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Abstract

Control of thermal conditions in the grinding zone is possible through effective delivery of substances with cooling, lubricat-
ing and antiadhesive properties during the machining process. In addition to the benefits of coolants, however, a number of
economic and ecological problems arise, which include the costs of purchase, use and maintenance as well as the environ-
mental impact of its disposal. These negative aspects of the use of cooling and lubricating liquids have contributed to the
modern trend of minimizing their output in machining processes, including grinding. This article presents comprehensive
characteristics of knowledge in the field of liquids, gases and solids with cooling, lubricating and antiadhesive properties.
The author’s original classification of cooling and lubricating agents by their physical state was proposed and a complete
list of known modern environmentally friendly methods of cooling and lubrication of the grinding zone was presented. In
order to highlight their beneficial features, the background of conventional methods of delivery coolants, lubricants and
antiadhesives to the grinding zone used for years were also characterised. A comprehensive list of all known methods of
cooling and lubrication of the grinding zone classified according to the physical state of the delivered medium with a clear
separation of hybrid methods consisting in simultaneous delivery of many cooling and lubricating agents was described in
the summary. The article concludes with the characteristics of directions of further development in the field of cooling and
lubrication of the grinding zone.
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Greek Symbols

a; Alignment angle of compressed cooled air sup-
ply line outlet no. 1, °

a, Alignment angle of compressed cooled air sup-
ply line outlet no. 2, °

AP Grinding power gain, W

AP, Average grinding power gain, W

c Standard deviation

Abbreviations

AOE Aqueous Oil Emulsions

CAG Cold Air Gun

CAMQL Cold Air Minimum Quantity Lubrication
CAOM  Cold Air and Oil Mist

CCA Cooled Compressed Air

CFD Computational Fluid Dynamics

CG Cooling Gases

CLF Cooling And Lubricating Fluids

CLL Cooling And Lubricating Liquids

CNT Carbon Nano-Tubes

EP Extreme Pressure

GWAS Grinding Wheel Active Surface

LN, Liquid Nitrogen

MQC Minimum Quantity Cooling

MQCL  Minimum Quantity Cooling Lubrication
MQL Minimum Quantity Lubrication

MRR Material Removal Rate

1 Introduction

Proper realization of the abrasive machining process requires
careful consideration of thermal conditions in the grinding
wheel-workpiece contact zone. The maximum grinding tem-
perature is most important for the shaped structure of the
surface layer of the workpiece as well as for the composite
layer of the abrasive tool. Control of thermal conditions in
the grinding zone is possible through effective delivery of
substances with cooling, lubricating and antiadhesive prop-
erties during the machining process [1, 2].

Since intergranular space of the grinding wheel active
surface (GWAS) is relatively small, and maintaining a high
level of cutting ability requires it to be free and to support
the transport of grinding products from the machining zone,
most grinding processes use liquids, gases and solids with
cooling, lubricating and antiadhesive properties. The most
numerous group are cooling and lubricating liquids (CLL),
which are mainly used to lubricate and cool the grinding
zone in contact with the workpiece material to reduce the
friction of blades with undefined geometry and often a nega-
tive rake angle. More precise cooling tasks in the grinding
process can be presented as follows [3, 4]:

e forming a stable lubricant film that reduces friction
between the abrasive grain and workpiece as well as
between the bond and workpiece,

e cooling of the workpiece surface and the GWAS through
heat transfer and heat dissipation,

e wetting and cleaning the grinding wheel,

e chip flushing from the grinding zone,

e corrosion protection of the grinder and the material being
processed,

e preventing the growth of bacteria, foaming, etc.

As a result, the most important properties of coolants in
abrasive machining include [3, 4]:

lubricity,

the cooling capacity,

the ability to flush and wet out,

pressure transfer capability (pressure capacity),
anticorrosion,

viscosity,

resistance to aging,

bactericide,

the ability to emulsify,

non-foaming,

separation capacity and filterability,
non-reactivity with metals, plastics and paints,
the ability to regenerate,

the smell,

antitoxicity,

non-degradable,

indissolubility,

non-flammable and not explosive.

Such a large number of different features is very difficult
to obtain, therefore in practice many different coolants are
used, the properties of which are adjusted individually to
each machining case [1, 3]. Apart from the type of liquid,
gas or solid with cooling, lubricating or antiadhesive effect
used, the quantity and method of delivery the coolant to the
grinding zone have a decisive influence on the course and
results of the grinding process.

The following terms have been introduced in this paper
in order to clarify the nomenclature for the types of cool-
ing, lubricating and antiadhesive agents used in grinding
processes:

cooling and lubricating fluids (CLF),
cooling and lubricating liquids (CLL),
cooling gases (CQG),

antiadhesives and lubricants in solid state.

The term cooling and lubricating fluids has been replac-
ing the previously used term cooling and lubricating liquids
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in the literature for several years now due to the increasing
use of gases for cooling the grinding zone—liquid nitrogen
(LN,) or compressed air. The word for these two groups of
substances (liquids and gases) is a fluid, understood as any
substance that can flow, i.e. it is characterized by great ease
of changing the mutual position of individual elements even
for small forces. A liquid in this sense is not only liquids and
gases but also plasma and even mixtures of different physi-
cal phases such as foam, emulsion, slurry and paste. CLF is
therefore a term that includes, in a meaningful way, cooling
liquids as well as cooling gases, which are characterised in
this work by the switchgear. It is also worth noting that so far
in the literature such terms as grinding fluid, cooling liquid,
coolant, lubricant are used interchangeably, which do not
fully determine the physical state of the medium used.

In this article, an attempt has been made to organize the
terminology and comprehensive characteristics of knowl-
edge in the field of liquids, gases and solids with cooling,
lubricating and antiadhesive properties. The author’s origi-
nal classification of cooling and lubricating agents by their
physical state was proposed and a complete list of known
pro-ecological methods of cooling and lubrication of the
grinding zone was presented against the background of
conventional methods of delivery coolants, lubricants and
antiadhesives to the grinding zone used for years. The sum-
mary includes a comprehensive list of all known methods
of cooling and lubrication of the grinding zone classified
according to the physical state of the delivered medium with
a clear separation of hybrid methods consisting in simultane-
ous delivery of many cooling and lubricating agents.

2 Liquids, Gases and Solids with Cooling,
Lubricating and Antiadhesive Properties

2.1 Cooling and Lubricating Liquids

The basic criterion of CLL division is the presence of water
in them [5]. The main components of CLL immiscible with
water are mineral oils, which are characterized by excellent
lubricating properties. Depending on the detailed specifi-
cation, their kinematic viscosity at 40 °C is 20-60 mm?/s.
This is more than fifty times the viscosity of water. Moreo-
ver, mineral oils are characterized by anticorrosive proper-
ties and when used, there is no need to use fungicides or
corrosion inhibitors to protect the machine tool and work-
piece due to their sterile nature. CLL based on mineral oils
sometimes require additional use of substances preventing
surface foaming. Mineral oils have a lower cooling effect
than water-based CLL. The thermal capacity of oils is
about 1.95 kJ/(kg K) and their thermal conductivity is about
0.13 W/(m K) [5]. To improve lubricating properties of oils,
extreme pressure (EP) additives, chemically active hypoid

oils, substances or agents binding the lubricating film are
used, introducing them to the base oil [5].

