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Abstract: This research studied the effect of channel roughness on micro-droplet distributions in
internal minimum quantity lubrication for effective machining. Mixtures of different oils and air
were flown though internal channels with simulated different roughness: as fabricated, partially
threaded, and fully threaded. The airborne droplets were collected, analyzed, and compared with
simulated results by computational fluid dynamics. For low-viscous lubricant, the rough channel
surface helped to break large droplets in the boundary layer into smaller droplets and reintroduce
them into the main downstream flow. The opposite trend was found for the higher viscous lubricant.
The study also performed chemical etching to roughen selected surfaces of carbide cutting tools. The
synergy of hand and ultrasonic agitation successfully roughened a carbide surface within twelve
minutes. Scanning electron microscopy examination showed deep etching that removed all grinding
marks on a WC–Co cutting tool surface.
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1. Introduction

Machining operations use lubrication to mitigate heat and friction, thus decreasing
tool wear and delivering precise workpieces. It is very difficult to direct coolant to the
cutting edge of a drill bit in a high-aspect-ratio drilling operation using traditional external
lubrication techniques. Lack of adequate lubrication leads to large frictional forces that
cause accelerated tool wear and less precision in machining operations. Traditional meth-
ods, such as flood cooling, spray large amounts of lubrication across the cutting surface.
Although coolant may not reach the tool chip interface, it removes heat through convection
and conduction from the tool and machined workpiece. One of the disadvantages of
flood lubrication is the need for a secondary system to capture, filter, and dispose of used
lubricant after machining.

Minimum quantity lubrication (MQL) delivers micro-droplets of lubricant directly to
the cutting zone using external or internal delivery methods. In drilling operations, internal
channels aim fluid directly at the cutting edge of the drill bit. The utilization of MQL,
therefore, decreases operating costs since lubrication is required for machining. Another
advantage of MQL is its environmentally friendliness when eliminating treatment and
disposal of used cutting fluid.

Previous studies involving MQL largely focused on the effects of different MQL
lubricants and mist parameters on tool life and workpiece quality using external delivery
methods. Studies have shown that decreased microdroplet size increases wettability
and machining quality. Few studies were found for internal MQL that described the
resulting droplets and droplet distribution due to different shape and size of coolant
channels. Limited experimental work has been performed to show the effect of channel
surface roughness on droplet size, its distributions and machining operations. A more
comprehensive study on the impact of channel surface roughness, therefore, is sought. The
objectives of this research were to:
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(i). Characterize the effect of channel surface roughness and air flow on MQL droplet size.
(ii). Study methods of modifying the surface of WC–Co drill channels to improve high

aspect ratio drilling performance.
(iii). Compare experimental data with those from computer simulation.

2. Literature Review

This section reviews the principles of MQL and MQL systems, and how droplet
distribution and droplet size are affected due to channel geometry and properties of a
lubricant. The impacts of MQL on machining and different technologies to control surface
roughness of tool material are then presented.

2.1. MQL and Systems

Efforts to reduce the consumption of lubricants have been driven by economic and
environmental concerns. Lubrication techniques are deployed to remove heat, control tool
wear, and aid in chip removal during machining operations. At low cutting speed flood
coolant achieves all three of these objectives, but as the cutting speed increases a flood
coolant becomes ineffective since it cannot reach the cutting zone [1]. MQL has emerged
as a way to reduce the amount of coolant used and increase lubrication performance at
high machining speeds. It uses a pressurized mix of air and lubricant sprayed directly
onto the cutting zone. MQL can be administered externally using nozzles positioned above
the workpiece, or internally by through-tool delivery. In machining applications, MQL
has become increasingly popular as it decreases manufacturing costs, reduces negative
environmental impacts, simplifies cleaning processes, and increases tool life [1,2]. Smaller
MQL droplets provide better lubrication which decreases tool wear and leads to smoother
surfaces and quality of the machined workpiece [3].

The two main system designs for MQL are single and dual channels. In a single-
channel system, the lubricant and pressurized air are mixed externally and then routed
through the system spindle [2]. External mixing is performed using a metering pump or
pressurized tank [4]. The metering pump method utilizes a positive displacement micro
pneumatic pump to connect the lubricant flow with an air blast nozzle. Oil volume is
controlled by the pump speed. The pressurized tank method uses a pressurized lubricant
tank and venturi nozzle to mix the aerosol solution. The oil quantity delivered is adjusted
by the tank pressure. In such a single-channel system, the rate of oil delivery is dependent
on the air flow rate [4]. In a dual-channel system, air and lubricant are routed through the
system in separate channels, and the two streams are mixed together near the tool point, or
system outlet [2]. The rate of oil delivery is controlled using a positive displacement pump
with a built-in speed controller, or a pressurized oil tank with a metering valve [4]. In a
dual-channel system, the oil delivery rate is independent of the air flow rate.

Both systems have advantages and disadvantages. Single-channel setups are much
less expensive than dual, and they are popular in sawing operations as dimensional
tolerances are more relaxed and the surface roughness is not an important control metric.
The drawbacks of single-channel systems include large lubricant droplets due to the longer
travel of the aerosol mixture, and instability of mist quality due to the effect of inertial
and centrifugal force when delivered to the tool tip [2]. Dual-channel setups offer a more
robust lubricant delivery. They result in less dispersion of the aerosol mixture and deliver
finer and more uniform mist than single-channel systems. The biggest disadvantage of
dual-channel systems is the added cost when compared with a single channel.

