquid medium by means
of the cavitation mechanism of the acoustocapillary effect with the use of metal nanoparticles
contained as additives in the process liquid.
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Cavitation can be realized in a coolant environment due to shock interaction of abrasive
grains with the processed surface. The waves propagate through the abrasive grains, and then are
transferred to the liquid. The collapse of cavitation bubbles near the surface layer leads to the
formation of cumulative jets, which stimulate the penetration of process liquid with nanoparticles
into the channels of microcracks. As a result, microcracks of the metal surface layer are filled
with nanoparticles, and the effective surface Young’s modulus is modified [10, 11, 12]. The use
of nano-modified coolant in combination with cavitation processes could form the basis for a
strengthening technology to form wear-resistant surface layers. To calculate the collapse time tc
of cavitation bubble, the Nolting-Nepayres equation was used. An analytical formula for tc was
obtained for incompressible liquid approximation when neglecting viscous losses:
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where ρ0 is the density of the liquid; рm is the amplitude of pressure fluctuations in the liquid; R0
is the bubble radius; ω is the vibration frequency; ωо is the resonant frequency,
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The value of tc (10-8 s) has been estimated for the following parameters from Eq. (1) (R0=10-6
m, р0=105 Pa, ρ0=103 kg/m3, γ=1.4, and δ=0.10), constrained by:
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It can be seen that tc depends on the vibration frequency, the bubble radius, coolant density,
amplitude of pressure fluctuation in the liquid, and on the logarithmic decrement.
The tc value is bounded from above: ω tc <1, where ω is the vibration frequency. The
cavitation bubble should collapse in a time shorter than the vibration period.
Let us analyze the potential of cavitation bubbles during grinding with wheels, taking into
account the distribution of grains [13] in the structure of the wheel. Cavitation penetration of
microparticles from the collapsing bubble into the formed crack occurs on the surface of the
processed material at the moment of interaction between the grain and the formed microcrack.
The vibration frequency should be calculated based on the distance parameters between the
abrasive grains and the peripheral speed of the abrasive wheel.
The average distance between the abrasive grains for the wheels of the main grain fraction
and structure can be calculated as:

l=3

1000
1000000
=3
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(3)
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where γ is specific gravity of the abrasive material determined experimentally [14], being γ=3.85
for aluminium oxide and γ=3.10...3.20 for silicon carbide; N is the structure number of the
grinding wheel; g is the weight of abrasive grains in 1 cm3 of the wheel determined as g=(62 2·N)·γ/100; n is the amount of grains in 1g of grain (the n value is not stable, being 3,000 for 60grit aluminium oxide grinding wheel [13]).
According to Eq. 3, the calculated average distance between the abrasive grains is 0.252 mm
for the wheels of 60-grit and No. 4 structure.
The vibration frequency can be estimated by the classical formula ω=Vк/l during the grain
passage over the processed surface.
Taking into account the real speed of the grinding wheel Vк of 35 m/s, we obtain the vibration
frequency ω from 71 kHz to 146 kHz. Based on the condition for bubble collapse time tc (ω tc
<1), it can be estimated that the calculated vibration frequencies match the limit parameters.
The performed estimation of the amount of nanoparticles NH found in the microcrack has
shown its dependence on the time of cavitation bubble collapse and geometric parameters of the
microcrack. An analytical formula [15] for the effective Young’s modulus of the metal surface
layer has been obtained:
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where r0 is the radius of the microcrack base (the geometric shape of a microcrack is modeled by
a cone with a height Lмc, and the base radius r0); Е1 is the Young’s modulus in the volume of the
structural material; u0 is the distance dispersion between microcracks; Nмc is the amount of
microcracks on the metal surface.
It is observed that the effective Young’s modulus is a function of the number of nanoparticles
found in the microcrack channel, and the size of nanoparticles and microcracks. The performed
assessment has shown that the effective Young’s modulus can exceed its initial value by about
an order depending on the time of cavitation bubble collapse.
Thus, by varying tc, it is possible to control such metal surface characteristics as roughness
(due to pore and microcavity filling with metal nanoparticles), and microhardness (due to the
change in the effective Young’s modulus).
To test the method for selection of coolant composition, we consider the processing
technology using an installation for coolant aeration (Fig. 1). Aeration of liquid is achieved by
high-speed radial jets of compressed air throughout the entire volume of the liquid flow. Then
the liquid is fed into device 8 for mixing it with hard-facing metal (nickel) nanopowder with a
size of 7-80 nm.
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Fig. 1. An installation for coolant aeration: a) overall scheme (1- lubricating coolant tank; 2
- grinding machine table; 3 - workpiece; 4 - abrasive tool, 5 - pump; 6 - lubricating
coolant supply pipeline; 7- aerator; 8 - liquid and nanopowder mixing device; 9 - compressed
air supply pipeline; 10,11 - air exhaust pipes; 12 - nanopowder container; 13 - hydrodynamic
cavitation device for liquid flow treatment; 14 - coolant supply pipeline); b) aeration zone(1liquid supply pipeline; 2 - compressed air supply pipe; 3 - annular chamber for compressed air
spraying; 4 - radial air outlets).
In device 8, the liquid is turbulized due to tangential air jet. Further, the aerated and turbulized
fluid flow with nanopowder nanoparticles, uniformly distributed in the liquid medium, is fed to
device 13 for hydrodynamic cavitation processing of liquid flow to form cavitation bubbles in the
liquid and increase their total volume in the liquid to 45-60 vol. %. Nanoparticles of hard-facing
metal (nickel) are concentrated along the boundaries of cavitation bubbles. The liquid saturated
with cavitation bubbles and nanoparticles enters receiver 2, and its velocity and turbulence being
decreased. Having been processed, the lubricating coolant is fed into the grinding area through
pipeline 14 via the coolant supply system of the machine-tool. The implantation of hard-facing
metal nanoparticles into microcracks and dislocations of the part surface is performed
simultaneously with grinding [6].
Implementation of the Technology Design Concept
An algorithm for the RTP 2000 system procedure of computer-aided design of technological
processes has been applied for grinding operation synthesis. The system has been developed at
Penza State University (Penza, Russia) since the 2000s [16], and operates according to the
principle described in [17]. An open architecture of this system allows users to independently
implement their algorithms therein.
An example of grinding operational technology implementation in accordance with Russian
standards for technology description is shown in Fig. 2. The example is given in Russian, since
the software product is adapted to the Russian system of technological document management.
Fig. 2 presents input box entries for the key parameters of a technological operation.
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Fig. 2. Input box entries for the key parameters of a technological operation.
The software comprises the algorithms described above. There is an algorithm to select
parameters and processing conditions in the system with built-in model. It allows to recommend
a user the formation of an operational technology by creating the most adequate composition of
the operation. Having analyzed the proposed option, the user is able to edit the content of
operational transitions. The system gains new knowledge after user’s edition, and considers the
best algorithms to form the content and conditions for the considered data implementation in
future.
Summary
Mathematical models for nanocluster formation mechanism have been created in the volume of
metal surface layer microstructure under the conditions of its cavitation processing with a
nanomodified lubricating coolant.
Methods and recommendations for regulating technological modes of finishing metal parts
and assemblies with a nanomodified coolant under cavitation have been developed.
To create a technological system, a methodology and an algorithm for controlling a
technological process to ensure quality of finishing metal products with a nanomodified
lubricating coolant under cavitation have been developed and introduced into the RTP 2000
system of computer-aided design of technological processes.
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