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Applicability of CaF2 Solid
Lubricant-Assisted Minimum Quantity
Lubrication in Turning for Sustainable
Manufacturing

Mayur A. Makhesana , K. M. Patel and Anand S. Patel

Abstract The conventional cutting fluids have a significant share in the total produc-
tion cost. It also causes environmental hazards and health damages if not managed
properly. Minimization or elimination by some other by some efficient means is of
current research focus. Through the experiments, this researchwork demonstrates the
effectiveness and performance of solid lubricant-assisted minimum quantity lubrica-
tion in turning.Micron-sized calciumfluoride as solid lubricant ismixedwith SAE40
to prepare lubricant mixture. The output responses are analyzed by varying concen-
tration of the solid lubricant in SAE 40 oil and the flow rate of themixture. The output
responses are measured in form of surface quality, chip-tool interface temperature,
and tool flank wear. The comparative study of experimental results with dry, wet
cooling, MQL, and MQSL has shown some motivating trends. Process performance
is improved with the application of solid lubricant-assisted machining in form of the
reduction in surface roughness, tool wear, and chip-tool interface temperature. From
the results, the use of CaF2 as a solid lubricant with MQL can be considered as an
environment-friendly and cost-effective alternative for lubrication. The results can be
used for metal cutting industries, opening the possibilities of developing sustainable
manufacturing practices.
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18.1 Introduction and Literature Review

Machining is considered as the most versatile manufacturing process able to produce
precise shape, size, and surface quality of work part. The relative motion between
cutting tool and workpiece causes plastic deformation of material leading to the
generation of heat during machining. Machining of ferrous materials results in faster
tool wear due to higher machining temperature and also causes tool failure and poor
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surface integrity [1]. The blunt tool also results in excessive power consumption
while machining. Hence, it is essential to reduce the heat generated in machining
to improve surface finish and longer tool life. Conventional cutting fluid has been
applied tomachining area to reduce the friction coefficient between tool-work contact
and therefore minimizing the heat generated.

These conventional metal cutting fluids mostly have a negative environmental
effects, and they cannot be considered for sustainable manufacturing. Besides the
environmental risks, due to its poor waste disposal, they cause severe health hazard
even within the factory [2]. Looking at the breakdown of total production cost, the
cost of cutting fluids takes a larger part in the same. And hence, the use of these
cutting fluid cannot be justified on an economic point of machining [3]. The review
of literature has provided an insight into the emerging and effective practices for
the development of clean and green production. So that the machining can be cost-
effective and environment-friendly [4].

In recent times, researchers have been working on minimum quantity lubrication
and use of solid lubricants in machining as an alternative to cutting fluids. The
minimum quantity lubrication takes a very small quantity of lubricant oil converted
in form of aerosols with the use of compressed and applied to the machining area
with a small opening nozzle [5]. While machining with higher cutting speeds and
feed rate, friction model is developed and MQL is used as lubrication strategy. It is
concluded that MQL is an effective option as compared to wet cooling [6].

A new lubrication approach, in form of combined cooling method by pre-cooling
the work part by application of MQL is proposed. The result demonstrated the
improvement in process performance proving it to be a cost-effective alternative
in machining [7]. The lowest value of surface roughness is reported while machining
with different ranges of the depth of cut in turning. The reduction of cutting forces
is also reported with the use of MQL as compared to dry and wet machining [8]. In
another work, improved machining performance is reported with the application of
MQL in form of reduction of chip-tool interface temperature and cutting forces [9].

Researchers have proposed and applied solid lubricant in machining as an
approach of lubrication. Graphite, calcium fluoride (CaF2), molybdenum disulfide
(MoS2), and boric acid (H3BO3) can be used as solid lubricants. Solid lubricants
can be applied in powder form or by mixing it with cutting fluid [10]. Graphite and
MoS2 are applied in machining, and its effect on surface finish and cutting forces was
analyzed. The results of solid lubricant-assisted lubricants were compared with flood
cooling strategy. Results revealed the effectiveness of MoS2-assisted machining due
to its better adhesion tendency as compared graphite [11]. Researchers have been
working in the direction of the application of solid lubricants in various machining
process leading to a clean and sustainable machining approach [12, 13].