Race et al. [5] and Hwang et al. [6] compared MQL and flood coolant using face milling
and turning of steels, respectively. The authors concluded that:

• MQL reduced tool flank wear and surface roughness of machined parts.
• MQL resulted in a 1.5 kW reduction in peak milling machine power when compared

with flood coolant. This showed that MQL was more economic than flood coolant not
only because of the reduction in lubricant used, but a reduction in energy consumption
as well.
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• Smooth surfaces were achieved at a higher feed rate using MQL as compared with
flood coolant (0.02 mm/rev and 0.01 mm/rev, respectively).

• MQL and flood coolant resulted in similar cutting forces (approximately 200 N), but
MQL achieved a 30% reduction in surface roughness of workpieces when compared
with those with flood coolant.

Khan et al. [3] experimentally studied the micro-droplet distributions created with
polished (3.2 µm Ra) and rough (16.8 µm Ra) channel through-tool MQL. Three tests were
conducted using 275 kPa, 415 kPa, and 550 kPa inlet air pressures [3]. Table 1, interpreted
from the results of this study, shows that as the surface roughness increased in the nozzle
channel, the resultant average droplet diameter decreased. The air pressure also affected
the droplet size. At lower pressures, larger droplets were formed.

Table 1. Resultant average droplet diameters (µm). Adapted with permission from [3] Hung, 2018.

Pressure (kPa) Rough Channel (16.2 µm Ra) Polished Channel (3.2 µm Ra)

275 9.2 11.42
415 7.25 9.31
550 4.69 7.6

Tasdelen et al. [7] studied MQL versus emulsion lubrication in drilling operations using
through-tool delivery. Optical images showed that MQL led to less tool wear. Smoother
surface finish in the drilled holes were achieved using MQL (1 µm Ra) compared with
emulsion (1.4 µm Ra).

Maruda et al. [8,9] studied MQL emulsion mist generation by characterizing the effect
of air flow, emulsion flow, and nozzle to workpiece distance on the size and count of
micro-droplets. In this study, water soluble OPORTET RG-2 emulsion, commonly used
in milling, turning, and threading operations, was tested at a 2% concentration in water.
The results showed that air flow rate and the distance between the nozzle and cutting zone
had the most significant impact on droplet diameter in the range 13–23 µm. An increase in
either caused the droplet size to decrease and count to increase. Changes in emulsion flow,
however, had less impact on the droplet distributions.

2.1.1. Effect of Internal Channel Geometry

Past studies characterized the effects that channel shape and size have on droplet
distributions in internal MQL. Raval et al. [10] compared straight versus helical channels
and concluded that straight channels experienced annular flow due to high velocity in
the axial direction. This led to higher momentum in the axial direction than the radial
momentum generated by centrifugal force from drill rotation. In the helical channels,
no annular flow was recorded. These channels generated secondary vortices within that
disrupted the annular distribution.

Raval et al. [11] and Kao et al. [12] also compared circular versus triangular channels
using multiple channel sizes. Circular channels showed high mist concentration at the
outer edges of the channel and low concentration in the center. This created annular flow
in which air traveled through the center of the channel and lubricant along the outer
walls. Triangular channels showed high mist concentrations at the vertices, and low
concentration in the center of the channel. The reversed triangle channels mirrored the
results of the triangular channels, as the mist distributions shifted 180◦. This proved that
droplet distribution depended on the channel orientation. Circular channels resulted in
higher air speeds than the triangular. Larger channels showed higher air speeds overall
while smaller channel sizes experienced increased droplet coalescence, which caused
mist to transition to lubricant flow. These simulations concluded that channel shape and
orientation affected the mist distribution.
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2.1.2. Effect of Oil Type

Many researchers classified the effects of oil types on machinability using MQL sys-
tems. Yildrim et al. [13] used nickel-based super alloy in milling operations to test the effects
of four different oil types on machinability. The results of this experiment showed that
vegetable oil achieved the longest tool life, and tool life decreased with synthetic, mineral,
and synthetic-mineral based oils, respectively. Vegetable oil performed best because its
surface tension and viscosity allowed better penetration of the lubricant into the cutting
zone; therefore, it enhanced lubrication between the tool and workpiece. When compared
with the other three oil types, the vegetable-based oils formed a thin and lasting layer of
lubricant in the cutting zone, reduced cutting force and friction, and prolonged tool life for
better machinability.

Tai et al. [14] compared nine different cutting fluids (biodegraded esters, renewable
acid esters, naturally derived synthetic, vegetable based, vegetable based + sulfurized
EP, natural fatty oils, and synthetic ester listed in order of increasing viscosity) in terms
of physical properties, bench tests, and machining tests. It was determined that water
based traditional machining lubricants had higher thermal conductivity than common
MQL fluids. As viscosity increased, thermal conductivity also increased in MQL fluids.
Common MQL lubricants had lower contact angles and better wettability when compared
with water-based lubricants; the latter had poorer lubricity as they resulted in higher
tapping torques compared with MQL fluids. Distribution testing showed that MQL formed
smaller airborne droplets when compared with wet machining (2.90–4.07 µm and 5–10 µm,
respectively). The major conclusions from these findings were as follows:

• Low viscosity resulted in high wettability, high mist concentration, and larger
droplet diameters.