Aqueous CLLs include aqueous oil emulsions (AOE) and
other aqueous solutions. Emulsions are dispersion systems
that are formed by mixing two immiscible liquids, with the
dispersion phase being water and the dispersed phase being
oil. An aqueous oil emulsion is formed after diluting the
oil concentrate (enriched with additives) with water. AOE
is used as CLL when the cooling properties of the liquid
are more important than lubrication, and it is important to
reduce process costs. The oil can be evenly mixed in the
entire volume of water by so called emulsifiers. The oil con-
tent of an emulsion is generally between 2 and 5% [1, 3],
and its physical properties are clearly better than those of
water. AOEs have a specific heat capacity of 4.18 kl/(kg K),
which is almost twice as high as that of oil. The thermal
conductivity of the emulsion is 0.63 W/(m K) and its value
is also significantly higher than that of oil [1]. Depending on
the size of oil drops (proper emulsifier selection), emulsions
are distinguished:

e with large particles of dispersed phase (oil drops of
1-10 pm),

e with fine particles of dispersed phase (oil drops of
0.1-1 pm),

e colloidal dispersion (oil drops of less than 0.001 um).

Non-emulsifying aqueous solutions include: aqueous
solutions of surfactants, electrolytes and suspensions. The
aqueous solutions used in the grinding process consist of
over 90% water. In practice, it has also been accepted to
use combined sets, which include aqueous solutions of salts
and surfactants simultaneously. Aqueous solutions may or
may not contain mineral oil, the lack of which indicates that
CLL is more suitable for cooling and washing out grind-
ing products from the processing zone than for lubrication.
The use of aqueous solutions as CLL avoids foam forma-
tion problems. Aqueous solutions are characterized by less
favourable lubricating properties and higher resistance to
microorganisms as compared to emulsions [1].

In order to better meet all CLL requirements, appropriate
additives are used in their composition. They affect various
CLL properties and should be activated by high pressure and
temperature occurring in the grinding process [6]. Additives
can be divided into the following groups:

e additives that change the physical properties of CLL (e.g.
viscosity index enhancers),

e additives changing the chemical properties of CLL (e.g.
oxidation inhibitors),

e tribologically active additives, i.e. those that change the
friction conditions: polarizing additives, friction modi-
fiers, antiwear additives, EP type lubricating additives.
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The selection of an appropriate CLL is extremely impor-
tant for the proper course of the grinding process due to sig-
nificant differences in their biological, physical and chemi-
cal properties [7]. With better grain lubrication, the normal
component of the grinding force F, increases due to a higher
depth of microcutting and at the same time the efficiency of
chip removal from the machining zone is limited. As a result,
in order to process a certain amount of material in a pre-
determined time, the momentary number of cutting points
must increase. Therefore, for the small material removal rate
(MRR) Q,, values, the normal force F, takes a higher value
when using oil than when using CLL miscible with water.
On the other hand, the value of the tangential component
of the grinding force F, decreases due to lower friction of
the rake and side surfaces of the grains, therefore, despite
a higher number of cutting points and good lubrication, a
lower value of the tangential component F, of the total grind-
ing force F, is obtained [3]. Increasing the CLL output leads
to a decrease in friction, which in turn reduces the value of
the tangent component of the force F,, and further the total
grinding force F... Also the composition of oil or aqueous
oil emulsion has a significant effect on the grinding force. It
should be noted that the influence of differences in the CLL
composition depends largely on the conditions of the grind-
ing process, e.g. the type of workpiece material [3].

The issue of the influence of the CLL type on the forma-
tion of undesirable thermal defects, such as burns, structural
changes and unfavourable state of stress in the surface layer
of the workpiece (tensile stress may result in the formation
of micro-cracks and peeling of the surface of the workpiece)
is also of great practical importance. However, the influence
of the CLL type on the risk of thermal defects in grinding
processes cannot be clearly determined as it depends largely
on the specific conditions of machining in a given applica-
tion [3].

In grinding processes with a high MRR Q,, the use of
oils allows for more favourable results in terms of grinding
wheel wear and surface quality than AOE delivery. On the
other hand, aqueous CLL should be recommended for use in
fine grinding processes as they provide greater dimensional
and shape accuracy as well as a lower risk of surface ther-
mal defects due to the lower values of the normal grinding
force component F, and their ability to transfer heat from
the GWAS-workpiece contact zone faster. Moreover, the use
of oil in precision grinding may hinder chip formation in the
grinding zone due to small cross-sections of the cut layer per
single cutting vertex of active abrasive grain in this type of
process [3].

2.2 Cooling Gases

In the literature sources can be found also descriptions of
grinding processes carried out with the use of a gas coolant.

Most often these are the processes of so-called cryogenic
cooling with the use of LN, [5, 8-11], liquid CO, [12-17]
or descriptions of the possibility of using cooled compressed
air (CCA) [18].

Cryogenics is a field that covers the properties and appli-
cation of materials in extremely cold environments. A gas is
assumed to be cryogenic if it can be converted into a liquid
by taking heat from it and by lowering its temperature to
very low values. The cryogenic limit is not strictly defined,
but a temperature value below — 150 °C is usually taken as
the limit. The cryogenic cooling method belongs to alterna-
tive methods of cooling the grinding zone, the application
of which allows to reduce the CG flow rate taking part in
the grinding process [5]. The basic cooling medium in this
method is LN,—a safe and environmentally friendly gas,
which in almost 78% of its volume is part of the atmospheric
air [8]. LN, is obtained through condensation and fractional
evaporation of atmospheric air. The melting point of pure
nitrogen is —210 °C (such a value is maintained by LN,
during post-slow boiling) whereas the boiling point is about
—198 °C [9]. The use of LN, enables not only cooling but
also lubrication of the grinding zone as together with LN,
a mist is formed which surrounds the liquid stream and acts
as a lubricating buffer layer in the grinding zone [10, 11].

Liquid carbon dioxide (CO,) is a cheaper alternative to
LN,. In the literature there are examples of its use mainly
in relation to machining processes [12—15]. Cordes et al.
[12] described the results of research on the milling process
of high strength stainless steel under the conditions of lig-
uid CO, delivery. Compared to the results of dry milling, a
higher machining efficiency and lower tool wear were noted.
Jerold and Kumar [14] described the possibility of using
liquid CO, to reduce the temperature and roughness of the
treated surface in comparison with the results of the machin-
ing carried out under flooding conditions. When machin-
ing Ti6AI4V Patil et al. [15] found that liquid CO, effec-
tively cools the machining zone, allowing to control surface
strength and roughness at low speed and depth of cut, while
LN, provided more favourable results with increased cutting
performance. However, research works are also in progress
on the possibility of using liquid CO, in grinding processes,
as a cooling aid in the use of air-oil aerosol enabling further
minimization of CLF output [16, 17].

There are processes in industry that exclude the use of
CLL because they require the workpiece to be kept dry.
In such a situation, the delivery of air stream allows for
improved cooling during the grinding process without using
CLL. The water vapour in the airstream can have a posi-
tive effect on the cooling properties in the grinding zone.
Water vapour improves the cooling efficiency and ensures
low lubrication, especially when cooling takes place in the
air, not nitrogen environment [18]. The basic advantage of
cooling the grinding zone with the use of air as the cooling
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medium is connected with the elimination of costs con-
nected with the acquisition and disposal of CLL.

2.3 Antiadhesives and Lubricants in Solid State

Lubricants and antiadhesive agents can also be introduced
into the machining zone in solid state (especially in dry
grinding processes). This is realized by direct delivery to the
machining zone solid lubricant, mixing of CLF with pow-
dered solids or in the form of a wheel impregnate. Impregna-
tion of grinding wheels is designed to [5, 19-24]:

¢ reinforcement of the grinding wheel structure and reduc-
tion of the phenomenon of shape (edge) wear, which is
particularly important in the process of shape grinding
with grinding wheels whose GWAS profile outline is
mapped on the surface of the workpiece [20, 21, 23];

e reduction of strength of the machined surface by chemi-
cal separation of the freshly exposed machined surface
from the chips and the tool surface through its oxidation
and introduction of protective layers;

e chemical etching of the workpiece surface leading to the
reduction of cutting resistance increasing the machining
efficiency;

e reduction of temperature in the grinding zone by reduc-
ing the friction between the abrasive grains and the work-
piece material through the formation of lubrication films
and endothermic reactions,

e preventing adhesion of chips to the workpiece surface
and the GWAS.