From the current state of research, it can be summarized that there is a need to
focus efforts in the area of application of solid lubricants in machining. The concept
of solid lubricant mixedwithMQL can increase process performance and a reduction
in overall machining cost. The work is done either by using the solid lubricant in
powder form or by using MQL with cutting fluid. Also, the previous study focused
to analyze the effects of solid lubricants without considering any parameter’s effects
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related to lubrication environment. Few studies are available to assess the effects of
various concentrations of solid lubricants and lubricant flow rate in MQSL. Hence,
the present work experimentally investigates the performance of MQSL by varying
concentration of solid lubricant and the flow rate of lubricant in turning process at
selected machining parameters.

18.2 Experimental Details

The turning experiments were carried out on HMT made lathe machine under dry,
wet, MQL, and MQSL environments. The fabricated minimum quantity lubrication
system is mounted on lathe machine as shown in Fig. 18.1, containing main parts
as lubricant reservoir, spray nozzles, air pressure controls, and controlling knobs.
The main parts of the system are connected by pipes, cables, and required controls
and fittings. The compressed air is supplied from the air compressor at required air
pressure. The solid lubricant flow is controlled by governing the flow of compressed
air. The lubricant mixture leaves nozzle with high pressure in form of aerosol and
diverted to machining area. The workpieces in form of round bar with dimensions
Ø50 × 200 mm were used for turning operations.

Many researchers had worked to find the proper weight ratio of solid lubricant in
heterogeneous mixture for the better surface finish and less temperature generation.
Vamsi Krishna and Rao [14] used 5, 10, 15, 20, 30, and 40% solid lubricant byweight
with SAE 40 oil for testing cutting fluids lubricating and cooling properties. Hence
for experiments, 10 and 20% of solid lubricant is mixed with SAE 40 oil and the
same is compared with that of dry, wet, and MQL machining. The experiments are
performed to study the effect of different solid lubricant concentrations and different

Fig. 18.1 Setup of MQSL mounted on lathe machine



232 M. A. Makhesana et al.

Table 18.1 Experimental conditions used in machining

Work material and dimensions AISI 1040 steel (Fe = 97.7%, C = 0.385%, Si =
0.390%, Mn = 0.991%, P = 0.0128%, S =
0.019%)
Ø50 × 200 mm

Cutting conditions Cutting speed = 130 m/min
Feed = 0.2 mm/rev
Depth of cut = 0.5 mm

Cutting tool and geometry CNMG1204085 TN4000
clearance angle (α) = 0°, nose radius = 0.8 mm

Surface roughness tester Surftest SJ-210

Chip-tool interface temperature
Flank wear

Tool-work thermocouple
Microscope with image analysis software

Machining conditions Dry, wet, MQL, MQSL machining with 10 and
20% CaF2 concentration
Lubricant flow rates—250 and 500 ml/h

Air pressure 0.3 MPa

Lubricants Wet cutting environment (cutting fluid)
Soluble oil—Servo cut oil ratio—1:20 in water
MQL—SAE 40 oil
MQSL—Calcium fluoride powder mixed in SAE
40 oil
Nozzle tip diameter—1 mm, Nozzle distance
from machining zone—15 mm

flow rates of lubricant on surface roughness, chip-tool interface temperature, and
flank wear. The details of experimentation are shown in Table 18.1. The optimized
value of process parameters is obtained by grey relational analysis for the minimum
quantity solid lubrication environment and same has been used for experiments.

