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Abstract: An understanding of the proper application of metalworking fluids (MWFs) is necessary
for their implementation in efficient production processes. In addition, the knowledge of the process-
related aspect of chip transport and the macroscopic cooling effect, the characteristics and properties
of lubricant film formation, and the cooling conditions in the secondary shear zone on the chip surface,
i.e., in the direct vicinity of the material separation, represent a combined fundamental scientific issue
within production engineering. The aim is to transfer methods from the field of tribology of machine
elements, which have already led to a considerable gain in knowledge in this discipline, to machining
and to couple them with already established approaches to machining. In the case of roller bearings,
the contact pressure is in the range as the pressure in the contact zone between the cutting insert
and chip. Due to this, established methods might be transferred to the cutting process. In addition
to classical pin-on-plate and pin-on-ring friction investigations, film thickness measurements were
carried out and compared to machining tests. The coefficient of friction determined in the planing
test rig is 0.48 for dry cutting, while it is 0.47 for wet cutting. These two values are much larger than
the CoF with MWFs measured on the two tribometers. It is shown that the boundary friction of MWF
especially influences the machining process. Thus, additives in MWF might have a high significance
in machining.
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1. Introduction

The application of metalworking fluids (MWF) in machining can significantly reduce
the thermomechanical load and increase the component quality and the metal removal
rate [1-4]. However, the potential of an efficient MWF usage can only be fulfilled if the
properties of the MWF and, in particular, its flow rate are specifically matched to the
material to be machined and to the process parameters [4-7]. Knowing the amount of
metalworking fluid required also offers the potential for reducing the waste of resources that
is currently not being exploited [7]. For environmental protection and resource efficiency,
minimum quantity lubrication (MQL) and biolubricants offer a high potential [8-10]. In
the case of biolubricants under MQL conditions, Safie et al. investigated rice bran oil, neem
oil, and castor oil and showed some benefits with castor oil [11]. Compared with mineral
cutting fluid, vegetable-oil-based emulsion can feature better properties for the turning of
AISI 1050 steel by improving machinability as shown by Carvalho et al. [12].

In the tribological system of machining, chip formation, loading, friction and wear,
as well as the properties of the contact pairs (cutting tool/workpiece material) and the
intermediate medium (MWEF) form a closed loop. Due to the complexity of the tribological
system, both a consideration of the overall system and a structured analysis of the individ-
ual components and their interaction are required. Rech et al. [13] investigated the influence
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of various cooling strategies (dry, oil, emulsion) on the coefficient of friction (CoF) on a test
rig under machining-relevant pressures (3 GPa) and relative speeds (up to 300 m/min).
It was found that friction losses can be significantly reduced by using lubricating oil and
emulsions. The greatest influence was found in the tests by using oil-based lubricants.
As a result of the reduction in friction, a significant reduction in frictional heat was also
observed. In addition, the cooling effect of the MWF favors the dissipation and removal of
the heat generated during machining processes [1,4].

MWFs also have a positive effect on reducing the wear of cutting tools. For example,
Lakner and Hardt [14] demonstrated for the material Ti-6Al-4V that increased MWEF supply
pressure significantly reduces tool wear. A large group of MWFs are water-miscible oils
that are highly additivated and mixed with water [1,15]. The oil is usually additivated
with emulsifiers to keep the oil dissolved in small droplets in water, with extreme pressure
(EP) additives to protect surfaces, and with rust preventive additives [1,16]. They provide
very good lubrication and heat dissipation and are most commonly used in industry. The
trend to use water-based emulsions can be found recently in the application for bearing
lubrication [17]. Future trends for lubrication utilize graphene-mixed aluminum oxide as
hybrid nano-additives as shown by Lim et al. [18].

