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Abstract: Cutting fluid is a major concern in conventional cooling methods because of its high cost, effects on operator
health, and environmental consequences. Microlubrication (MQL) is a better cooling method than traditional cooling. MQL
can be used for machines with a high metal removal rate, such as those used in metal turning, milling, drilling, and boring.
MQL has a lower lubrication consumption, a higher cooling rate, and a cleaner production than do conventional flooded
lubrication. This study performed a cost-benefit analysis to compare MQL with conventional flood cooling methods. For
both traditional flood cooling at 35 L/min and MQL cooling at 50 mL/h, face and slot milling techniques with constant
machining settings were used. The quantity of components that must be produced to recoup the fixed and variable costs of
MQL and conventional cooling were calculated by performing a breakeven point (BEP) analysis. The MQL methodology
used 20% fewer components to recoup all expenses compared with conventional cooling. The findings indicated that MQL
is more economical than traditional cooling. Moreover, the BEP for both cooling systems exhibited variances, and the BEP
can be reached sooner for MQL than flood cooling lubricant.
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1. Introduction

Metal cutting techniques have been used for a long time. Coolant; machining operating conditions; and tool shape, material,
and wear all play crucial roles in metal cutting operations. Heat is generated in the metal cutting zone during machining.
This heat considerably affects tool life, reducing tool hardness, causing structural changes in the tool, and increasing tool
wear. Thus, metalworking fluid is utilized to regulate temperature and provide lubrication. The use of cutting fluids can
reduce power usage. Metalworking fluid is also used to remove chips and protect machine equipment and workpieces from
corrosion. Thus, metalworking fluid can enhance productivity because it optimizes machining and tool performance (Byers,
20006).

Metalworking fluid has diverse applications. The most common method is flooding. Continuous flow is used at the tool
and workpiece in this procedure. A recirculating system, filters, nozzles, pipes, and an oil recovery mechanism are required
for flood cooling. Because cutting fluids are reused for a month and even for years occasionally, filtration and a
recirculating system are required. Cutting fluid contacts with metal chips and debris. Impurities, chips, and dirt should be
removed from the cutting fluid through filtration to enhance its performance (Byers, 2006, Irani et al. 2005). However,
direct contact with cutting fluids can affect machine operators’ health (Byers, 2006). Operators can develop eye, skin, and
respiratory illnesses and experience discomfort in the nose and throat. In addition, throughout the machining process, the
clean-cutting fluid becomes polluted. However, the disposal of this fluid can adversely affect the environment. Moreover,
disposal can lead to substantial costs. Thus, reducing environmental contamination in the industrial sector is critical.
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Moreover, the demand for an alternative to traditional cooling methods is increasing. During the manufacturing process,
industrial waste should be reduced or eliminated.

In recent years, new alternatives have been developed to overcome the drawbacks of traditional cooling. Minimal
quantity lubrication, dry machining, cryogenic cooling, gaseous cooling, nanofluids, and solid lubrication are some of the
different cooling technologies (Fig. 1) (Byers, 2006, Sharma et al. 2009).
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Fig. 1. Different cooling methods in metal cutting

Dry machining eliminates the need for cutting fluid, increasing the temperature in the metal cutting zone with a decrease
in the heat extracted (Sharma et al., 2009). Hence, proper cutting tool material should be employed. The dry metal cutting
tool should have a higher temperature and a higher thermal fatigue limit and should be resistant to pressure, more robust,
and chemically stable (Stanford et al., 2002). However, dry machining is impossible under specific metal cutting conditions
because of increased heat generation in the metal cutting zone, which results in increased friction between the tool and
workpiece material (Siniawski et al., 2009, Weinert et al., 2004). Microlubrication (MQL) is a spray that consists of
compressed air and a tiny oil droplet. Compressed air is used to atomize cutting fluid into tiny droplets. The amount of oil
consumed every hour varies between 5 and 150 mL. For sustainable manufacturing, biodegradable fluid can be used in
MQL. MQL might outperform other lubrication technologies. In addition, tool wear, expense, and coolant usage can be
reduced. Because less industrial waste is produced in MQL, pollution is decreased (Dudzinski et al., 2004). Gaseous and
cryogenic cooling are two options for traditional cooling. Liquid nitrogen (at 196°C) or carbon dioxide (at —78°C) are used
in cryogenic cooling. They absorb heat and dissipate it. Liquid nitrogen and carbon dioxide act as lubricants by generating
a gas layer between the tool and chip contact. This cooling method, however, necessitates the use of specialized equipment
to maintain the stability of the coolant temperature. This, in turn, increases the price of the cutting fluid procedure (Irani
et. al 2005). At normal temperature, the cutting fluid is in a gaseous phase in gaseous cooling. Air is among the most
common cutting fluids; it has a limited cooling capacity that can be improved by cooling. Helium, nitrogen, and argon are
other gaseous cutting fluids that prevent the oxidation of the tool and workpiece. The expense of gaseous fluids, such as
cryogenic cooling, is expensive. Thus, they are not commonly used (Shokrani et al., 2012, Najiha et al., 2016). MQL
appears to be a preferable option to conventional cooling because it eliminates the problem of fluid disposal. Furthermore,
for sustainable production, biodegradable lubricants are being used, reducing operator health problems (Benedicto et al.,
2017). Many studies have examined various cooling and lubricating techniques used during various machining operations
and determined their potential for sustainable machining (Singh et al., 2020).