The turning operation as a part of experiments was carried out by using coated
carbide insert of TN4000 grade. The insert with multi-layer coating of CVD—TiN-
TiCN-Al2O3 and with higher cobalt content has good toughness which permits
heavy depths of cut and interrupted cuts. The insert designation as per ISO code
is CNMG1204085 TN4000. The inserts were rigidly mounted on a tool holder with
PCLNR2020K12 I 7D designation, as per ISO Code of Widex make.

18.2.1 Measurements

Mitutoyo made surface roughness tester is used to measure value of surface rough-
ness after machining. Surface roughness is measured at three different locations and
at two different lengths of workpiece, and average value is considered for comparison
of results. New cutting tool insert is used for each machining conditions. Measure-
ment of flank wear is carried out using portable microscope equipped with image
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analysis software. The chip-tool interface temperature is measured by the tool-work
thermocouple arrangement developed and mounted on the machine. The calibration
of tool-work thermocouple was done by the means of furnace at known temperature.
Continuous chip obtained by the machining of workpiece material and tungsten car-
bide rod is used to form the hot junction. Hot junction of thermocouple was inserted
in a metal plate with K type calibrated thermocouple. Metal plate attached with K
type thermocouple and hot junction of tool-work thermocouple was kept in a fur-
nace, temperature reading was obtained by K type thermocouple corresponding to
emf generated by tool-work thermocouple. For each value of emf, average value of
temperature was taken and given an input to the GraphPad software for obtaining
the thermoelectric relationship.

18.3 Results and Discussion

18.3.1 Flank Wear Analysis

While machining, tool wear is unavoidable due to direct rubbing action between tool
and workpiece surface. From the comparison results shown in Fig. 18.2, with the
concept of MQSL, tool life is improved as compared to dry and MQL environments.
Figure 18.2 shows the maximum flank wear of tool against cutting time for vari-
ous cutting conditions. The rapid increase of flank wear is observed in dry cutting
immediately after 4 min of machining indicating the entry of tool into high wear
rate zone. For wet cooling, MQL, and MQSL conditions, the high wear rate zone
started approximately after 12 min of machining. From the comparison, it is clear
that wet cooling and MQSL with 10% concentration of CaF2 has increased tool life

Fig. 18.2 Comparison of flank wear in various machining environments
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by lowering flank wear. The results are in agreement with the fact that in MQL and
MQSL, the heat transfer takes place mainly by evaporation making it more efficient
than convective heat transfer as in flood machining [14].

Similar trend of results in form of longer tool life and improvement of surface
finish is reported with the use of MQL and solid lubricants [15]. The longer tool life
with the use of the solid lubricant with 10% concentration is due to its ability to retain
in interface area and creating a thin lubricating film. While 20% of concentration
has reduced, tool life due to reduction in thermal conductivity of lubricant mixture
resulted in higher temperatures leading to larger flank wear. For selected tool life as
measured as 0.35 mm of flank wear, effective tool life achieved in dry machining
is 9 min, whereas for other cutting conditions it is reported more than 16 min.
Figure 18.3 shows the comparison of images of tool insert captured after dry, wet,
MQL, and MQSL machining environment. Nose wear is also observed in all inserts.

Fig. 18.3 Images of cutting tool insert in various machining environments, a dry, b wet, c MQL,
d MQSL
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Fig. 18.4 Variations of chip-tool interface temperature in various machining environments

18.3.2 Analysis of Chip-Tool Interface Temperature

The heat generated during machining is the result of plastic deformation due to rub-
bing action of the tool with respect to the workpiece surface. It is very important
in machining to control the amount of heat generated as it really affects the rate of
tool wear and surface integrity of workpiece [16]. From the comparative analysis
of results shown in Fig. 18.4, it is clear that the highest chip-tool temperature is
observed in case dry machining followed by MQL, wet cooling, and MQSL envi-
ronments. The cooling action of MQSL is almost same as that of wet cooling which
shows excellent lubricating capabilities of solid lubricants. Another reason is the
application of compressed air supplied in MQSL creating an excellent cooling effect
by taking heat away from the machining area. Reduction in temperature leads toward
the reduction in flank wear and surface roughness (Fig. 18.2 and 18.5).