Under harsh conditions in metalworking, the boundary conditions of the surfaces in
contact play a crucial role. The formation of boundary films due to additives in cutting
fluids was in the focus of Ma et al. applying ball-on-disc tests [19]. It could be shown on an
Al-Mn substrate, that a phosphorus rich boundary film is formed on the surface. In this
case, interfacial films of EP additives reduce friction [16]. Depending on the temperature,
specific additives react with the surfaces; for example, sulfur-based additives can reach up
to 1000 °C [20]. These additives form dense layers by physical adsorption and chemical
reaction with the metallic surfaces [1,21]. Schulz et al. investigated the interactions of
additives for MWFs on metallic surfaces in terms of Brugger lubrication tests. Based on
their experiments, they predicted the adsorption of additives on the metallic surfaces [22].

The formation of boundary layers is usually influenced by temperature as well as
tangential shear stresses [23]. Studies on these mechanochemical effects are carried out
from the nano to the macro scale to understand the film formation processes [24]. Nano-
indentation studies can be used to derive the mechanical properties of such interfacial
films [25,26]. Additional beneficial effects for later application can be achieved by MWFs,
as investigated by Britt et al. [27]. In this study, ToF-SIMS (time-of-flight secondary mass
spectrometry) has been performed on surface layers achieved at various exposure temper-
atures of the MWEF on cleaned surfaces to conclude on the formation of boundary layers.
Additionally, the emulsifier influences the film formation in sliding contacts. Previous
studies have shown that the emulsifiers prevent full film lubrication at high speeds in
experiments [28,29]. In order to gain knowledge about the influence of MWF on the ma-
chining process, the tribological influence on friction in the secondary sliding zone (i.e., the
chip-tool contact zone) is in focus (see Figure 1). It is important to consider how deeply
the MWF penetrates the tribological contact, how boundary films can form, and which
measurement methods are appropriate.

Gaining insight into the gap between the cutting tool and chip for a wet cutting
processes is still challenging. Currently, there are no numerical models and methods for
mapping and predicting the lubricant film thickness that can be used in the sense of a
targeted design of the cooling lubricant supply. An approach is applying tribometer tests
combined with high speed images of the real contact in cutting processes to conclude on
the prevailing contact and lubrication conditions. For this purpose, experiments were
first carried out on tribometers of two configurations, i.e., oscillating pin-on-plate and
continuously pin-on-ring sliding. Further tests for film thickness measurement were carried
out on an optical elasto-hydrodynamic lubrication (EHL) tribometer. For comparison, the
influence of MWF on the chip formation process during metal cutting was investigated
on a planing test rig (machine tool). This test rig allows high speed imaging and force
measurements of an orthogonal cutting process using MWE. The first results show a reduced
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contact length between the chip and the tool as well as lower process forces for processes
using MWEF compared to dry cutting processes. The data obtained from the machining test
will be compared with the results of the tribological test rigs.
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Figure 1. Schematic representation of the machining process with cooling lubricant and secondary
sliding zone between chip and cutting insert (chip—tool contact zone).

The main objective of this work is to achieve a deeper understanding of the friction
and lubrication regime between tool and workpiece in the secondary shear zone, such as
whether MWF penetration and full film lubrication can be achieved. This is explored by
comparing the CoF on tribometers and cutting test in both lubricated and dry conditions.
In the tribometer test, a significant reduction in friction is shown in the presence of MWFs
compared with dry tests. The film-forming ability of MWFs is also investigated on an
optical rig. However, only a slight CoF variation can be seen in real cutting tests. This
emphasizes the limited penetration of MWFs and the dominant role of boundary lubrication
regime in chip-tool contact in wet cutting. Further effects known from tribology, such as
boundary lubrication conditions or phase separation of water and oil, on machining are to
be investigated.