• Large mist diameters correlated with less energy consumption, smoother surface
finish, and more accurate machined dimensions.

• Higher wettability led to better dimensional accuracy.

2.1.3. Effect of MQL on Machining

The effects of MQL in turning, milling, micromilling, and drilling have been studied
by many researchers [3,15–25]. Comparisons have been drawn between dry machining,
flood lubricant, and MQL. The results of those studies are detailed below:

• In drilling, dry machining resulted in a much shorter tool life when compared with
MQL (0.2 mm of tool wear at cumulative drilling depths of 100 mm and 450 mm, re-
spectively) due to tool chipping, high temperatures, and increased frictional force [16].
Davim et al. [17] showed that after drilling AA1050 aluminum, the resulting sur-
face roughness measurements were approximately 3.5 µm, 2 µm, and 1.5 µm Ra for
dry, flood coolant, and MQL, respectively, after drilling at 0.15 mm/rev feed rate
and 75 m/min cutting speed. In these experiments, MQL was achieved using fluid
deliveries in order of mL/h compared with L/h for flood coolant.

• In milling, MQL was more effective than flood coolant as it led to an approximately
50 N reduction in cutting force due to a reduction in adhesion and frictional forces
at a high cutting speed of 3500 m/min [18]. Iskandar et al. [19] studied the effect
of air and oil flow rate and nozzle distance from the cutting zone on external MQL
flow characteristics. Particle image velocimetry and phase Doppler anemometry
visualization methods were used to characterize the external MQL flow. Air flow rates
of 20, 25, 28, 31 L/min and oil flow rates of 10, 17.5, 24 mL/min were tested. The
study showed that as air and oil flow rate increased, flow velocity increased. As the
distance from the nozzle to the cutting zone increased the flow velocity decreased,
and the droplet size and count also decreased. The optimal MQL spray was obtained
by combining the maximum air flow rate (31 L/min) and minimum oil flow rate
(10 mL/min), generating a large number of 50µm-droplets at a distance 40 mm away
from the nozzle. The effects of MQL, compressed air, dry, and flood coolant in milling
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operations of carbon fiber reinforced plastic composites were performed. Various
combinations of MQL air and oil flow rates showed similar tool temperatures (only 7%
variation). The study found that the optimal MQL spray generated temperatures on
the high end of the dataset while feed force was the same for MQL and flood coolant.
Tool wear was 20–30% less using MQL when compared with cooling methods using
flood, dry, or compressed air. The optimal MQL spray generated the lowest tool wear
(17% less than other MQL combinations). MQL also held better dimensional accuracy
than flood coolant, with the optimal spray satisfying the tool requirement of ±10 µm.

• In micromilling, MQL was studied to compare the effect of droplet size and air speed
on surface roughness and tool wear [3]. High pressurized MQL (550 kPa) increased air
speed, and when paired with a rough lubricant delivery channel (16.8 µm Sa) a Ø5 µm
average droplet size was achieved. Low pressurized MQL (275 kPa) decreased air
speed, and when paired with a smooth lubricant delivery channel resulted in a Ø9 µm
average droplet size. At a milling distance of 20 mm the high-pressure rough channel
test resulted in approximately 1.5 µm Sa surface roughness and 10 µm tool wear. At
the same milling distance, the low-pressure smooth channel resulted in approximately
2.75 µm Sa surface roughness and 25 µm tool wear.

• In turning operations, MQL resulted in a surface roughness of 4.25 µm Ra compared
with 5.00 µm Ra in dry machining. MQL also improved surface finish by reduced
abrasion, tool chipping, and built-up edge (BUE) formation. The maximum flank wear
for MQL inserts was ~200 µm less than that of dry machining [20]. Chetan et al. [21]
characterized the wear behavior of PVD TiN-coated carbide turning inserts when
machining Nimonic 90 and Ti6Al4V. An external MQL emulsion mixture (10:1 ratio
of water and sunflower oil) was used in comparison with dry machining. The results
showed that applying the mixture to Ti6Al4V allowed ample wetting, decreasing the
intensity of flank wear at high cutting speeds. The lubricant also better penetrated
the surface of the Ti6Al4V workpiece, reducing flank wear when compared with
Nimonic 90.

2.2. Surface Modification

Many manufacturing processes can be used to control the surface of a workpiece:
Electrical discharged machining (EDM), electrochemical polishing (ECP), grinding, honing,
chemical mechanical polishing (CMP), lapping, and sand blasting. Applying any of these
processes to internal lubricant delivery channels of a drill is a challenge since a drill
incorporates helical channels for lubricant delivery (Figure 1). Due to the small geometry,
the methods listed above cannot be applied as it would be very difficult to access the
internal surface of the channels using traditional methods. Liquid flow or slurry-based
methods can possibly be used for internal surface modification.
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An applicable method to modify the surface of metallic workpieces is chemical etch-
ing/polishing. The process can be accelerated by raising temperature or ultrasonic agitation.
Etching is commonly applied to external surfaces to increase the surface roughness and/or
to improve adhesion properties for coatings.