Here, we performed a literature review to determine relevant aspects for the economic analysis of MQL versus
traditional cooling. Few studies have performed an economic analysis of MQL versus conventional cooling in milling
operations. Ju et al. (2005) performed a cost analysis for a machining center and a transfer line for MQL and traditional
cooling drilling, boring, and face filling operations.

Cost Distribution in Metal Cutting
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Fig. 2. Cost distribution in metal cutting

Cutting fluid, ventilation, chip handling, and machining costs were factored into overhead costs. For a fair comparison,
a transfer line and three machining centers were used. The cost of flooded coolant was significantly higher than that of the
MQL. The cost of flooded coolant was 22% higher than that of MQL (Ju et al., 2005). Amrita et al. compared the costs of
two systems that used low- and high-pressure compressed air with nanocutting fluid at 5 mL/min and 1 mL/min,
respectively. Low-pressure air is employed in the system, with a separate setup for cutting fluid and air. System B is based
on the atomization principle. Experimentation was perfomed in a controlled environment. The economic study considered
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dry, flooded, and MQL cutting conditions. The costs of cutting fluid disposal and purchase, nanopowder purchase and
surface treatment, water, cleaning, power consumption by the pump and compressor, and tools were considered in the cost
analysis. MQL costs were lower in system A with nano as well as traditional cooling (Amrita et al., 2015).

An industry survey was conducted to understand the features of MQL and conventional cooling. The industry survey
contained questions on the machining operation, the amount of oil used, the tank capacity, the amount of coolant input, the
amount of coolant discharged, the amount of coolant needed, the amount of time needed for coolant filtration, the method
for disposing the coolant and the cost associated with it, the postmachining cleaning time, the type of work piece, the tool
used, the number of components prepared per shift, and the amount of tool change time. This study estimated the breakeven
point and the quantity of components that must be produced to recover fixed and variable costs. This study hypothesized
that MQL is better at cooling.

2. Methodology

An industry survey indicated that face and slot milling with the same line are the most common milling operations. In terms
of a coolant, 90% of the industry utilizes cutting oil (grade-30) for traditional cooling. Thus, we performed an economic
analysis of face and slot milling operations. Cutting oil with grade-30 cutting fluid was also chosen. Castor oil is used for
MQL; this oil exerts less adverse effects on the environment and no negative effects on the operator’s health. According to
a practical survey, coolant is changed after 15 days; thus, the total cutting fluid cost was calculated using the 15-day cycle
time. Pump and tank costs are fixed in traditional cooling systems. The prices of the MQL compressor and MQL unit were
included in the fixed cost. Fixed and additional costs for cutting fluid for both cooling systems are listed in Table 1. MQL
had higher total fixed costs than did conventional cooling.

Table 1. Fixed costs for cutting fluid

Sr. No Cooling Type Fixed Cost (Rs) Other Cost (Rs) Total (Rs)
1. Conventional Pump =8500 Preventive Maintenance = 600 19,100
cooling Tank = 10,000
2. MQL Compressor=9000 Oil Changing in compressor & 50,550
MQL unit= 40,000 FRL unit= 550

FRL unit= 1000

Other expenses must be considered when estimating the cost of cutting fluid. Moreover, the pump or compressor’s
electrical costs, cutting fluid costs, cleaning costs, and idle costs must all be considered.

In the economic analysis, we considered the component’s cutting time because cutting fluid usage is proportional to
cutting time. The workpiece was used to calculate cutting time (Fig. 3). A block size of aluminum 6061 (300 x 100 x 50)
mm was used for machining. On the top surface of the workpiece, a face milling operation was performed (300 x 100 mm).
For the face milling process, the cutter diameter, feed per tooth, and number of passes were 25 mm, 0.1 mm, and 4,
respectively. The 50-mm approach length and overall travel were considered. For traditional cooling, a cutting velocity of
50 m/min was used. MQL is primarily used for lubrication instead of cooling, and it provides a thin coating between the
tool chip interface, which reduces tool wear and produces lower surface roughness than the traditional cooling method
(Elmunafi et al., 2015). Because tool wear decreases with an increase in velocity, we chose 80 m/min as the velocity for
MQL for its face milling process.