2. Materials and Methods
2.1. Tribometers for Sliding Friction

In order to know the performance of the MWFs, common tribological tests were
used as a first step. One of the tribological test rigs used was an oscillating pin-on-plate
tribometer (Tribotechnic, 92110 Clichy, France, Milli Tribometer). In this setup, an AISI-
4140+QT steel plate (42CrMo4+QT) (Ra = 0.4 pum) is in oscillating sliding motion against
a fixed AlTiN-coated steel ball (diameter 6 mm, grade G28) under a defined load of 2 N,
resulting in a Hertzian pressure of 830 MPa. The stroke length was 2 mm and the sliding
velocity was 8 mm/s, the overall track length 15 m. The frictional force was recorded during
the experiment. A commercial MFW (Blaser Vasco6000, Riiegsauschachen, Switzerland,
10% oil-in-water emulsion) in a heated tank was used as the lubricant, as shown in Figure 2a.
The heated tank allowed to determine temperature effects on friction. The Blaser Vasco6000
concentrate was a water-miscible, boron-, formaldehyde- and chlorine-free MWF based on
ester oil. Based on manufacturer information, the density was 0.99 g/cm3 at 20 °C and the
viscosity was 42 mm?/s at 40 °C.
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Figure 2. Tribological test rigs: (a) setup for lubricated oscillating pin-on-plate tribometer and

(b) lubricated pin-on-ring tribometer.

To determine the influence of MWF at high sliding speeds, the friction was also
investigated using a pin-on-ring tribometer (modified on a Biihler Isomet 4000 linear
precision saw as drive and a 3 axis force sensor), as shown in Figure 2b and presented
in [30]. In the pin-on-ring arrangement, an AISI-4140+QT steel ring (diameter 37.5 mm,
Ra = 200 nm) was used as the ring with a sliding speed of 784 mm/s, 1176 mm/s, and
1568 mm/s for 300 s (400 rpm, (track length 235.6 m), 600 rpm (track length 353.4 m),
800 rpm (track length 800 m)). An AlTiN-coated steel ball (chemical vapor deposition
(CVD) coating, thickness 3 um, grade G28) with a diameter of 6 mm was used as the pin.
The pin was mounted on a 3D force sensor with a defined load to a Hertzian pressure of
1 GPa. The contact between the pin and the ring can be lubricated.

2.2. Tribometer for Film Thickness Measurement

The measurement of lubricant film thickness is an established method for lubricated
rolling contacts. It allows conclusions to be drawn about the influence of oil additives and
also of microstructures on bearing surfaces. The ball-on-disk test rig used for lubricant
film thickness measurement is shown schematically in Figure 3. A highly polished steel
ball is mounted against a glass disk (Ra = 10 nm) to form a circular high-pressure contact
zone whose contact width and maximum contact pressure could be determined by the
Hertzian dry contact theory. The disc is driven by a motor while the ball rolls, so that a pure
rolling motion can be achieved. The MWF is continuously fed to the inlet section of the
high pressure contact zone formed between the glass disk and the steel ball by means of a
pump. In this work, all experiments were conducted under pure rolling conditions and the
central film thickness in the contact center was measured at different entrainment/rolling
speeds. The load on the ball is 30 N, resulting in a Hertzian pressure of 0.5 GPa and a
contact semi-axis of 0.17 mm. A thin semi-reflective chromium layer (about 10 nm) was
coated on the working /bottom surface of the glass disk, which helps enable high-contrast
interference patterns. A dichromatic interferometry method [31] was used to measure the
layer thickness with a red-green laser.
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Figure 3. The optical ball-on-disc test rig for lubricating film thickness measurement by optical
interferometry.