Inorganic or mixed substances are most often chosen for
impregnation. According to the nature of impact on the abra-
sive machining process, impregnats can be divided into the
following groups [1, 25]:

passive chemical (hydrocarbons, resins, etc.),

surface active (detergents, soaps, etc.),

corrosive active (electrolytes),

chemically active (forming chemical compounds e.g.
with sulphur).

Although the idea of impregnating grinding wheels is
not new, it still shows great application potential, especially
thanks to developments in applied chemistry. In recent years,
lubricants and antiadhesive agents such as graphite, Teflon®,
molybdenum disulfide (MoS,), hexagonal boron nitride
(hBN), wax, paraffin wax, as well as silicone are introduced
into the volume of the grinding wheel by gravity or pressure
methods. Solid lubricants and antiadhesive agents are also
added to CLF in powdered form, e.g. to air-oil aerosols or
emulsion aerosols [26-36].

The rapid development of nanomaterial science has also
been reflected in grinding processes, resulting in research
on the impact of adding nanoparticles in the form of Al,O,,
MoS,, carbon nano-tubes (CNT), graphene or diamond to
CLF. Nanoparticles are added to CLF because of their high
thermal conductivity and advanced tribological character-
istics. CLF enriched with nanoparticles is characterized by
changed heat conduction properties and different, in com-
parison with conventional cooling of the grinding zone, by
heat exchange, reducing the phenomena of grinding energy
dissipation and lowering the workpiece surface temperature
[37-39].

3 Conventional Methods of Delivery
Coolants, Lubricants and Antiadhesives
in the Grinding Processes

3.1 Methods of Delivery Cooling and Lubricating
Liquids

Both the flow rate and the way the CLL is delivery into the
machining zone have a significant impact on the grinding
process. Many different nozzle types have been designed to
meet the numerous requirements for how the CLL is applied
to the grinding zone (Table 1). In general, there are three
criteria for dividing the nozzles [1]:

e by function (flooding, non-flooding),

e due to the concentration method (free jet nozzles, con-
centrated jet nozzles—spot nozzles, swell nozzles, spray
nozzles),

e due to the geometry of the nozzle (squeezed pipe, needle
nozzles, shoe nozzles).

The main task of all nozzle types is to deliver the CLL to
the grinding zone. The nozzle performs this task by focus-
ing and directing the CLL jet as well as accelerating it. A
beneficial effect on cooling performance can be observed by
concentrating the liquid stream, which involves minimizing
flow disturbances through sharp edges at the nozzle outlet
or through an extended parallel nozzle outlet. Moreover, it
is necessary to achieve the maximum flow velocity, which
is achieved by reducing the cross sectional area at the nozzle
outlet to wet GWAS by CLL [1].

The flooding method is a commonly used way of
delivering CLL to the grinding zone for various types of
grinders. The CLL is pumped and directed to the grind-
ing zone through a slotted nozzle. The cooling lubricant
discharge velocities reach the order of v;; =1 m/s. As the
contact surface between the workpiece and the grinding
wheel increases, the width of the wheel and the density
of the wheel structure increases, and as the size of the
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Table 1 Examples of cooling and lubricating liquids delivery methods in surface grinding processes (on the basis of [40—44])

Method Construction sche me Description CLL fow References
name rate
Conventional
flooding nozzles:
Floodin 1- flexible
nozzlesg segmented hose Qe 11 [40, 43]
2— tube
3— free jet nozzle
Hydrodynamic
provision of
Shoe nozzle grinding fluid using Ocrr 1 [40]
nozzles in shape of
shoe
Spot jet Prf)Vi.sion Ot? . Qa1
nozzle grmd.mg fluid using or [40]
spot jet nozzle Ocrr |
Provision of
Spray a minimal quantity [40, 42,
nozzle of grinding fluid Qe tl 44]
using spray nozzle
Provision of
Centrifugal grinding fluid by
delivery b rinding wheel
grindriyngy ﬁolder fnd then Qcur [40, 41]
wheel pores grinding wheel
pores
Provision of
grinding fluid by
channels in the
Centrifugal grinding wheel:
delivery by 1 — uniform Ocrr 1
channels in grinding wheel or [40, 41]
grinding 2— grinding Ocr |
wheel wheels with
metal body and
abrasive
segments
11 Very high 1 High | Low L] Very low

wheel grains decreases, the CLL delivery intensity should  workpiece and thinner its wall (in case of a hollow object),
increase. Moreover, the higher the requirements concern-  the intensity of CLL delivery must be higher. In the case
ing surface quality, the more complex the shape of the  of cylindrical grinding and grinding of flat surfaces by the
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grinding wheel’s circumference, the fluid flow should not
be less than 8—10 L/min. In case of centerless grinding, the
value of CLF output should not be less than 3—6 L/min for
each 10 mm of GWAS contact length with the machined
surface, whereas in case of face grinding of flat surfaces,
the value should be 10-15 L/min for each 10 mm wide of
abrasive ring or segment [1].

The CLL’s performance in the form of a free flow that is
fed to the grinding zone at low speed is significantly influ-
enced by the rotating air stream that is generated by the
grinding wheel. This is the phenomenon of the so-called air
cushion, which surrounds the grinding wheel around its cir-
cumference, and already at the peripheral speed of the wheel
v,=20 m/s it causes deflection and spraying of the liquid
stream. The air cushion is the main obstacle for the CLL,
which makes its interaction with the GWAS difficult dur-
ing grinding and limits the CLL’s access to the machining
zone. Increasing the supply pressure to the CLL is one of the
effective ways of preventing this phenomenon. Moreover,
other methods of air cushion elimination have been devel-
oped, such as the use of shoe nozzles, spot jet (jet-pressure)
nozzles, off-zone CLL delivery or centrifugally through the
grinding wheel [1].

The jet-pressure method differs from the conventional
flooding method by only increasing the pressure CLL to
more than 1-1.5 MPa. The increased pressure allows to
increase the speed of the liquid delivered, and thus to over-
come the resistance of the air stream. As a result, CLL pen-
etrates the grinding zone and the intensity of lubrication and
heat dissipation from the ground surface increases signifi-
cantly. In order to obtain better effects, the minimum dis-
tance between the nozzle and the grinding wheel should be
selected and the angle of the nozzle setting in relation to the
grinding wheel should be determined. The CLL flow should
be directed tangentially to the peripheral surface of the
grinding wheel, whereas the value of its flow velocity v,
should oscillate around the value of the peripheral speed of
the grinding wheel v,. When this condition is not maintained
and the difference between v;; and v, is significant, then the
laminar flow of the CLL flow at the point of contact changes
into a turbulent flow and the flow itself deviates from the
grinding wheel. At low discharge speeds, the CLL jet delam-
inates due to surface tension and axial waves. Increasing
the CLL flow velocity contributes to improving cooling in
the grinding zone and reducing the surface roughness of
the workpiece. The CLL flow rate must be high enough to
fill the grinding wheel pores. However, delivery CLL at too
high a speed causes dispersion of the coolant stream, which
may result in insufficiently effective filling of the grinding
wheel pores by CLL [45-47]. Examples of special needle
nozzles for CLL delivery to the grinding zone manufactured
by Grindaix GmbH were shown in Fig. 1. These are noz-
zles with special geometry with optimized flow dynamics

(including those manufactured using additive techniques),
individually adjusted to the specific grinding operation.