18.3.3 Analysis of Surface Roughness

Figure 18.5 shows the comparison of average surface roughness values for selected
cutting conditions. It is as expected that due to rapid tool wear observed immediately
after 4 min of machining, highest value of surface roughness is reported in dry
machining. While for other cutting environments, no major change in values of
surface roughness is observed. The results of surface roughness in case of MQSL
approaches indicate the effectiveness of solid lubricants as compared to wet cooling.
However, 10% concentration of solid lubricant has lowered the Ra value as compared
to that of 20% concentration. The same can be linked with flank wear comparison
in terms of lower flank wear with 10% concentration retaining longer tool life that
20% concentration of CaF2. The better lubricating action of solid lubricant reduces
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Fig. 18.5 Variations of surface roughness in various machining environments

the frictional forces resulting in reduction in temperature and tool wear and leading
to improved surface finish [17]. Work is reported with the application of MoS2 and
graphitewith oil at concentration (20%wt) inmachining ofTi-6Al-4Valloy.Reduced
values reported of cutting forces and resulted in improved surface finish with solid
lubricants as compared to dry and wet cooling. Molybdenum disulfide (MoS2) has
improved machining performance in form of lower tool wear and surface roughness
as compared to graphite [18].

18.3.4 Effects of Different Lubricant Flow Rates on Surface
Roughness

From the experimental results compared with different concentrations of solid lubri-
cant, it is concluded that 10% of CaF2 has improved machining performance by
lowering tool flank wear and surface roughness. Further, it is decided to compare
the effects of various flow rates of lubricant in MQL and MQSL environments by
keeping 10% concentration of solid lubricant fir MQSL. The flow rate in MQL and
MQSL approach is controlled by flow regulating knob of MQL system.

Figure 18.6 compares the effect of different flow rates by which lubricant mixture
supplied in MQL and MQSL. It can be seen that lower flow rates in case of MQL
and MQSL have lowered the value of surface roughness than that of wet cooling
wherein the flow rate is few liters per hour of machining. Hence, it is clear that if the
lubricant can be supplied in optimize and effective way, it can improve themachining
performance. MQSL lubrication with 500 ml/h has proven to be better due to the
lubrication properties of solid lubricant added in mixture than MQL without solid
lubricant.
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Fig. 18.6 Variations of surface roughness with various flow rates of lubricants

18.4 Conclusion

Minimum quantity lubrication added with solid lubricant is applied in turning opera-
tion and compared with the results available from dry, wet andMQLmachining envi-
ronments. Due to inherent lubricating properties of solid lubricant, it has improved
surface finish as compared to other cutting conditions. Tool life is improved while
application of MQSL approach, as solid lubricant can penetrate effectively between
tool-work interfaces resulting in better lubrication and cooling action performed by
compressed air. From the selected combinations, MQSL with 10% concentration of
CaF2 has improved process performance. It can be also concluded from the com-
parison of different flow rates of lubricant that instead of applying large quantities
of cutting fluids, an optimum flow rate of the same can improve the process per-
formance. Hence, the use of solid lubricant coupled with the concept of minimum
quantity lubrication can be a feasible alternative leading toward sustainable man-
ufacturing practices. Analysis and measurement of thermo-physical properties of
lubricant mixture are not considered in the present study. Advanced CFD modeling
techniques can be employed to model mist-based cooling techniques to predict the
temperature distributions on the cutting tool under different lubricating conditions.
In future, different combinations of solid lubricant particle size and air pressures
should be examined for higher cutting speeds and feed rates. The similar study can
also be conducted for different types of coolants, and their respective convective heat
transfer coefficients can be analyzed in form of its effect on output responses.
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