Haubner et al. [26] and Chakravarthy et al. [27] etched WC–Co substrates using a
Murakami solution (10 g K3[Fe(CN)6] + 10 g KOH + 100 mL H2O) paired with a Caro’s acid
etching process (5% H2SO4 + 35% H2O2) to enhance the adhesion of diamond deposition
particles. The findings were as follows:
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• The Murakami solution dissolved WC particles, leaving the Co binder unetched.
• Following the Murakami solution etch, Caro’s acid partially dissolved the Co binder,

leaving a textured surface finish. Caro’s acid etching caused oxidation of the Co binder
to a soluble Co2+ compound.

• Without the primary Murakami etching, Caro’s acid had little effect on the
WC–Co substrate.

Sha et al. [28] improved the coat-ability of WC–Co substrates by using a 1–3 min Mu-
rakami solution etch followed by a 10–40 min HNO3:HCl (1:1 ratio) etch. The workpieces
had an original surface roughness of 0.2 µm Ra. After the two-step etching process the
resultant surface roughness was increased to 1.0 µm Ra. The Co binder content decreased
from the original 15% to a range of 0.84–6.04% while an overall etching depth of 5–10 µm
was achieved.

Jung et al. [29] chemically etched WC–Co (10% Co) using two alternatives to the
two-step etching process previously discussed.

The first alternative etching process was tested using a reagent of boiling H2O diluted
HCl for a 12 h submersion. The study noticed dissolving of Co particles when a WC–Co
substrate was boiled in HCl. The interface between WC and Co became visible, but the WC
grain boundaries were not revealed.

The second alternative method involved an etching step in 90% H2O2 and 10% HNO3
at 60 ◦C for 12 min. Unlike the boiling HCl, the new etchant was able to dissolve WC
particles as well, which allowed for the WC–Co interface and WC grain boundaries to
become visible.

2.3. Ultrasonic Cleaning

Ultrasonic pulsation is commonly used for cleaning applications. In a reagent bath,
ultrasonic waves help to continuously flush the cleaning solution from the surface of a part,
thus allowing fresh solvent to stay in contact with the workpiece. This same phenomenon
can be applied in etching processes [27] such that uncontaminated etchant solution is
constantly in contact with the surface of the workpiece. The second aspect of ultrasonic
pulsation is the formation of cavitation bubbles on the surface of the workpiece. Growing
and bursting of unstable bubbles causes high-pressure waves that dislodge and remove
loosely adhered contaminates.

Brujan et al. [30] studied the bursting pressure of cavitation bubbles formed by ultra-
sonic pulsation. Shock waves emitted by the collapse of cavitation bubbles on the rigid wall
of a workpiece had the largest damage potential. At a distance of 68 µm from the bubble
wall, the maximum shock wave pressure was measured to be 1.3 ± 0.3 GPa. Extrapolation
of the data showed that pressures on the wall of the workpiece were as high as 7.7 ± 1.6 GPa
and agreed with results from Pecha and Gompf [31]. WC–Co has a compressive strength
of 3347–6833 MPa and a tensile strength of 370–530 MPa [32]; therefore, the strength of
WC–Co is at least one order of magnitude lower than the minimum bursting pressure of
cavitation bubbles.

2.4. Summary of Literature Review and Research Gap

Previous MQL research has focused on the effect of channel geometry, lubricant type,
and aerosol flow parameters on mist characteristics, and machining results using internal
and external delivery methods. Past studies showed that in both external and internal
MQL, pairing low viscosity lubricants with high air pressure would decrease the resultant
microdroplet size, while increasing wettability and machining quality. There has been
little research into how channel roughness affects the droplet distributions and subsequent
machining effectiveness. The following section (i) presents the experimental work and
computer simulation on how surface roughness of MQL nozzles affects droplet size, and
(ii) proposes a technique to modify nozzle surface texture of WC–Co cutting tool material.
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3. Materials and Methods
3.1. MQL Droplet Characterization
3.1.1. Equipment

The MQL system (Figure 2) consisted of the MQL system (D) (Unist Coolubricator, MI,
USA) with three connecting test tips at the output nozzle (E). The system was connected
to a compressed air supply through an air regulator (A), air flow meter (B), and pressure
gage (C). A paper grid stored under a 236 mm × 182 mm glass picture frame (F) was used
to collect the micro-droplets distributed by the MQL system. A jack plate (G) was used to
adjust the distance between the test tip and glass plate.
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Figure 2. Micro-droplet system. A: Air regulator, B: air flow meter, C: pressure gage, D: MQL Unist
Coolubricator, E: output nozzle, F: drop collection plate, and G: jack plate.

Figure 3a,b show the test tip assembly. The brass hose splicer was connected to the
copper nozzle and barbed barb × Male Ion Pipe (MIP) adapter female fitting
(φ3.175 mm × φ6.25 mm) with a Ø6.25 mm vinyl tubing. The tubing was wrapped in
φ9.525 mm vinyl tubing to add rigidity when securing the hose clamps. The smooth, par-
tially threaded, and threaded 3.175 mm × 6.35 mm diameter barbed barb × MIP adapter
male fitting was screwed into the female fitting.