An interesting solution are the methods of centrifugal
delivery of CLL to the grinding zone, used both in the case
of relatively large grinding wheels in the process of sur-
face, shape and external cylindrical grinding, as well as in
small size grinding wheels intended for internal cylindrical
grinding [40, 41, 49-53]. The most important advantages of
CLL centrifugal delivery to the contact zone of the grinding
wheel with the workpiece may be considered:

e much more effective (than in the flooding method) reach-
ing the CLL to the grinding zone, allowing the reduc-
tion or elimination of thermal defects of the machined
surface,

e asignificant improvement in grinding zone cooling and
lubrication compared to the most common flooding
method,

e possibility of limiting the CLL flow rate while meeting
the technological requirements of the macining, thanks
to which it is possible to obtain a favourable economic
and ecological effect.

However, these methods also have several disadvantages,
the most important of which are:

e the necessity to use special systems of CLL delivery,

e when delivering CLL through the pores of a grinding
wheel, the cooling effect depends largely on the openness
of the wheel structure,

e in many cases, the need for an unconventional grinding
wheel body design.

When using the CLL centrifugal delivery through the
tool, the coolant should be thoroughly filtered to avoid
clogging of the grinding wheel pores. The concentration
of mechanical impurities in CLL must not exceed 0.03%,
whereas for fine grinding wheels this value should be even
lower. Keeping this condition is important both for main-
taining an appropriate CLL flow rate and to avoid structural
imbalances which increase the vibrations of the spindle sys-
tem which occur when the grinding wheel pores get clogged
[50].

3.2 Methods of Delivery Cooling Gases

As already mentioned in Sect. 2.2, the most commonly used
cooling gases are liquid LN, (cryogenic cooling) and cooled
compressed air. This section describes the methods of deliv-
ering these gases into the machining zone, as well as their
influence on the grinding process and its results.

The use of LN, as a cooling medium in the cryogenic
cooling method is characterized by high availability of the
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Fig. 1 Specialized needle noz-
zles by Grindaix GmbH: a for
external cylindrical grinding; b
for internal cylindrical grinding;
¢ for surface grinding; d for
surface profile grinding; e for
centerless grinding; f example
of needle nozzle [48]

medium, easy handling and relatively small amount of nec-
essary equipment required to obtain CG. Due to nitrogen
inertia for the environment and human health, there is no
need to apply additional safety measures apart from protec-
tion against low temperature [9, 54].

Chattopadhyay et al. [55] demonstrated the beneficial
effect of LN, delivery on the reduction of grinding force
components and improvement of machined surface quality
(reduction of surface defects in the form of microcracks).
The results of studies by Paul et al. [56] indicate that the
application of cryogenic cooling with LN, to steel grind-
ing processes significantly reduces the temperature in the
grinding zone. Drastic reduction of the temperature value
in the grinding zone and maintaining it at a sufficiently low
level has a significant impact on the reduction of residual
tensile stress values and general improvement of parameters
in the process of grinding steel with cryogenic cooling. The
phenomenon of oxidation and the formation of burns on
the workpiece surface during grinding using the cryogenic

@ Springer KE ;]E

cooling method has been completely eliminated, as well as
the formation of cracks on the workpiece surface, plastic
deformations and pulling of abrasive grains [56, 57]. Moreo-
ver, Paul et al. [56, 57] point out that the application of the
cryogenic method may increase the value of the parameter
Ra determining the surface roughness of the workpiece,
with reference to the grinding with the use of flood cooling
and in some cases also with reference to dry grinding [56].
On the other hand, Nguyen et al. [58] demonstrated that
when LNj is delivered to the grinding zone, its high evapo-
ration rate increases even more due to turbulent air flow
generated by the grinding wheel rotation. As a result, the
delivery of LN, to the grinding zone is significantly limited
and only a small amount of CLF is delivered to the GWAS
contact zone with the workpiece surface. Nguyen et al. [58]
prove that heat dissipation due to boiling of LN, is effective
only near the grinding zone. For this reason, an increase in
temperature occurs in the grinding zone, which results in
intensive evaporation of LN,. Moreover, LN is a relatively
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expensive CG, for this reason the cryogenic cooling method
should be used in grinding processes of machine elements
with increased accuracy or quality requirements, which are
subjected to high loads and whose defect would be con-
nected with high losses. The LN, stream should be prop-
erly controlled and delivered only at the moment of contact
of GWAS with the surface of the workpiece, which would
allow minimizing the output of relatively expensive CG [54,
56]. Reddy and Ghosh [59] demonstrated a positive effect of
the cryogenic cooling method using LN, on the extension
of grinding wheel life with a simultaneous increase in the
value of grinding ratio G (in comparison with the results
obtained in the cooling conditions of the grinding zone with
the use of emulsion delivered by the flooding method), due
to excellent cooling properties of the method. The increase
in the value of grinding ratio G is, according to the authors,
caused by the increase in the strength of the bond of the
grinding wheel in such conditions. Moreover, experimental
studies have shown that the use of LN, as CG may have an
influence on increasing the values of parameters (Ra, Rz,
Rt) of the workpiece surface roughness and on decreasing
the efficiency of the grinding process using grinding wheels
with Al,O; abrasive grains and ceramic bond. It has also
been shown that the application of the cryogenic cooling
method increases the power consumed by the grinder spindle
in relation to the grinding process with the use of flooded
cooling and oil as CLL [59].

The method of cooling the machining zone with a stream
of cooled compressed air is based on the use of cold air
guns (CAG) and the descriptions of its use in machining
processes and grinding can be found in [60, 61]. Support-
ing the grinding processes with the application of a cooled
compressed air stream may significantly reduce the tempera-
ture in the grinding zone and allow to reduce or completely
eliminate the occurrence of thermal defects [62, 63]. The
equipment used to obtain and deliver cooled compressed air
to the grinding zone is characterized by uncomplicated con-
struction, low purchase cost and easy operation. The CAG
nozzle is a device which allows to create a stream of cooled
compressed air by using vortex tubes in their construction.

Ramesh et al. [64] have shown a decrease in the value of
grinding force during the grinding process under the condi-
tions of delivering a stream of cooled compressed air (with
a pressure of 0.3 MPa, air temperature at the nozzle outlet
in the range from — 30 to — 35 °C, flow rate of 0.4 m3/min)
in comparison with the grinding using the flooded cooling
method, with a specific MRR up to Q°,,=1.6 mm?*/mm s for
S45C steel and up to Q’, =1 mm*/mm s for SS304 steel.
Choi et al. [65] in their research showed that the applica-
tion of 4% AOE for cooling and lubrication of the grinding
process allows to obtain a lower value of roughness param-
eters Ra and Rz than in the case of delivering CCA to the
grinding zone. In their opinion, this results from the lack

of lubrication and very limited possibility of cleaning the
surface of the workpiece and GWAS, as compared to the
process carried out with AOE. Choi et al. [62] described
the results of studies on the effect of CCA delivering on
the internal cylindrical grinding with cubic boron nitride
and Al,O; abrasive grains. It has been shown that with a
decrease in the temperature value of the CCA stream and
an increase in its discharge velocity, the value of roughness
parameters Ra and Rz of the machined surface decreases and
the phenomenon of thermal defects of the machined object
is reduced. Moreover, it has been observed that the value of
tensile stress occurring in the surface layer of the workpiece
after grinding decreases with an increase in the CCA flow
rate from the nozzle [62]. Lee and Lee [60] optimized the
microgrinding process with the use of CCA. The optimiza-
tion of the process allowed to limit the specific grinding
force F’, and to reduce the value of the workpiece rough-
ness parameter Ra, at the same time maximizing the specific
MRR Q’,, thus indicating the great potential of this method.
Cooling the grinding zone with the use of CAG nozzles in
a very effective way allows to minimize the occurrence of
grinding defects on the machined surface and, moreover,
their use allows to reduce the negative impact of CLF on the
environment, which is consistent with the current trend of
development of manufacturing techniques [65].

