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Cutting fluids are a source of environmental hazard, and internationally increasingly strict
legislations are coming up with regard to its use and disposal. It also incurs a significant
share of total manufacturing cost. Minimization and possibly elimination of cutting fluids,
by substituting their functions by some other means, is of current research interest. Cutting
fluids play a decisive role in grinding because of the intense heat generation and the
consequent thermal damage associated with the process. Conventionally, liquid coolants in
flood form are employed in grinding. Solid lubricants can be used in grinding, as a means to
reduce the heat generated due to friction at the grinding zone, towards the attempt for
eliminating cutting fluid. This paper deals with an investigation on using calcium fluoride as
a lubricating medium in surface grinding. A detailed performance analysis has been done in
terms of forces, specific energy, temperature, surface finish and wheel wear. A comparative
study with dry and coolant grinding has shown some interesting trends.
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INTRODUCTION

Cutting fluids generally have a negative impact on the environment and they cannot be
recommended in the light of ecological manufacture. Besides the environmental threat, due to its poor
waste disposal, they cause severe health hazard even within the factory [1]. Dermatological diseases are
common in workers using cutting fluids. There is increased susceptibility to respiratory problems and
regular exposure to oil mist may cause cancer. Poor maintenance of the cutting fluid may lead to
microbial attack [2,3]. Hence, increasingly strict legislations are coming up with regard to the use and
disposal of cutting fluid [1,4]. Moreover, proper management of the cutting fluid incurs a significant share
of the total manufacturing cost. So its use cannot be justified on economic grounds [5]. These factors
prompt investigations on the minimization or possible elimination of cutting fluid, by substituting its
functions by other means [6].
Grinding is employed as a common finishing process in manufacturing. It employs large quantity of
cutting fluid, usually in flood form, to ensure product quality. In fact, the cooling and lubrication by
cutting fluid plays a decisive role in grinding tribology, as intense heat is generated due to high friction
involved in the process and there is high risk of thermal damage associated with the workpiece [7,8]. The
effectiveness of conventional flood supply is questionable as the 'air barrier' inhibits the accessibility of
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the cutting fluid to the grinding zone [9]. The film boiling of the fluid due to the high temperature
prevailing in the grinding zone is another limitation to the stock removal [10]. However, it provides
excellent wheel cleaning and bulk cooling [11,12]. Development of alternative approaches for replacing
the cutting fluid in grinding should take into consideration all of these aspects. Use of biodegradable
coolants, the concept of minimum quantity lubrication (MQL) and use of refrigerated jet of gas are some
of the attempts made in this direction [5,6,12,13].
Towards finding out alternative approaches for replacing fluid coolants, an attempt to reduce the heat at
its generation stage itself would be ideal, rather than removing the heat after its generation. Authors have
investigated the possibility of applying graphite as a lubricating medium to reduce the heat generated due
to friction at the grinding zone and some interesting results have been obtained [14]. This paper deals with
the investigation on using calcium fluoride (CaF2), another high temperature solid lubricant [15,16], as a
lubricating medium in surface grinding. The performance analysis has been made in terms of force
components, specific energy, surface finish, temperature, tool wear etc. Performance comparison of the
proposed method with dry and coolant grinding has also been made.
EXPERIMENTAL STUDY

The experimental study was done in a horizontal spindle surface grinding machine (6.5kW). The
set-up for CaF2 assisted grinding for the investigations is shown schematically in Figure 1. A photograph
of the set-up is shown in Figure 2. Fine CaF2 powder was mixed with water-soluble oil and a little
quantity of grease (4:4:1 by weight) into a paste form. This was loaded into cylinder A, shown in Figure
1. The paste was pushed out through a rectangular nozzle D (1x25 mm size) by a pneumatically operated
piston B. The soft rubber wheel C, driven by the grinding wheel, smeared the paste to the periphery of the
grinding wheel. The flow rate was calibrated for different pressures given to the piston and a rate of
delivery of 4 mm3/s was employed for the experiment.