Figure 4 shows a polar coordinate layout of the collection grid used to acquire data
pertaining to the droplet distribution as a function of radial distance. Due to the conical
shape of exit aerosol mixture from a channel, eight different zones surrounding the nozzle
were used to capture most of the droplets. Before each test, the outlet tip was centered
above the origin at location 5.
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3.1.2. Materials

Three channel finishes were achieved by modifying the barbed MIP adapters. A
smooth channel was tested using an as-fabricated brass fitting. A medium channel rough-
ness was fabricated with an under-sized #2–56 tap (∅2.18 mm) to form partial internal
threads. The roughest channel was threaded with a #3–48 tap (∅2.51 mm). This large tap
would cut fully into the channel, creating deeper threads and a rougher internal surface
finish. Since lubricant may be collected at the exit threads, partial tapping was performed
to leave approximately 2 mm without threads from the exit end (Figure 3).

Two commercially available MQL fluids were tested, labeled lubricants LA and LB,
respectively. Their properties, gathered from manufacturer data sheets and the work of
Patil et al. [33], are shown in Table 2.
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Table 2. Tested lubricants and properties. Adapted with permission from [33], Hung, 2020.

Properties LA LB

Oil Type Fatty acid + alcohol Vegetable
Kinematic viscosity at 40 ◦C (mm2/s) 14.5 28
Kinematic viscosity at 100 ◦C (SUS) Not available 148
Flashpoint (◦C) 93 194
Density (kg/L) 0.82–0.92 @60 ◦C 0.838 @20 ◦C
Thermal conductivity at 40 ◦C (W/m◦K) Not available 0.1593
Contact angle on glass 6◦ 22◦

Solubility Hydrocarbons,
alcohols Insoluble in water

3.1.3. Methods

The fixed parameters used for micro-droplet collection are shown in Table 3. For
each tip (smooth, partially threaded, or fully threaded) and each lubricant (LA or LB), the
following procedure was used for micro-droplet collection:

(a) The MQL droplet system was set up using the parameters shown in Table 3.
(b) The tip was centered above the origin at location #5.
(c) The system was purged for 15 s, immediately followed by a 1 s droplet collection.

Cardboard was used to block and control the flow of MQL droplets onto the collecting
glass plate.

(d) One 7 × 7 mm2 microscopic image of droplet distribution was captured at the center
of each zone seen in Figure 4.

Table 3. Setup for micro-droplet collection.

Parameter Tip to Grid
Distance (mm)

Air Flow Rate
(m3/h)

Air Pressure
(kPa)

Oil Pump
Frequency

(Strokes/min)

Collection
Time (s)

Lubricant Flow
Rate (mL/h)

Set Point 356 0.566 690 40 1 60

The tip to grid distance was optimized at 356 mm to minimize the lubricant coalescence
and splashing on the collection grid. The same distance was used for every test.

3.2. MQL Lubricant Flow Simulations

MQL flow within each channel was simulated using the ANSYS Fluent 2020 software.
The boundary conditions are listed in Table 4.

Table 4. MQL Boundary Conditions for Flow Simulation.

Total Inlet
Pressure

(MPa)

Static Inlet
Pressure

(MPa)

Outlet
Pressure

(MPa)

Inlet
Temperature

(◦K)

Outlet
Temperature

(◦K)

Primary
Phase

Secondary
Phase

0.41 0.17 0 300 300 air lubricant

3.3. Chemical Etching and Metrology

To study the effect of etching on surface finish, carbide inserts were etched externally
as an alternative to etching coolant channels of a carbide drill. A 9:1 mixture of H2O2:HNO3
(15.3 g:3.15 g) was used for etching WC–Co inserts. The mixture was maintained at 60 ◦C
with a hot plate and monitored with an infrared pyrometer. A cleaned and new cutting
inserts (K20, TPG433, C2 carbide, Kennametal, Latrobe, PA, USA) was partially dipped in
the etchant at 5 min increments, rinsed in water, and blew dry with compressed air. Gentle
hand agitation and ultrasonic agitation were applied to compare the etching effects.
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The etched surface roughness was measured with an optical 3D digital system (Alicona
Infinite Focus G4, Austria). The line roughness Ra was recorded along a random 0.5 mm
line and repeated 4 times. The surface roughness Sa was recorded within a 0.25 × 0.25 mm2

area and repeated 4 times.
A measuring microscope (Olympus STM6, Japan) was used to collect images of the

micro-droplet distribution seen in each test. Adobe Photoshop version 22.5.1 was used to
convert the microscope images to grayscale to increase the contrast between the droplets
and background. ImageJ version 1.52a was used to adjust the image thresholds and capture
the projected area of the microdroplets. A scanning electron microscope (Vega3 Tescan,
Czech Republic) was utilized to study the etched surface morphology.