3.3 Methods of Delivery Antiadhesives
and Lubricants in Solid State

Many solid antiadhesives and lubricants (described in more
detail in Sect. 2.3) are used in grinding processes: graphite,
Teflon®, molybdenum disulphide (MoS,), hBN, wax, paraf-
fin, as well as silicone. The antiadhesive agents and solid
lubricants are most often applied to the grinding wheel-
workpiece contact zone with the following methods:

e delivering of powdered solid lubricants as suspensions
and pastes together with CLF or in the form of wheel
fillers with a resin bond,

e by continuous application to the GWAS before the grind-
ing zone or by using grinding wheels with segments of
solid lubricant,

e or by impregnation of abrasive tools with ceramic bond.

The solid lubricants and release agents are delivered
into the grinding zone, e.g. by applying graphite or Teflon®
in front of the grinding zone, which fills the intergranular
spaces of the grinding wheel and thus effectively enters the
grinding zone. There are also known solutions consisting
in introduction of peripherally arranged segments made of
solid lubricant [25, 66-68].

Impregnation of abrasive tools is the process of introduc-
ing additional substances actively influencing the grinding
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conditions on the active surface or to the entire volume
(intergranular spaces) of the abrasive tool [5, 19-23]. Hart-
mann wrote about impregnation with sulphur as early as in
1927 [21], but it is still used today. In the machining industry
for high-quality steels in the production of rolling bearings
and in the metallurgical industry for grinding non-ferrous
metals, impregnation with sulphur, copper, paraffin, wax,
molybdenum disulphide, colophony and other substances is
used [5, 69-71]. Companies producing abrasive tools (Super
Abrasives, Global Systec Shur Grind Segments, Grier Abra-
sive, Inc., Joto Abrasives PVT.LTD, Norton Company) offer
impregnated wheels. Their offer includes wheels impreg-
nated with sulphur, resin or wax. One of the most frequently
used methods of impregnation of abrasive tools is direct
immersion of molten impregnant in the pores of the wheel.
Gravity as well as pressure methods are known in this area.
After the impregnant has cooled down, the wheel is ready
to work [19-23].

4 Environmentally Friendly Hybrid
Methods of Delivery Coolants, Lubricants
and Antiadhesives in the Grinding
Processes

In addition to the benefits of coolants, however, a number of
economic and ecological problems arise. These include, on
the one hand, the costs of purchase, use and maintenance,
and, on the other hand, the environmental impact of the dis-
posal of the liquids. Coolant components such as bacterio-
cides and fungicides, reaction products formed in CLL and
containing foreign substances can become a major cause of
skin and respiratory diseases for operators. Leaks of harmful
substances, as well as water used to clean cooling systems,
are sources of contamination of soil, water and air. CLL
is disposed of either chemically (by refining and thermal
cracking) or by biodegradation. They can also be burned
and recovered by cleaning. These processes are expensive
and often significantly burden the environment with their
products [72]. These negative aspects of the use of CLL have
contributed to the current trend of minimizing their output in
machining processes, including grinding. Such a trend has
forced the intensification of research aimed at reducing the
amount of CLL taking part in the manufacturing processes,
and thus getting into the environment. This part of the paper
describes the environmentally friendly hybrid methods of
delivery coolants, lubricants and antiadhesives in the grind-
ing processes known from the literature.

4.1 Minimum Quantity Lubrication (MQL)

The minimum quantity lubrication (MQL) method has been
developed to ensure the most favourable conditions for the

implementation of the cutting machining processes while
minimising the CLF output. In the MQL systems, oil is
sprayed under the influence of compressed air energy onto
the GWAS and the workpiece surface. Most often the air-
oil aerosol is delivered to the grinding zone via an external
nozzle or nozzle system. In the literature sources [73-75],
can often be found a description of a lubrication method
with minimum CLF output as a very important alternative
to dry grinding. Even a small amount of CLF entering the
contact zone between the GWAS and the workpiece can have
a positive effect on the grinding process efficiency [76-82].
The MQL method uses a CLF flow rate of 7.2-97.2 ml/h
(nearly 1000 times less than in the flooding method) and
CLF is delivered precisely to the GWAS contact zone with
the workpiece surface. The air-oil aerosol covers the GWAS
and the workpiece surface, cooling down and applying a
lubricating film of oil on the workpiece surface. This allows
to reduce the friction force between the abrasive grains and
the workpiece surface as well as to reduce the grinding force
F . and the amount of heat generated [75-92].

The application of the MQL method gives the possibility
to choose from a larger number of CLF types, including less
harmful (in relation to conventional methods), biodegradable
CLF, which may be based on vegetable oils, synthetic esters,
fatty alcohols and others [39, 93].

In the MQL method, the lubrication function is provided
by oil, whereas the cooling function is provided mainly by
compressed air. This very small amount of CLF delivered
to the grinding zone allows to significantly reduce the fric-
tion in the GWAS contact zone with the machined surface
and limits the adhesion of grinding products to the grind-
ing wheel [50, 94]. The amount of heat received by air is
very limited and its ability to conduct heat is insufficient
to efficiently cool the grinding zone [95-98]. The research
described by Silva et al. [73] shows that the MQL method
provides lubrication at a higher level than the flooded
method, however, the cooling function of the GWAS con-
tact zone with the workpiece surface is much less effective.
As aresult, there is a high risk of the occurrence of grinding
burns on the machined surface, similarly as in the case of
dry grinding [99, 100].

4.2 Minimum Quantity Cooling (MQC)

If adequate cooling is required, water-based oil emulsions
are used as CLF instead of oil in the MQL method. These
are used when cooling cannot be carried out with oil. For
this method Weinert et al. [44] use the term minimum
quantity cooling (MQC). The lubricating properties of
emulsions are clearly inferior to those of oil, but never-
theless they are more advantageous than when using water
and air as CLF. The CLF output in processes using the
MQC method is usually from 10 to 50 ml/h [44]. Priarone
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et al. [101] in their tests of cooling efficiency of the
machining zone during the turning process of difficult-to-
cut steels used the MQC method at the CLF flow rate from
6.5 to 115 ml/h. The conducted tests showed that cooling
of the machining zone with MQC method with the use of
emulsion allows to increase the tool life with respect to the
use of water spray as CLF. In addition, it has been shown
that increasing the aerosol flow rate further reduces tool
wear. So far, the MQC method has not been widely used
in industry, therefore the elementary phenomena accom-
panying it are not yet as well known as in other methods
of CLF minimization [101].

4.3 Minimum Quantity Cooling Lubrication (MQCL)

The method of minimum CLF flow rate of reduced tem-
perature defined as minimum quantity cooling lubrication
(MQCL) consists in delivering special oil (less often emul-
sion) in low temperature environment to the grinding zone
[102-105]. CLF used in this method must be characterized
by low viscosity index and low density at negative tempera-
tures. The value of temperature of air, whose task is to trans-
port CLF drops is —30 °C, which also influences the CLF
temperature reduction. The MQCL method enables both
lubrication in the cutting zone and cooling of the workpiece
and grinding wheel. However, it requires the use of special
air cooling units supplying the nozzle [102].

A very small amount of CLF (approx. 8 ml/h [102]) is
delivered to the grinding zone and this can be done with or
without an auxiliary transport medium (e.g. compressed air).
The airless system method is based on the fact that the pump
delivers the CLF to the tool through supply line in short
intervals of precisely measured drops. The method involving
the use of an auxiliary medium is characterized by the fact
that the CLF is atomized to the nozzle in order to produce
very small drops, which are then delivered to the grind-
ing zone in the form of an aerosol [106, 107]. When using
oil as CLF, its good lubricating properties are used, which
allow for the reduction of friction and adhesion phenomena
between the workpiece, GWAS and chips of the machined
material. As a result, the amount of heat generated by fric-
tion is reduced and the workpiece as well as grinding wheel
are kept at a lower temperature than in dry grinding [108].