Total cutting time for the workpiece for conventional cooling and MQL were 22.139 min and 13.481 min, respectively.
Different losses occur due to heat dissipation, splashing, and other factors in traditional cooling. The amount of cutting
fluid left in the tank after 15 days decreases to 27 L from 50 L. Thus, the actual cutting fluid consumption was 200 mL/h
(i.e., 160 mL water and 40-mL cutting 0il-30).

3. Results and Discussion
A. Total cutting fluid cost for conventional cooling as per cutting time

According to an industry survey, in conventional cooling, a water and cutting oil ratio of 80:20 is used. Therefore, for
50-L cutting fluid, 40 L of water and 10 L of cutting oil were used.
Total Cutting Fluid Cost for Conventional Cooling = Cutting Oil-30 Price for 14.76 mL+ Water Price. 1)
=1.476 + 1
=Rs2.476 /-
Where,

Cutting time for Conventional cooling = 22.139 min
Cutting fluid consumption for cutting time 22.139 min = 59.04 mL (Water): 14.76 mL (Cutting oil)
Water Price  =Rs. 1/L
Cutting 0il-30 Price = Rs. 100/L
Cutting 0il-30 Price for 14.76 mL = Rs. 1.476/-
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Fig. 3. Workpiece geometry
B. Total cutting fluid cost for MQL as per cutting time:
Biodegradable castor oil is used for MQL. In this lubrication, 50 mL/h to 150 mL/h cutting oil is used.
Total Cutting Fluid Cost for MQL = Castor oil Price for 11.24 mL. 2)
=Rs.1.124 /-
Where,
Cutting time for MQL = 13.481 min
Cutting fluid consumption for cutting time 13.481 min =11.24 mL
Castor oil Price  =Rs. 100/L

C. Variable cost calculation for conventional cooling

Electricity Cost for Pump: In traditional cooling, the pump is used for cutting fluid for recirculation. Thus, 35 L/min
discharge of coolant 600-watt pump was used. As presented in Fig. 4, the electricity cost for pump/component, cutting fluid
cost/component, cleaning cost/component, and idle cost/component were 31%, 49%, 2%, and 18%, respectively.

Variable Cost for Conventional Cooling = Electricity cost for pump/component + cutting fluid cost/component +
cleaning cost/component + idle cost/component (3)

=[+I+II+IV+V
=1.55+2.476 +0.105 + 0.922
=Rs. 5.053/component
Where,
L. Electricity cost/component = (Electricity cost by pump in 15 days)/(No. of component in 15 days)
=1512/976 = Rs. 1.55/-

No. of component in 15 days = (60 min X 24/cutting time) x 15
= (60 x 24/22.139) x 15
=976 units.
Electricity cost by pump in 15 days = Industry electricity price x Unit consumed by pump in 15 days
=7x216
=Rs.1512 /-
II. Cutting Fluid Cost/Component = Rs 2.476 /-
[II. Cleaning Cost/Component = Cleaning Cost for 2 hours/No. of component in 15 days
=102.25/976
Note: For the tank cleaning, 2 hours are required during 15 days.
=Rs. 0.105 /-
As, = Rs.409 /day
Labor cost Note: On July 1, 2021: 12286/pm for semi skilled = 409 /day
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= (409/8)

Labor cost per hour =Rs.51.125/-

Hence,
Cleaning Cost for2h = Labor cost per hour x 2
=(409/8) x 2
=Rs.102.25/-
IV. Idle Cost/component = Idle cost of machine/No. of component in 15 days
=900/976
=Rs. 0.922 /-
As, Note: In 15 days, 2 hours are idle time for the CNC machine.
No. of component in 15 days = 976 units.

Idle cost of machine = Machining price for CNC x 2
=450 x2
=Rs.900/-

Variable Cost for Conventional Cooling
| Total Variable Cost = Rs.5.053/- |

Cleaning Cost / Unit Component (2%)

Fig. 4. Variable cost distribution for conventional cooling
D. Variable cost calculation for MQL.:

Electricity cost for compressors: MQL is a mixture of small oil droplets and compressed air. For 30-L tank capacity, 1.5
HP compressor was used. As shown in Fig. 5 electricity cost for compressor/component, cutting fluid cost/ component were
60% and 40% respectively.