2.3. Cutting Test

For the cutting experiments, a planing test rig (Figure 4), which was already used
for high-speed recordings of dry cutting processes, was extended to wet cutting. To
achieve high MWF pressures despite short process times <30 ms, the MWF is stored in
an accumulator. The valve of the accumulator can be opened using a USB relay card. To
protect the camera from the MWE, a sapphire glass is placed between the camera and
the workpiece/tool. Additionally, the nozzle holder, as shown in Figure 4, protects the
camera. In the cutting experiments, AISI4140+QT was machined using a TiAIN-coated
cemented carbide tool (CVD coating, thickness 3 pm) with rake angle v = 1° and flank
angle oc = 14°. A cutting speed of v, = 120 m/min, an uncut chip thickness of h = 0.1 mm,
and uncut chip width of b = 2 mm were chosen in the experiments. The same MWE, Blaser
Vasco6000 at 10%, was applied with pressure p = 10 bar tangentially to the rake face. The
nozzle diameter was 1 mm and the distance from the nozzle outlet to the cutting edge was
approximately 24 mm. Furthermore, a dry cutting process was carried out. Both processes
were repeated once. High-speed images were recorded using a camera (Photron, 72764,
Reutlingen, Germany, Fastcam SA5) and a light source of SMETec LED-P40. For the videos,
a framerate of 20,000 fps, a shutter speed of 1/106,000 s, and 6 x magnification were applied.
Process forces were measured using a Kistler dynamometer (Type 9257B).

Camera point-of-view

Figure 4. Cont.
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Backside point-of-view

Figure 4. The planing test rig for cutting experiments and the nozzle for MWF jetting.

3. Results
3.1. Frictional Tribometer Measurements

The tribological tests provide insight into the active lubrication regime and associated
properties, ranging from the influence of MWF additives on the boundary lubrication
regime to full film lubrication. It is assumed that both boundary lubrication and fully
flooded conditions are encountered in the secondary sliding zone of machining processes.
In the oscillating pin-on-plate setup, the unlubricated AlTiN-coated steel ball tested against
the steel plate shows a CoF of about 0.6. When performing the test by applying MWEF,
the CoF could be reduced to 0.12, as shown in Figure 5. Heating the assembly did not
significantly affect the friction, with evaporation of the media limiting the temperature. In
the case of the pin-on-ring assembly, a dry CoF of up to 0.5 was achieved (Figure 6). The
sliding speed did not influence the friction. For a lubricated contact, as shown in Figure 7,
the CoF was reduced to ca. 0.15. From the results in Figure 7, it can be seen that increasing
the sliding speed up to 1176 mm/s (600 rpm) has no significant effect on the friction. In case
of the highest speed of 1568 mm/s (800 rpm), the CoF is slightly reduced. It can therefore be
determined that the transition from boundary lubrication to full film lubrication between
ball and ring could not be achieved.

These differences may be caused by two effects. First, the friction on the pin-on-ring
test rig is lower than that in the oscillating test rig due to the constant speed, where two
reversal points can be found for the oscillating movement between the pin and the plate.
The lubrication conditions at the reversal points may result in higher wear and friction, as
the relative velocity is zero, resulting in mixed to solid friction. Secondly, the sliding speed
of the pin-on-ring tribometer is higher, resulting in better hydrodynamic conditions.
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Figure 5. Sliding friction results for lubricated oscillating pin-on-plate tribometer.
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Figure 6. Sliding friction results for unlubricated pin-on-ring tribometer.

3.2. Film Thickness Investigations

In order to gain a deeper insight into the penetration of MWF into the small gap of
the secondary sliding zone between the chip and the cutting insert, measurements were
taken for the film thickness formed in an EHL contact of a rolling ball and a disk under
high pressure. Figure 8 shows the variation of the average film thickness with rolling speed
for the commercial MWF used at a concentration of 10%. The film thickness results are
plotted on a double logarithmic scale, since in classical EHL theory (using oil rather than
emulsion), the central EHL film thickness increases linearly with increasing entrainment
speeds on a log-log scale; see, for example, the curve of the reference base oil in Figure 8. As
a Newtonian base oil, the slope is 0.68, which is consistent with the classical EHL lubrication
theory [32], e.g., as predicted by the classical Hamrock-Dowson equation. In Figure 8, the
theoretical results for the base oil are calculated using the Hamrock-Dowson equation with
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a viscosity of 58.8 mPas and a pressure-viscosity coefficient of 22 GPa~! for the reference
base oil at the experimental temperature.
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Figure 7. Results of lubricated pin-on-ring tribometer at varied rotational speeds.
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Figure 8. Measured central film thickness at different rolling velocities for the commercial MWF
at 10% concentration. The film behavior of a reference base oil is also shown as a reference. The
theoretical results are calculated with the Hamrock-Dowson equation. (30 N, fully flooded).