The effect of direct cooling of the grinding zone with air-
oil aerosol is relatively small due to the low heat capacity
of oil (1.92 kJ/kg K) and air (1.04 kJ/kg K) as well as the
small amount of medium involved in the process. Due to
their low cooling properties, air-oil aerosols are mainly used
as a medium in the MQL method. Emulsions and water as
CLF are used much less frequently in the MQCL technique
and are mostly used when it is important to cool the tool or
workpiece more efficiently than oil can provide [102-108].

4.4 Cooled Air Minimum Quantity Lubrication
(CAMQL)

Despite the very good lubricating properties of the grinding
process, the MQL method is not able to provide as effec-
tive cooling of the workpiece and grinding wheel as flooded
cooling. This fact is a major constraint on the widespread
use of the MQL method in the grinding process [109].
Saberi et al. [110] have evaluated the possibility of grind-
ing the surface of C45 steel using the cooled air minimum
quantity lubrication (CAMQL) method, which consists in
bringing to the grinding zone the air-oil aerosol formed in
the MQL nozzle fed with cooled compressed air generated
by the cold air gun.

The temperature value of the CCA stream delivered to
the grinding zone was variable and ranged from —4 °C
(for CCA stream pressure of 0.1 MPa) to 14 °C (for CCA
stream pressure of 0.4 MPa). Application of the CAMQL
method allowed to reduce the temperature value by up to
19%, compared to cooling the grinding zone exclusively
with a CAG nozzle. Although no significant differences in
the coefficient of friction values were observed for different
conditions of CLF delivery to the CAMQL grinding zone,
there was a slight decrease in the value of grinding ratio G,
with a lower value of CCA pressure delivered to the grind-
ing zone. A higher CCA pressure value leads to a decrease
in the lubrication efficiency of the GWAS contact zone with
the workpiece surface, due to the delivery of smaller diam-
eter oil drops to the grinding zone and due to more effective
generation of air-oil aerosol in the surrounding air [91].

Saberi et al. [110] point out that the use of cooled com-
pressed air for the MQL method, and thus improving the
cooling efficiency of the grinding zone, may significantly
reduce the restrictions on the use of MQL method in grind-
ing. The CAMQL method can be successfully used in soft
steel grinding processes, while its wider development
requires further research [110].

4.5 Cold Air and Oil Mist (CAOM)

In the research described by Choi et al. [62] as well as
Nguyen and Zhang [63], a system consisting of a CAG
nozzle and a MQL nozzle, defined by the authors as cold
air and oil mist (CAOM), was used. On the basis of the
results of the research it has been shown that the applica-
tion of the hybrid method of cooling and lubrication of the
grinding zone CAOM allows to prevent the formation of
changes in the structure of the surface layer of the work-
piece material in the form of burns. In addition, there has
been a decrease in the value of the grinding force in rela-
tion to the dry method. However, due to the accumulation
of heat energy in the workpiece, the removal of workpiece
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material with an increased depth (above a,=15 um)
resulted in grinding burns [62, 63].

The studies presented by Nguyen and Zhang [63] show
that even a small addition of aerosol in the form of veg-
etable oils to the stream of cooled compressed air allows
to perform the grinding process with increased depth. In
such a process there are no burns and the quality of the
machined surface is similar to that obtained in the grinding
process with CLL. The surface cleaning capacity of work-
pieces and GWAS, despite the addition of a small amount
of air-oil aerosol, is still significantly reduced compared
to CLL processes, due to the slightly higher value of the
surface roughness achieved. In addition, a clear directivity
of the stress profiles was noted (compressive stress in the
direction consistent with the direction of wheel feed and
tensile stress in the perpendicular direction to the direction
of grinding) in surface machined with CAG nozzles with
vegetable oils. The reason for this phenomenon may be

Fig.2 Diagram of the hob (a)
cutter sharpening process: a
machining allowance; b work
cycle; ¢ hob cutter used in the
experimental investigations;

d arrangement of the oil mist
nozzle (MQL) and the supply
nozzle of cooled compressed air
relative to the grinding wheel
active surface in the CAOM
method; e surface roughness
parameter Rz of rake face HS
6-5-2 hob sharpened with dif-
ferent methods of CLF delivery;
f microhardness distribution

of HS 6-5-2 hob sharpened
with flooding (WET), CCA,
MQL and MQL-CCA method
(on the basis of [113]). a—
total machining allowance,
a,—machining allowance, n,—
grinding wheel rotational speed,
Rz—maximum height of the
roughness profile, v,—work-
piece peripheral speed
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the unevenness of the heat flow generated by the stream
of cooled compressed air [62, 63].

At the same time, Yui and Terashima [111] indicate a
positive effect of a small amount (flow rate up to 8.6 cm>/h)
of vegetable oil addition on the conditions of grinding pro-
cess with the help of cooled compressed air. The use of
vegetable oils allowed to achieve up to 10% less grinding
force and comparable value of surface roughness, compared
to the results obtained with conventional oil cooling. The
value of grinding ratio G using the cooling method with the
use of CAG nozzle and with the addition of vegetable oils
increased almost twofold in comparison with the process
carried out with the flooded oil cooling [111].

Stachurski et al. [112] applied the hybrid CAOM method
during the sharpening process of hob cutters (Fig. 2). The
lubricant in the form of an air-oil aerosol was delivered with
a flow of 50 ml/h on the active surface of the rotating grind-
ing wheel, so it was delivered directly to the grinding zone.
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Cooled to — 5 °C, the compressed air has been used mainly
as a cooling medium and to minimize the wheel clogging
by chips and grinding products remaining after leaving the
grinding zone.

The obtained results showed that the application of
CAOM method allows to prevent the occurrence of unde-
sirable changes in the structure of the surface layer of the
workpiece material in the form of thermal defects. Sharp-
ening of the hob cutters using the CAOM method in terms
of the grinding parameters used did not cause any sig-
nificant changes in the microhardness of the surface layer
compared to the flooding method. The results obtained
for the MQL and CAG methods used separately indicate a
significant, unacceptable decrease in the microhardness of
the tool’s rake face after grinding [112, 113]. The rough-
ness of the rake face obtained during sharpening with the
CAOM method was similar to the values obtained for the
flooding method. Moreover, the cutting edges after CAOM
sharpening did not have typical defects in the form of burrs
or chipping. SEM images, on the other hand, revealed the
occurrence of burrs on the edges of the blades, which were
sharpened with MQL method or with CCA [112].

The results of research contained in the works [62, 63,
111-113] indicate a very high potential for the use of cool-
ing with CAG nozzles, in combination with methods of cool-
ing the grinding zone with a minimum CLF output, which is
a noteworthy research direction.

4.6 Delivery of Solid Powdered Lubricants
and Adhesives to the Grinding Zone

Powdered solid lubricant can be introduced to the GWAS
as a suspension or in paste form together with CLF through
special nozzles [2, 50, 67, 68, 114, 115]. Although this
method achieves a significant reduction in the grinding
force, the main limitation is the ineffective removal of the
paste together with chips from the GWAS, which can lead
to the formation of cloggings.

In recent years, a new trend in the use of antiadhesive
agents or lubricating powders in the form of suspensions
with emulsifiers and then the use of the prepared disper-
sion as CLF in the MQL method is becoming apparent in
the directional literature. Both oils (MQL method) or water
emulsions and distilled water (IMQC method) [26-32, 116,
117] can be used as a dispersing phase, as shown in Fig. 3
[118].

Powdered solid lubricants may also be introduced into
the abrasive tool in the form of fillers, which are an integral
part of the abrasive tool and which do not constitute an abra-
sive grain or bond. This solution is most often used in the
production of grinding wheels with resin bond [119-122].