Variable Cost for MQL
| Total Variable Cost = Rs. 2.854/- |

BRI Elctricity Cost
/ Component

(60%)
(40%)
\"--..__

Fig S. Variable cost distribution for MQL

Variable cost for MQL = Electricity cost for Compressor/component + Cutting Fluid @)
Cost/component + Cleaning Cost + Idle Cost

=I+IO+1I+1V
=173+1.124+0+0

Where, =Rs 2.854/-
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I. Electricity cost for compressor/ componer = Electricity cost by compressor in 15 days/ No. of component in 15 days
=2772/1602
=Rs.1.73/-

No. of component in 15 days = (60 min x 24/cutting time) x 15
= (60 x 24/13.481) x 15
= 1602 units

Electricity cost by Compressor in 15 days = (Industry Electricity price) x ( Unit Consumed By Compressor in
15 days)

=(7) x (1.1 x 360)
=Rs. 2772/-
II. Cutting Fluid Cost/component = Rs. 1.124/-
IIT & IV. Cleaning Cost Idle Cost = MQL is nearly cleaner production, there are no cleaning and idle cost.

The findings indicated that MQL costs more in fixed expenses and less in variable costs compared with conventional
cooling.

In machining, the purpose of any metalworking fluid is to deliver optimal performance at the lowest possible cost. Thus,
all cost aspects must be evaluated when comparing MQL with conventional cooling. At the beginning of an economic
study, fixed costs are compared because they help in reducing fluid expenses.

Pump and tank costs are considered in conventional cooling. The costs of the MQL, compressor, and FRL units are all
considered in the case of MQL. As shown in Fig. 6, the cost of MQL was 62% more than the cost of conventional cooling.
The pump/electricity, compressor's cutting fluid, cleaning, and idle charges are all variable costs.

Fig. 6. indicates that MQL has a variable cost per component that is 41% lower than conventional cooling. The cost of
cutting fluid per component for MQL was 39% cheaper than for conventional cooling. Similar results were noted by Ju et
al. and Amrita et al. However, MQL is hypothesized to be superior than conventional cooling even if the component
changes.

A breakeven analysis is conducted to determine the minimum production volume for MQL and conventional cooling,
which will aid in determining the number of components that must be manufactured to recover the fixed and variable costs
of MQL and conventional cooling.

To recover all the aforementioned costs while manufacturing, 20% fewer components should be used for MQL (16052
Unit) than those used in traditional cooling (20168 Unit). When comparing MQL with conventional cooling techniques in
terms of days required to reach the breakeven volume, MQL requires 51% less days. The number of years required to reach
BEP in MQL was 0.41 and 0.85 year. Thus, MQL is more cost-effective than conventional cooling for the current
machining process.

Cost comparison between MQL &
Conventional Cooling

B MQL H Conventional Cooling

Cutting Fluid Costs /
Fixed Costs Variable Costs  Unit Component
-+ > - > —
162 155

144

% of Costs —.

Different Costs >

Fig. 6. Cost comparison of MQL versus conventional cooling
4. Conclusion

This study compared the economics of MQL and traditional cooling. In addition, we performed a component-by-component
cost analysis of face milling and slot milling operations. The findings of this study are as follows (Amrita et al., 2015):

e Cutting fluid costs were Rs. 1.124 and Rs. 2.476 in MQL and traditional cooling, respectively, which is 55% cheaper
than traditional cooling.
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o The fixed costs of MQL and traditional cooling were Rs. 50,550 and Rs. 19,100, respectively, which is 62% more
expensive than traditional cooling. The variable costs per component were Rs. 2.854 and Rs. 5.053, which is 44% cheaper.

e In MQL, 20% fewer units were required to accomplish BEP units than in traditional cooling. In addition, as presented
in Fig. 7, MQL required 51% fewer days to reach the breakeven point.

e The findings of the component-by-component cost comparison in MQL and conventional cooling indicated that MQL
is less expensive.

This study mainly focused on milling processes and castor oil. The results will not be the same if this study is applied
to different machining operations such as lathe, drilling, and grinding.

Future studies should investigate various materials, such as super alloys, which are widely used in the automotive and
aerospace industries. Furthermore, a hybrid cooling approach should be developed to improve machining performance.
Studies should analyze surface morphology under various machining conditions. A mathematical model for predicting
MQL performance under various machining conditions should be developed. Furthermore, studies should examine the
various characteristics of different vegetable oils to improve MQL performance and focus on MQL parameter optimization
for various machining circumstances.
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Fig. 7. Component wise BEP for MQL and conventional cooling
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