Figure 1. Schematic diagram of the experimental setup

Figure 2. Experimental setup in photograph

Coolant assisted grinding was done with the coolant supply set-up in the machine itself employing
soluble oil in water in 1: 20 ratio at the rate of 4 l/min. En-2 steel and En-31 steel hardened to bulk HRC
of 22 and 60 respectively were used as workpieces. Horizontal surface grinding was done with the wheel
A60K5V10 (250-25-76.2 mm size) engaging its full width.
Initially, the most influential factors were identified by conducting a 3-level 4-factor (speed, feed,
infeed and mode of dressing) experiment following the Taguchi's L9 orthogonal array with 4 repetitions in
dry, coolant and CaF2 assisted grinding, taking force components and surface finish as quality
characteristics. ANOVA based on S/N data showed that infeed and mode of dressing respectively were
the most influential parameters on forces and surface finish in all the three modes of grinding. These two
factors were taken as variable parameters for further study.
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For the performance comparison study, the experimental conditions shown in Table 1 were employed.
In each mode of dressing, normal force (Fn), tangential force (Ft) and temperature were sensed on line
during grinding at different infeeds. The surface roughness was measured off line. Continuous wear test
was done and wheel wear and force components were noted at regular intervals.
For force measurements, a 3-component quartz dynamometer (Kistler-type 9257B) with charge
amplifier (Kistler-type 5019B) and a 2-channel oscilloscope connected directly to a PC were employed.
The forces reported are those when the process was in stable state with almost steady pulses. Temperature
was sensed by an infrared thermometer (Raytek-Raynger MX4) focusing at the wheel-work interface.
Surface roughness of the ground part was measured by using a Talysurf. Specific energy was calculated
using the formula (FtVs)/(Vwa b), where Ft = tangential force, Vs = peripheral speed of the grinding
wheel, Vw = feed, a = infeed, b = width of cut [22,23].

Cutting speed : 30m/s
Feed

:

10m/min

Infeed

:

10 to 40µm in steps of 10 µm

Environment :

Dry, Soluble oil (1:20 oil in water) and CaF2

Dressing conditions :

with single point diamond dresser , 1carat, at wheel speed of
1800 rpm in dry condition in the modes of

1.Fine

: 10µm depth , cross feed ~75 mm/min, 2 passes with one spark out pass

2.Medium : 20µm depth , cross feed ~150 mm/min, 2 passes with no spark out pass
3.Coarse : 30µm depth , cross feed ~300 mm/min, 2 passes with no spark out pass

Table1. Experimental conditions:

RESULTS AND DISCUSSION

Figure 3 shows the variation of grinding forces in the normal and tangential directions with the infeed
under different dressing conditions and grinding environment. Grinding forces are based on different
elements, which largely depend on the wheel characteristics, work material characteristics, process
parameters, nature of wheel-workpiece interaction and the chosen environment. In all the cases under
study, force components increased with infeed as expected [17]. This agrees with the various physical
and empirical models reported [18,19]. The force components are directly proportional to the mean
undeformed chip thickness, which in turn is directly proportional to the infeed. As the infeed increases,
the productive components of the forces associated with shearing, micro fracturing and secondary
plowing increases. The non-productive components of forces such as friction, wheel loading, primary
plowing etc. depend on the wheel-work characteristics and are almost independent of the infeed
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[13,22,23]. The force components in dry and coolant grinding were more or less the same. It indicates the
ineffectiveness of the coolant to serve its purpose. In some cases of dry grinding, the forces were lower
than that of coolant grinding. This may be attributed to the thermal softening of the material.
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Figure 3. Variation of force components with respect to infeed under various grinding conditions.