In contrast to the base oil, the film thickness of MWEF is always less than 20 nm at all
tested velocities, as shown in Figure 8. The oil droplets in the emulsion are not trapped in
the high-pressure zone to produce hydrodynamic lubrication. The contact zone may be
surrounded by water droplets (as explained later in Figure 12 and shown schematically).
The lubrication condition for the EHL contact with MWF may be considered as boundary
lubrication rather than hydrodynamic fluid lubrication. Note that the film thickness is in
the order of 10 nm, and additives in the commercial MWFs or other interfacial effects, e.g.,
wetting, surface tension, physical adsorption, and surface roughness, can affect such a thin
lubricating film.

The film formation behavior in this case is quite different from homemade oil-in-water
emulsions reported in the literature [28,29,33], where there are oil phase precipitates in the
inlet region and therefore an EHL film can be formed. The reason for this difference might
be the stability of the emulsion. The homemade emulsions are stable only for a short time
(for only a few hours to several days). Cambiella et al. [33] reported the application of the
concept of “controlled instability” of emulsions to let the oil droplets plate out and achieve
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good lubrication performance for rolling contacts. In contrast, the MWF emulsion used for
cutting is stable over time, making it difficult for the oil droplets to separate. In addition,
the cleaning function of MWF can re-emulsify any oil phase so that no hydrodynamic film
could be formed [34].

3.3. Cutting Experiments

To compare the measurements with a realistic cutting process, tests were carried out
on a planing test rig. Particle image velocimetry (PIV) investigations were carried out for
the process. This allows the chip flow to be studied in detail, as shown in Figure 9. On the
flank between the chip and the cutting tool above the separation point, the material velocity
moves at less than }I of the cutting velocity v.. In addition, there is a defined separation
point. The part above the separation point is removed from the workpiece as a chip and the
part below the separation point is pressed onto the cutting edge. The contact is pressurized
and might be difficult for the MWEF to penetrate.

a. Velocity field

120
Tool s m/m]n
>
=
Q
S
g 60
Stagnation IS
F—
Separation | A *;-";
point = 30
0

Ve =120 m/min
4_
100 pum

Cutting fluid
(p =30 bar)

1

N e “ "1\-?/_ ; ‘:-
o O YEuidtms oFw

Figure 9. High-speed investigation of the cutting process based on particle image velocimetry (PIV):
(a) velocity field; (b) PIV image.

The results of the cutting tests are shown in Figure 10. The MWF supply starts shortly
before the cutting process begins (Figure 10a). The MWF flows tangentially along the rake
face of the tool to the workpiece. During initial chip formation (Figure 10b), a film of MWF
forms on the surface of the workpiece. This film is pushed in front of the chip during
the process. It can also be seen that the MWF is transported out of the gap between the
chip and the rake face in the contact zone. After the initial chip formation, a stationary
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chip-forming process is achieved where no MWF is visible between the rake face and the
chip, see Figure 10c. It can therefore be assumed that the lubrication effect is small. Better
penetration of MWEF between the chip and rake face could be achieved with higher MWF
pressures. The process forces, Fj, and the contact lengths, cl, between the chip and rake face
for dry processes and processes with MWEF are shown in Figure 10d. When applying MWF
with a pressure p = 10 bar, the contact lengths between the chip and rake face decrease. This
is mainly due to the mechanical load of the MWF acting on the rake face, which presses the
chip against the workpiece and reduces the contact length. In this case, the chip acts as a
bending beam. Due to the low chip thickness, this bending beam has a small area moment
of inertia and the forces of the MWF due to the dynamic pressure of 10 bar are sufficient to
change the contact length. This effect is described in more detail in [35]. In addition, lower
temperatures in the wet process, confirmed by the avoidance of annealing colors on the
chip, could lead to different residual stresses in the chip and thus to a different chip shape
and contact length.