4. Results and Discussion
4.1. MQL Droplet Characterization

Airborne droplet sizes were calculated using data from the projected droplets de-
posited on a glass plate [32]. The definitions of variables are as follows:
A: area of projected droplet (µm2)
P: projected droplet diameter (µm)
θ: contact angle of a lubricant on glass (Table 2)
V: droplet volume (µm3)
d: airborne droplet diameter (µm)
C = 0 for 90◦ < θ < 180◦, and C = 1 for 0◦ < θ < 90◦

The projected droplet areas A were calculated using the image pixels with ImageJ.
Assuming perfect circles of projected droplets, the projected diameter P was calculated
using Equation (1):

P = 2
(

A
π

)1/2
(1)

Knowing the respective contact angle θ, and project size P, the droplet volume V was
calculated from Equation (2):

P3

V
=

(
24
π

)[ (
1 − Ccos2θ

)3/2

2 − 3cosθ + cos3θ

]
(2)

Assuming no evaporation during flight, no splashing when impacting the glass plate,
and no droplet coalescence on the glass plate, an airborne droplet would have the same
volume as that on the plate. Its airborne diameter d was simply:

d =

(
6V
π

) 1
3

(3)

Figure 5 compares the resultant droplets for both lubricants at different channel
conditions. Some droplets (<1 µm), being too small for the optical microscope, were
excluded in the analysis. To reduce skew in the distributions, large droplets due to droplet
coalescence were also excluded from the histograms in Figure 6.
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Figure 6 shows the distribution of drop size as probability density (frequency of
occurrence), and the numeric results of these distributions are shown in Table 5 to compare
the effects of channel roughness on droplet quality and quantity. Opposite trends were
found for lubricants A (with low viscosity) and B (with high viscosity):

• The low-viscous lubricant A was easily broken into smaller droplets. The ability to
self-divided into smaller droplets was enhanced by a rougher surface as evidenced
with the change from smooth to partially threaded and fully threaded channels.

• The high-viscous lubricant B showed the opposite trend. Higher viscosity and perhaps
lower surface energy forced a lubricant droplet to adhere to the channel wall, form-
ing larger droplets. A rougher surface would promote this characteristic, i.e., more
lubricant adhering to the channel wall and fewer airborne droplets.

The low-viscous lubricant LA allowed the desirable and smaller droplet size with in-
creasing channel surface roughness. Such results were confirmed with another study where
airborne droplets were collected through a rough 3D-printed ABS channel and through
an acetone polished ABS channel [3]. In a subsequent section, the computer simulation of
MQL mixture through different channels further explains the effect of lubricant viscosity
on quality of MQL mixture.

Table 5. Airborne droplet distribution.

Lubricant A (14.5 mm2/s Viscosity) Lubricant B (28.0 mm2/s Viscosity)

Channel
Surface

Mean
(µm)

S. Deviation
(µm)

Droplet
Count

Mean
(µm)

S. Deviation
(µm)

Droplet
Count

Fully threaded 4.93 4.20 8445 15.15 11.12 1905
Partially
threaded 6.71 5.90 6988 13.53 11.64 2033

Smooth 7.05 6.33 6132 10.41 11.75 2744

The MQL mixture is characterized by drop size, speed, and its distribution in a flow. Let:

Droplet density (# drops/mm 2) =
Number of droplets (#drops)

Collection area (mm 2)
(4)

Figure 7a,b show the airborne droplet diameter and droplet density as a function of
radial distance for both lubricants LA and LB. Recall that the collection area for each image
was 7 × 7 mm or 49 mm2. The experimental data suggested that:

• Droplet dispersion: The high droplet density was found directly below the nozzle
since compressed air exited within a cone shape and diverged away from the tip.
Higher central air velocity constrained the droplets near the central axis of the cone
and deposited most droplets in the central zone #5.

• Airborne drop size: The drop size was larger at the central zone #5 compared with other
zones. A large droplet with heavy mass and inertia would travel straight out of the
nozzle and have less tendency to deviate from a flight path due to minor turbulence.

• Effect of viscosity: The LA lubricant, with viscosity of 14.5 mm2/s compared with
28 mm2/s of lubricant LB (Table 2), would easily breakdown into smaller droplets to
form mist with smaller airborne drop size and higher droplet density. This reasoning
also agreed with the relationship of contact angle, drop size, and surface tension in the
Gibbs equation [34]:

cosθ =
γSG − γSL

γLG
+

(
K

γLG

)(
1
a

)
(5)

where θ is the contact angle, γSG is the surface tension of solid relative to gas, γSL is the
surface tension of solid relative to liquid, γLG is the surface tension of liquid relative to gas,
K is the line tension, and a is the droplet radius.
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Figure 7. Effect of radial distance and surface roughness on (a) droplet size and (b) droplet density of
lubricants LA and LB. S: smooth, PT: partially threaded, FT fully threaded.

Table 2 tabulates the smaller contact angle on glass of lubricant LA (6◦) compared with
that of lubricant LB (22◦). The contact angles on different solids would be different, but it
assumed that the relative comparison would be unchanged. Equation (4) suggests that a
liquid with smaller radius a would likely form a smaller contact angle. Patil et al. [33] used
a high-speed video camera and confirmed the smaller airborne drop size of lubricant LA
compared with that from LB at different air pressure levels.