In all cases of grinding, tangential force component is generally lower for brittle material (bearing
steel), compared to ductile material (medium carbon steel). The nature of the material removal is different
in both the cases. In the case of ductile material, during chip formation it is first subjected to elastic
deformation, then the material starts to yield and then plastic deformation takes place. But in the case of
brittle material, the chip formation is characterized by the generation of micro cracks, its propagation and
finally the fragmentation of chip occur. The tangential force component in the case of brittle material is
relatively smaller, because the generation of cracks and fracture requires less energy than plastic
deformation [18].
In the case of CaF2-assisted grinding, the tangential force components were substantially lower
compared to dry and coolant grinding. This indicates that the lubricating property of the CaF2 was
effective in reducing the frictional forces at the wheel-workpiece interface. The normal force components
in lubricant assisted grinding should also decrease correspondingly. But in some cases, these components
were found to be more than those in the case of dry and coolant grinding. The normal force depends upon
the amount of wheel loading also. Here, the lubricant supplied in paste form often got mixed with the chip
formed and got loaded on to the wheel periphery. In some cases, the excess supply of lubricant worsened
the situation leading to higher values of normal force.
The ratio of tangential force to normal force (Ft/Fn) was termed as grinding coefficient [17] or grinding
force ratio [18,19]. This ratio, though it does not give the actual coefficient of friction [µ], it is a similar
term like µ and gives an indication of the frictional effects in the grinding zone [17]. Figure 4 shows the
variation of grinding force ratio under different grinding situations. This ratio is substantially lower in the
case of CaF2 assisted grinding. This substantiates the effective lubrication by CaF2 in the proposed
method. This ratio has been reported as differing considerably depending upon the material of the
workpiece and it would describe the workpiece behavior in the process [18,19]. The present investigation
shows that with the same material itself the grinding environment which provides effective lubrication
can change this ratio markedly. This may be attributed to the behavior of the material in the presence of
lubricant.
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Figure 4. Ft/Fn ratio obtained under various grinding conditions
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Figure 5 shows the variation of specific energy requirements under various situations of grinding.
Specific energy increases with a decrease of the infeed in all conditions of grinding under study. This
established behavior, termed as size effect, is due to the domination of sliding and plowing components at
lower infeeds [22]. Moreover, the chip formation process is a special high strain extrusion process that
involves rapidly increasing strain rate with a decrease of the undeformed chip thickness at lower infeeds
[23].
The dressing condition of the wheel has profound influence on the parameters under study. Dressing
controls the distribution of active grits, their initial sharpness or bluntness and the chip accommodation
space. Finer dressing with lower dressing lead and depth produces high density cutting edges with wider
flats on the grains, which penetrate less easily into the work material causing high normal forces. In such
cases, sliding and plowing components will be higher, resulting in high friction and increased amount of
plastic deformation, leading to higher tangential force. With coarser dressing, grits are damaged severely
and the plateau area per grit would be smaller, leading to lower force components [20,21]. Accordingly,
the related parameters such as specific energy, temperature etc. were found to decrease with coarser
dressing modes in all the environments under study.
Figure 6 shows the temperature variations under different grinding conditions. The temperature sensed
by the infrared radiation thermometer used here can be taken only as a representative figure for
comparison purposes, as this method will not give the correct cutting zone temperature. However, the
temperatures obtained are found to be substantially lower in the case of CaF2-assisted grinding. This is
due to the reduction in frictional heat generated at the grinding zone.
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Figure 5. Variation of specific energy with infeed under various grinding conditions
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Figure 6. Temperature obtained under various grinding conditions

Figure 7 shows the surface roughness obtained under different grinding conditions. In the case of
medium carbon steel under CaF2 environment, roughness was found to be higher than those in the case of
dry and coolant conditions. But, in the case of bearing steel, surface finish was found to be generally
improved in the lubricant environment. Here, the material behavior in the process plays a major role. In
the case of ductile material, which is characterized by yielding and plastic deformation during chip
formation, chip may stick around the abrasive grains causing third body abrasion on the workpiece. The
lubricant applied in paste form here worsened the situation by preventing the free escape of the swarf
from the grinding zone. So a higher value of roughness was obtained in the case of medium carbon steel.
In the case of brittle material, the chip formation is dominated by fracture mode and it has less tendency
to stick on to the abrasive grains, leading to better finish. In this case also, if effective wheel cleaning
could be provided, a more desirable result with regard to finish can be expected. It is noticeable that, with
brittle material, the improvement in surface finish was relatively more in the coarser dressing modes
compared to that in other dressing modes, as coarser modes have more swarf accommodation space.
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Figure 7. Surface roughness obtained under various grinding conditions
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Figure 8 shows the volume of wheel worn (per unit width) and forces obtained with the bearing steel
workpiece in the continuous grinding test under different environments. During the Initial stages of
grinding in the case of CaF2 environment, the wheel wear rate was less compared to the dry and coolant
conditions and there after it was found increasing. This was due to the effective lubrication by CaF2
during the initial stages of grinding and there after the wheel surface became smooth, with the pores filled
up with the swarf. The intermittent force values taken, for CaF2 assisted grinding, for every 10µ infeed as
shown in Figure 8 indicates the self sharpening effect of the abrasive grains in the process. The normal
force after rising was dropping down intermittently. The tangential force did not have much variation as
compared to the normal force. As a catastrophic wear is not seen in the lubricant environment and the self
sharpening effect of grains is also there, if proper wheel cleaning could be provided, effective cutting
could be ensured in prolonged grinding also.
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Figure 8. Tool wear (per unit width) and forces obtained in the continuous grinding test (bearing steel)

CONCLUSION

Towards an attempt to avoid environmentally harmful cutting fluid, investigation on application of
CaF2 as lubricating medium has been conducted with surface grinding. A comparative performance
analysis of the proposed method with dry and coolant grinding has been done. The effective role of
lubricant has been evident from the improvement of output parameters related to the wheel-workpiece
friction. The wheel loading, due to the absence of effective removal of swarf, was found to be a major
hindrance in obtaining more desirable results. If proper application of the solid lubricant to the grinding
zone could be ensured, with the means for substituting the flushing function of the coolant, it would be an
effective alternative for the conventional flood coolants.
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