a. Beginning MWF b. Inital chip c. Stationary chip
supply formation formation

Workf)ieée : R S

d. Measured process forces and contact lengths

0.8 800

e N
E fmm cl -Ll-‘ 'D' =
ED FeN max. ]
204 : 400 <
Q 72}
2 min. T 3
S =
© 02 200 ~

0 0

dry process MWE, p = 10 bar

Figure 10. (a) High-speed images at the beginning of MWEF supply but no chip formation, (b) the
beginning of chip formation and (c) the stationary chip formation. (d) Experimental results of process
forces and contact lengths. (F. is the cutting force which acts in the direction of the cutting speed ve.
Fon acts normal to the direction of the cutting speed.).

The process forces also decrease when using MWFs. This is the result of the reduced
contact lengths and therefore the reduced loads acting on the rake face. It also has to
be considered that the thermal softening of the material is stronger for the dry process.
However, since the process forces of the wet process are lower, the reduced contact length
might be the most important effect.

To conclude the topic of the tribological boundary films formation, a piece of chip was
investigated by time-of-flight secondary mass spectrometry (ToF-SIMS). A description of
the method can be found in [36,37]. For this, the cutting insert was suspended into the MWE;
afterward, the cutting test was performed. The resulting chip surface was investigated.
An increased intensity of sulfur and NaOH+ could be detected, resulting from the MWE,
see Figure 11. However, to determine whether the tribofilms have already formed in the
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chip-tool contact zone, ToF-SIMS analysis should also be applied to the tool surface in
future study. Here, it shows the possibility to apply this technique for this field.

0 100 200
Fe+ NaOsH+ S02-
MC: 42, TC: 1.923e+005 MC: 49; TC: 2.541e+005 MC. 43, TC. 2.435e+005

0

um © 100 200
Na;S0:z+

MC: 15, TC: 4.382e+004 MC: 8 TC: 1.338e+004 MC. 83, TC. 7.465e+005

Figure 11. ToF-SIMS investigation on chip surface, proving sulfur and NaOH?; a brighter color
indicates increased signal intensity on surface.

4. Discussion

Compared to the dry frictional results on the pin-on-ring and pin-on-plate tribometers,
the sliding friction with MWEF is drastically reduced (five to six times smaller). While
dry friction has a CoF value of 0.6, the CoF of MWE-lubricated contacts could be reduced
to 0.1. Increasing the rotational speed in the pin-on-ring tests did not further reduce the
friction. It can be understood that the sliding contact still works under boundary lubrication
conditions, which are influenced by the layers formed on the surface by the additives. This
is confirmed by the film thickness results with the optical ball-on-disc measurements, which
show that there is no hydrodynamic film-formation capability for the MWFs used. The
oil droplets in the MWF cannot plate out to form an inlet oil pool and consequently an
effective film because the droplets are held in emulsion [34]. Figure 12 illustrates the effect
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of keeping oil out of contact; for example, the additives and adsorbed molecules remain
attached to the surfaces to reduce friction for the two tribometers mentioned above.

Inlet Region |Contact Zone

Udisc
———»
- I\
Boundary
) Upall lubrication film

oil droplets water phase

(fail to plate out)

Figure 12. Boundary film lubrication of MWF in highly loaded contact. No elasto-hydrodynamic
film can be formed because the oil droplets in the emulsion fail to plate out in the inlet region of the
tribological contact [34]. Reprinted /adapted with permission from Ref. [34]. Copyright year 2023,
copyright owner IMKT.