The experimental results from this study agreed with information from published
literature. The results of the droplet characterization experiment were consistent with the
works Patil et al. [33], who also tested both LA and LB, and concluded that the combination
of lower viscosity of lubricant LA and high air pressure would result in smaller and
desirable droplets. However, Tai et al. [14] who tested esters, naturally derived synthetics,
vegetable-based lubricants, and fatty oils, showed an opposite trend in viscosity and droplet
size. The combination of the trends in Figure 7 are supported by Park et al. [35], who studied
wetting area as a function of radial distance from the collection zone to the MQL nozzle. The
authors found that wetting area, defined as the total area covered by droplets, decreased
with increasing radial distance from the MQL nozzle. With an increase in radial distance,
the droplet density and airborne droplet size decreased, which corresponded to a smaller
droplet coverage area.
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4.2. MQL Air Flow Simulations

The flow of air in MQL was simulated in a circular channel. Due to the channel
symmetry, only a quarter of a channel was shown for different channel roughness (smooth,
partially threaded, or fully threaded). Since air was the carrying medium for the droplets, it
was assumed that the droplets were small enough and followed the path of the air. Figure 8
shows the velocity of the air near the wall of an internal MQL channel.

The simulation showed the effect of the channel wall roughness on boundary layer
and the near wall flow pattern.

• In a smooth channel, the velocity of the air is parallel to the wall; therefore, once the
droplets stick to the wall, it is very difficult for the droplets to reenter the bulk of the
fluid (Figure 8a).

• In a partially threaded channel, turbulent flow was seen due to the threaded wall.
The thread geometry, typically 60◦, allowed air to recirculate back and disrupt the
boundary layer (Figure 8b).

• The effect was more significant in fully threaded channel. The returning air in a
threaded portion effectively disrupted the stagnant layer and reintroduced oil drop-
lets back to the main air flow above the threaded wall. As the result, there was more
pressure drop in the fluid and the velocity of the air was lower (approximately 125 m/s)
compared with that in a smooth channel (approximately 250 m/s) (Figure 8c).

The results of MQL lubricant flow simulation complemented the experimental results
shown in Figures 5–7. The lubricant LA with low viscosity and low surface energy broke
up into smaller droplets when flowing through a partially threaded channel, and even finer
droplets in a fully threaded channel. This is shown as smaller droplets (Figure 7a) and
increasing droplet density (Figure 7b). The reason, illustrated with flow simulations above,
was due to the recirculating air flow that disrupted the boundary layer and reintroduced
stagnant oil into the downstream flow. The very fine airborne droplets, however, may
not have been captured in the experimental study due to possible evaporation or 1µm
resolution limitation of the optical microscope.

The opposite trend, however, was observed for the higher viscous and higher surface
tension of lubricant LB. The oil droplets were larger (Figure 7a) and adhered to the rough
surface of threaded channel. This caused them to not be recirculated into the downstream
flow by very low air velocity within a thread. Therefore, the droplets are larger and fewer
airborne droplets were collected (Figure 7b).
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4.3. Chemical Etching

The resultant surface roughness measurements are shown in Table 6. For each trial,
the average and standard deviation were calculated from data collected at four random
locations on each etched area of a WC–Co insert.

Figure 9 summarizes the etching result by showing the average percent change in
surface finish measurements. Although the surface was slightly etched, there was no
significant change on surface roughness after 5 min etching with hand or ultrasonic agi-
tation. Obvious effects were seen after etching for 12 min to remove all grinding marks.
Hand agitation helped to remove etching products while refreshing the surface with new
etching chemical. Since carbide grains with partially ground surfaces were still visible
(Figure 10c), additional etching time was required to remove the ground surface completely.
The synergy effect of hand agitation and ultrasonic vibration produced drastic changes
on the etched surface: all partially ground carbide grains and grinding marks were com-
pletely disappeared, and evidence of deep etching below the surface was seen (Figure 10d).
Forming and bursting of cavitation-induced gas bubbles would dislodge carbide grains
and the cobalt matrix, therefore, accelerating the etching rate. Increasing the etching time
to 20 min etched deeper below the original plane, generating a rougher surface, although
the effectiveness of ultrasonic became less significant.
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Table 6. Surface roughness before and after etching. HA: hand agitation, HA + US: hand agitation
and ultrasonic. T1: Trial 1 and T2: Trial 2, each with 4 random measurements.

Before
Etching

After 5 min
Etching

Before
Etching

After 12 min
Etching

Before
Etching

After 20 min
Etching

HA
Ra

Average T1, T2 (nm) N/A N/A 64, 202 67, 462 62, 125 1001, 997
S. Deviation T1, T2 (nm) N/A N/A 10, 18 9, 11 13, 6 213, 36

HA
Sa

Average T1, T2 (nm) N/A N/A 97, 292 129, 636 112, 309 1207, 1453
S. Deviation T1, T2 (nm) N/A N/A 6, 51 21, 97 5, 39 49, 139

HA + US
Ra

Average T1, T2 (nm) 81, 70 88, 74 72, 56 760, 150 107, 154 1436, 1166
S. Deviation T1, T2 (nm) 32, 9 31, 7 15, 3 158, 19 6, 3 80, 21

HA + US
Sa

Average T1, T2 (nm) 233, 277 263, 293 260, 106 1089, 289 155, 242 1447, 1236
S. Deviation T1, T2 (nm) 97, 35 108, 37 29, 5 115, 40 31, 19 247, 153
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Figure 9. Change in surface roughness of WC–Co with etching time. HA: hand agitation, HA + US:
hand and ultrasonic agitation.