The rapid development of nanomaterial science has also
been reflected in grinding processes, resulting in research

Workpiece (ring made
of INCONEL" alloy 718)

MQC/MQL nozzle
type ZMIN-MS

arbor

Grinding spindle

Grinding wheel
1-351010-9A5X60L10VEO1PI-50

Fig.3 View of the system for the delivery to the grinding zone of
a water aerosol doped with powdered lubricants and antiadhesive
agents (on the basis of [118])

to determine the impact of adding nanoparticles in the form
of Al,0;, MoS,, CNT, graphene or diamond to CLF. Stud-
ies known from the literature describe mainly grinding pro-
cesses in which nanoparticles are added to CLF delivered to
the grinding zone using MQL method [26, 29-32, 37, 38].
Nanoparticles are often spherical in shape and their main
role is to lubricate the grinding zone. Due to their spherical
form, their presence in the contact zone between the work-
piece surface and active cutting grains is compared with the
effect of ball bearings [122].

The theory of heat exchange indicates that solids are more
capable of heat exchange than liquids, whose heat transfer,
in turn, is more effective than that of gases [39, 102]. Based
on this theory, solid nanoparticles have been added to the
biodegradable oil, resulting in modified CLF, which, simi-
larly to the standard CLF in MQL technique, is delivered to
the grinding zone in atomized form [39]. The high-pressure
gas is responsible for delivering to grinding zone the CLF
rich in nanoparticles, which increases the possibility of heat
dissipation from the GWAS-workpiece contact zone and
improves the quality of the machined surface. Such modi-
fied CLFs are characterized by properties allowing to reduce
friction and wear of the wheel [39, 102].

Lee et al. [123] compared the efficiency of cooling and
lubrication of the grinding zone using compressed air,
standard MQL method and MQL method in which CLF was
doped with diamond nanoparticles. The highest temperature
value, for each of the tested methods, was recorded for the
tenth, last pass of the wheel, because of the heat accumu-
lated in the sample after the previous passages, as well as
progressive wear of the wheel. The least intense increase
in temperature value was recorded when using the MQL
method, in which diamond nanoparticles were added to

@ Springer KEF]E
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CLF. During the last passages of the grinding wheel and at
the same time in the most demanding stage of the process,
the fastest temperature increase was recorded when using
compressed air cooling. A significant reduction in tempera-
ture during the grinding process using the MQL method, in
which CLF with diamond nanoparticles was used, may be
caused by a reduction in the tangent component of the grind-
ing force F,. It is connected with intensification of direct
lubrication in the machining zone due to tribofilm formed
by diamond nanoparticles [124].

Hadadad and Sharbati [99] as well as Li et al. [100]
demonstrated that the application of MQL method with
CLF doped with nanoparticles (size 50 nm) of molybde-
num disulfide (MoS,) improves the heat dissipation from
the grinding zone as well as the lubricating properties of
CLF. As aresult it is possible to reduce or eliminate thermal
defects on the workpiece surface.

Tribological phenomena resulting from the doping of
CLF with MoS, nanoparticles have also been analysed by
Kalita et al. [26]. The experimental results they described
showed that the addition of MoS, nanoparticles to the MQL
air-oil aerosol in EN24 steel and cast iron grinding process
increases the efficiency of the machining by reducing energy
losses due to friction. In the most advantageous case (the
highest concentration of MoS, nanoparticles), as much as
53% reduction in energy demand was recorded, as well as
an increase in the value of grinding ratio G by 50%, resulting
from the extension of the wheel life.

4.7 Centrifugal MQL and Delivery of Compressed
Cold Air

One of the ways of supporting the cooling function during
grinding using the MQL method is an additional deliver-
ing of cooled compressed air known as the CAOM method
and described earlier in Sect. 4.5. The described advantages
of this method refer to the processes of surface, cylindri-
cal (outer) and shape grinding processes. They were the
motivation to undertake work aimed at applying the CAOM
method also in the process of internal cylindrical grinding
characterized by limited space in the contact zone of the
grinding wheel with the workpiece. This is how the method
was developed in which a patented centrifugal air-oil aerosol
delivering through the grinding wheel [124] was combined
while simultaneous incorporating the CAG nozzle into the
system [125-127].

The developed method takes into account the need to sup-
port the cooling function (implemented in a very limited way
by MQL method) as well as the problem of collecting chips
on the ground workpiece. The minimum oil flow, delivered
in the form of an aerosol in the MQL method, causes that
chips and other grinding products are not flushed out of
the machining zone, which can cause them to re-enter the

GWAS-workpiece contact zone, disturbing the machining
process. The accumulation of chips in the immediate sur-
roundings of the grinding zone also increases the risk of
cloggings on the GWAS. Therefore, in the method described
above, a two-outlet CCA supply line was used from the CAG
nozzle to the machining zone. One end of the supply line
was directed in front of the grinding zone to cool it down
while the other end was placed directly behind the grinding
wheel-workpiece contact zone to support the blowing out of
machining products (Fig. 4) [126, 127].

The results of numerical simulations [126] and experi-
mental research [127] have shown that the developed hybrid
method allows for about 2.7 times longer wheel life in com-
parison with the results obtained under flooded cooling or
centrifugal MQL conditions. The wheel life was as much
as 8 times longer in comparison with the wheel life under
SSP only delivering or dry grinding conditions. Precise cen-
trifugal delivery of the lubricant (air-oil aerosol) through
the pores of the grinding wheel to the grinding zone and the
coolant (CCA stream) directed before and directly behind
the grinding zone has made it possible to obtain a grinding
ratio G = 150.2 mm*/mm?. The application of the described
method allowed to reduce the friction of dulled grinding
wheel vertices resulting from the effective penetration of
oil into the zone of their contact with the machined surface,
while ensuring stable thermal conditions in the machining
zone. As a result, the abrasive wear of the active abrasive
grains vertices was reduced and the GWAS retained their
cutting ability over a longer time. It has also been shown
that the additional CCA stream directed behind the grind-
ing wheel prevents the accumulation of chips in the grind-
ing zone and their re-entry between the GWAS and the
machined surface [127].

4.8 Dry grinding with Impregnated Grinding
Wheels and Delivery of Compressed Cold Air

From an environmental point of view, the grinding process
would be best carried out without the use of liquid cool-
ing, lubricating and antiadhesive agents. At the same time,
it would make it possible to reduce the costs of grinding
operations associated with the purchase, regeneration and
disposal of these environmentally hazardous liquids. Dry
grinding is possible, however, it is associated with a high
risk of thermal defects on the machined surface and a limited
life of the grinding wheel, even with a reduced MRR [129,
130]. This is due to the lack of CLL and the elimination of
its beneficial effect on tribological conditions of the grinding
process. However, some of the CLL functions performed
during the grinding process can be replaced by solid or gase-
ous lubricants and antiadhesive agents. This idea led to the
development of a hybrid method of cooling and lubrication
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Fig.4 Internal cylindrical grinding process using a hybrid method of
cooling and lubrication integrating centrifugal MQL and cooling with
a stream of CCA: a view of the machining zone; b grinding power

of the grinding zone integrating impregnation of the grind-
ing wheel and cooling with a stream of cooled compressed
air.

In the tests of the internal cylindrical grinding process
described by Nadolny and Kiera$ [131], a small size grind-
ing wheel impregnated with colloidal suspension made with
20% addition of hexagonal boron nitride hBN powder was
used. Additionally, CCA was delivered generated by the
CAG nozzle delivered by compressed air at a pressure of
0.6 MPa, which allowed to reduce the gas temperature to

gain AP values during grinding wheel lifespan; ¢ average grind-

ing power gain AP, with its standard deviation o; d grinding ratio

G=V,/V, (on the basis of [127])

about —5 °C. The CCA task was to cool the surface of the
GWAS and the workpiece by absorbing and dissipating the
heat generated in the grinding zone, as well as blowing the
chips formed during machining out of the grinding wheel’s
contact zone with the workpiece (Fig. 5).