Therefore, additives such as sulfur and phosphorus bind on the surface and protect
against high friction under extreme pressures. It has to be regarded that sulfur-based
tribofilms form under high temperatures, as can be found close to the cutting zone of
the chip—tool contact. The boundary film formation could be proven by ToF-SIMS mea-
surements on the chip surface from a cutting experiment. However, whether the MWF
can penetrate the secondary sliding zone between the cutting insert and the chip is still
largely unknown. This question may be answered by measuring the chemical elements
on the tool surface as well in future study. Special attention should be given to avoid any
contamination of the MWF out of the contact zone after the cutting experiments, which
makes this experiment challenging.

In the current cutting experiments, the reduced cutting force in the presence of MWF
is mainly attributed to the reduced contact length of the chip—tool contact. Note that the
CoF for cutting experiments can be obtained by the ratio of the two process forces F .y and
F¢, and the consideration of the process forces before the beginning chip formation F, i,
and FcN,hmin [35,38]2

§= (FCN - FcN,hmin) +(Fc - Fc,hmin)'tan')’
(F . = Fenmin) — (FeN — FeN humin ) -tancy

where v is the rake angle. As a result, the CoF for dry cutting is 0.48, while for wet cutting,
it is 0.47. These two values are much larger than the CoF with MWF measured on the two
tribometers, but they are smaller than the dry sliding CoF. From this comparison, it may
be known that the MWF or molecules in the MWEF could only penetrate partly into the
chip—tool contact zone. Here, the surface roughness and adhesive forces of the cutting tool
and the chip have to be regarded and will be used as input in a fluid—structure interaction
simulation. The investigation of the MWF penetration depth into the contact has to be
researched in terms of analytical approaches such as ToF-SIMS measurements combined
with simulation and aligned to cutting tests.

5. Conclusions

In order to investigate the lubrication mechanisms between the chip and the tool in
the secondary shear zone, tribological methods were used and compared with real cutting
tests. The importance of boundary lubrication was highlighted:
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e It could be demonstrated by tribometer experiments under sliding conditions that
MWEFs can significantly reduce the CoF compared to dry conditions, i.e., from CoF of
0.6 to 0.12.

e The condition of boundary lubrication was demonstrated by measuring the film
formation properties and film thicknesses of MWF on an optical ball-on-disc test rig
using interferometry. In the case of a rolling point contact on the optical film thickness
test rig, no hydrodynamic film could be built by commercial MWF mixed with water.
The lubrication status in the commercial emulsions can be considered as boundary
lubrication but not hydrodynamic fluid lubrication. The boundary films formed by
additives of the MWF may result in the friction reduction in the sliding tests. To
reduce the friction in the secondary sliding zone of the cutting insert—chip contact, the
penetration of MWF has to be ensured.

e  The first test of the real cutting tests on the planing test rig showed that the current
setup has insufficient pressure to achieve beneficial effects with the MWEF. Higher
jetting pressures and modified nozzle positions will be conducted in further studies.

In the case of boundary lubrication, the coefficient of friction is highly influenced by
the shear properties of the tribolayer interface as a result of physiochemical adsorption and
reaction between molecules in the lubricants with the rubbing surfaces, and it is largely
independent of the viscosity of the lubricant. According to the manufacturer, extreme
pressure and anti-wear additives are used for the MWFs applied, which could also be
detected on the chip surface. The results from the pin-on-ring tribometer tests can be
confirmed, according to which, the reduction in friction when using MWF emulsion occurs
in particular through tribological layers. To gain further insights, ToF-SIMS studies have to
be performed to conclude on the formed boundary film and the temperature that led to
specific film compositions. The feasibility could be proven by initial investigation.

To improve the cutting process, a modified cutting insert by surface structuring may
be designed to increase the possibility of MWF penetration in the secondary sliding zone. It
is expected that the MWF will reduce the friction of the process significantly if entrainment
into the sliding zone is made possible.
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