Although all inserts were taken from the same batch, large variation of surface rough-
ness results was seen. Residual stress level after sintering and grinding of the inserts,
inconsistent hand agitation, and imprecise control of the etching bath temperature could
contribute to the difference results from different inserts.

Both optical and scanning electron microscopy were used to observe the etched
surfaces of WC–Co inserts. The effect of hand agitation (HA) and ultrasonic (US) agitation
were significant. Grinding marks and pores between WC grains were visible on the surface
of each substrate before etching (Figure 10a,b). In the post-etched HA sample, the Co
matrix was removed interstitially between WC grains, but the ground WC grains were still
visible after etching (Figure 10c). This showed that etching for 12 min with hand agitation
only removed a thin layer of WC; however, no grinding marks or ground grains were
visible after etching for 12 min while combining agitation with hand and ultrasonic wave
(Figure 10d). It was postulated that ultrasonic cavitation air bubbles formed, busted, and
dislodged small WC grains and the binding cobalt matrix. The result was a very rough
surface finish on WC–Co inserts.

Although the external surface of a carbide cutting insert was etched in this study,
the material removal mechanism would be the same if etching on an inner surface of
coolant channels of carbide tools. By achieving a rough surface of internal channels, MQL
using a lubricant with low viscosity can (i) produce finer droplets for efficient machining,
(ii) generate higher drop density for uniform lubrication, and (iii) utilize lubricant efficiently
since most lubricant will become airborne droplets rather than adhering to the tool channels.
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image. (b) Before etching. SEM image. (c) Etched 12 min, hand agitation. (d) Etched 12 min, hand
agitation and ultrasonic.

5. Conclusions and Recommendations

Selection of cutting fluid could be tedious and expensive trial and error steps. Un-
derstanding the fundamentals of MQL and physical properties of lubricants would allow
optimal operation of MQL and achieving a highly productive environment. Droplet distri-
butions were studied using internal MQL delivered through smooth, partially threaded,
and fully threaded channels. Testing with the low-viscous LA and high-viscous LB lubri-
cants showed:

1. A rough channel surface helped to break down lubrication droplets to form higher
quantities of finer airborne droplets when using low-viscous lubricant such as the LA
lubricant in this study. The opposite trend was seen for the higher viscous lubricant
LB. Computational fluid dynamic simulations showed that a rough surface, such as
threaded channel, induced turbulent flow at the channel surface. Such turbulent air
flow would disrupt the stagnant lubricant liquid in the boundary layer and reintro-
duce the lubricant droplets into the downstream air flow. The effect was more drastic
on the low-viscous lubricant LA compared with the high-viscous lubricant LB.

2. For both lubricant types, the average droplet size and droplet density decreased as
a function of increased radial distance. This showed that the dispersion of lubricant
was most concentrated directly beneath the outlet tip and decreased at further col-
lection points. This result was expected due to the conical shape of air flow out of a
circular nozzle.
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3. A rough lubricant channel of a WC–Co cutting tool can be etched chemically to
produce desirable roughness from nanometer to micrometer levels. A low-frequency
hand agitation helped to refresh the tool surface with new etchant, while a high-
frequency ultrasonic agitation accelerated the material removal rate by cavitation
mechanism. Scanning electron microscopy examination showed that all grinding
marks on WC–Co inserts were effectively removed after etching for 12 min with hand
and ultrasonic agitation.

Future work should consider:

(a) Modify internal surface of coolant channels to achieve desirable surface roughness.
This can be performed by flowing etchant through a channel for roughening, or
pumping abrasive slurry through a channel for polishing.

(b) Simulating oil–air mixture flow through simulated chemically etched surface. The re-
sult can be verified experimentally to characterize the airborne droplet, and confirmed
with actual machining of metallic workpieces.

Author Contributions: Conceptualization, W.H.; experimental design and performance, M.C.; sim-
ulation, J.R., critical review, A.P.; funding acquisition, B.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Science Foundation under the GOALI Grant
No. 1760985.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within the article.

Acknowledgments: Kind support was provided by Ford Motor Company, Unist Inc., and Texas
A&M University Microscopy and Imaging Center Core Facility RRID:SCR_022128.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

EDM Electrical discharge machining
FT, PT Fully threaded, partially threaded
HA Hand agitation
HA + US Hand agitation and ultrasonic pulsation
LA, LB Lubricant A, B
MQL Minimum quantity lubrication
MIP Male iron pipe
T1, T2 Trial 1, Trial 2
a Droplet radius
A Area of droplet calculated by ImageJ
C Constant for contact angle calculation
d Airborne droplet diameter
K Line tension
P Projected droplet diameter
V Volume of droplet
θ Contact angle
γLG Surface tension of liquid relative to gas
γSG Surface tension of solid relative to gas
γSL Surface tension of solid relative to liquid
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