Experimental research has shown the possibility of
five times longer wheel life in the dry grinding process by
using the described hybrid method of cooling and lubrica-
tion of the machining zone in relation to grinding with a
non-impregnated wheel without the delivery of cooling
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«Fig.5 Internal cylindrical grinding process using a hybrid method
of cooling and lubrication integrating impregnation of the grinding
wheel and cooling with a stream of CCA: a layout of the method with
the most important kinematic and geometric parameters; b view of
the machining zone; ¢ grinding power P; d grinding ratio G=V,/ V,
(on the basis of [131]) a,—alignment angle of compressed cooled air
supply line outlet no. 1, a,—alignment angle of compressed cooled
air supply line outlet no. 2

and lubricating agents. In both cases, grinding burns were
detected on the machined surface, but under the conditions
of using the hybrid method they appeared on the surface of
ring no. 6, and in case of grinding without the delivery of
cooling lubricants, already on ring no. 1. The research has
also shown a significant reduction in the volumetric grinding
wheel wear V allowing to carry out the machining in stable
conditions with more than 4 times higher value of grinding
ratio G than in dry grinding. The beneficial effect of impreg-
nation of the grinding wheel was confirmed by measure-
ments of the surface texture of the GWAS. On the surface
of an unimpregnated wheel, the share of flattened areas,
which correspond to areas covered with grinding products
(cloggings) and smoothed abrasive vertices, was more than
three times higher (24.3%) than that of hBN-impregnated
grinding wheel (7.39%). Microscopic analyses of the hBN-
impregnated grinding wheel revealed a relatively small
proportion of micro-cloggings on the abrasive grains active
vertices, a lot of free intergranular spaces as well as few
dulled cutting vertexes. These observations can be explained
by the active influence of the impregnating substance on
the tribological conditions in the grinding zone resulting in
limiting the chip adhesion to the GWAS. On the surface of
an untreated wheel, a much higher share and larger sizes of
chip cloggings (both single abrasive vertices and intergranu-
lar spaces) formed under non-hBN grinding conditions were
shown [131].

5 Summary

Tables 2, 3 and 4 presents a synthetic overview of the cool-
ing and lubrication agents described in the literature as well
as the methods of their delivery to the GWAS-workpiece
contact zone in respect of liquids (Table 2), gases and solids
(Table 3) as well as hybrid methods (Table 4).

Particularly advantageous seem to be methods combining
many media, whose correct configuration and precise imple-
mentation in industrial conditions creates an opportunity to
carry out the grinding processes without the participation of
CLF (which until now has been associated with dry grind-
ing), and yet with effective lubrication (solid-state antiad-
hesives and lubricants) as well as cooling of the machining
zone (CCA stream).

The common feature of the described hybrid methods is
a radical reduction of CLF output (or even their complete
elimination) allowing to reduce the amount of environmen-
tally harmful substances constituting a by-product of grind-
ing processes, as well as to reduce the costs associated with
carrying out such machining. Importantly, this does not
adversely affect the quality of the surface to be machined
often while extending the life of the grinding wheel. The
most important factor determining the effectiveness of mod-
ern hybrid methods is the precise delivery of cooling, lubri-
cating and antiadhesive agents in liquid, gaseous or solid
state to the contact zone of active abrasive grains with the
workpiece surface. Hybrid methods are characterized by the
integration of several media in one system, the effective-
ness of which depends on the complementarity of functions
of individual component factors. In view of the above, it
appears that further development work should be carried out
on hybrid methods, of which CAOM and delivery of solid
powdered lubricants and antiadhesives to the grinding zone
should be considered as the most promising.

The most essential directions of further development in
the field of cooling and lubrication of the grinding zone can
be counted among the most important:

e searching for new types of CLF (e.g. as a result of the
spread of nanomaterials) which, with a minimum flow
rate, will ensure even more favourable grinding results
compared to the substances used so far,

e integration of known techniques for the delivery of
cooling and lubrication agents to the grinding zone to
eliminate the disadvantages of existing solutions in new
hybrid methods,

o the development of knowledge on heat exchange in com-
plex turbulence flow systems and with many cooling and
lubrication agents will be possible thanks to increasingly
excellent computer modelling and numerical simulation
systems,

e searching for new solid substances used for impregnation
of grinding wheels, which will effectively perform the
lubricating and antiadhesive function and at the same
time will not be harmful to the environment (e.g. biode-
gradable or recycled substances),

e searching for new ways of introducing solid lubricants
and antiadhesive agents into the grinding wheel, e.g. as
components of a bond or in the form of abrasive aggre-
gates,

¢ implementation of well-known methods for new types of
abrasive tools, e.g. for machining that integrates raw and
fine grinding in one operation.

However, it seems that significant qualitative changes

in the cooling and lubrication of the machining zone
in grinding processes will only be possible through the
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Table 3 Types of cooling, lubricating and antiadhesive gases and solids as well as methods of their delivery to the grinding zone

Cooling and lubricating agent Method of delivery to the grinding zone Flow rate References
Gases
Cooled compressed air Use of cold air guns (CAG) o1 [9, 54-65]
Liquid nitrogen LN, Cryogenic cooling or
Liquid carbon dioxide CO, el
Solids
Sulphur, waxes, resins, etc. Impregnation of grinding wheels =~ Known from literature and ol [5,19-23, 25, 66-71]
with lubricants or adhesives industrial practice methods of
impregnating grinding wheels
with sulphur, waxes, resins
Sulphur Method of impregnation of oll
ceramic grinding wheels with
sulphur with partial centrifuga-
tion of the impregnate
Amorphous carbon Method of impregnation of 0ll
ceramic grinding wheels with
amorphous carbon by ther-
mal decomposition of organic
compounds
Graphite, molybdenum disulphide Method of impregnation of oll
MoS,, hexagonal boron nitride ceramic grinding wheels with
hBN powders by immersion in
suspension
Silicone Method of impregnating ceramic Q||
grinding wheels with colloidal
silicone
Silicone-graphite impregnate Impregnation of grinding wheels Q||
with silicone-graphite impreg-
nate under reduced pressure
Graphite Segment wheels with elements (segments) made of solid lubricant 0ll
Graphite Continuous delivery of solid lubricant (e.g. graphite) to the grinding 0ll
wheel active surface during the grinding process
11 Very high 1 High | Low 1] Very low

work of interdisciplinary teams integrating knowledge of
grinding technology with knowledge of chemistry, mate-
rial engineering, tribology as well as thermodynamics and
heat transfer. The results of research on such teams should
provide a basis for the widespread use of new coolants,
lubricants and antiadhesives in grinding processes.
Particularly noteworthy is the growing importance of
new numerical methods for solving complex fluid mechan-
ics and heat exchange problems. The development of com-
putational fluid dynamics (CFD) has enabled a broader
understanding of the physical processes that occur during
the flow of fluids both around and inside the modelled
systems. Many of the most important aspects of fluid
mechanics and heat transfer are of a non-linear nature,
which makes it impossible to solve such problems analyti-
cally. The associated partial differential equations used in
the CFD method, together with the ever-increasing com-
puting power of computer systems, create unprecedented

possibilities for analysing single- and multiphase flows in
increasingly complex systems.

It should be expected that the growing public aware-
ness of the protection of natural resources will in the
future lead to an increasing pressure to find environmen-
tally friendly machining methods, which, with regard to
grinding processes, must result in a decisive reduction in
the use of water-based oil emulsions and oils for cooling
and lubrication of the grinding zone, which are commonly
used today. Further legislative restrictions on the use of
certain chemicals in manufacturing processes can also be
expected to accelerate the spread of niche, in the current
reality, hybrid cooling and lubrication methods. In this
context, the hybrid methods presented in this paper are a
real alternative to flooded cooling and can be improved
and adapted to the requirements of specific technological
operations of grinding in industrial conditions.
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