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Abstract: The tribological effect of cutting fluids in the machining processes to reduce the friction in the
cutting zone is still widely unknown. Most test benches and procedures do not represent the contact
conditions of machining processes adequately, especially for interrupted contacts. This results in a
lack of knowledge of the tribological behavior in machining processes. To close this knowledge gap,
a novel experimental test bench to investigate the effects of cutting fluids on the frictional conditions in
metal cutting under high-pressure cutting fluid supply was developed and utilized within this work.
The results show that there is a difference between the frictional forces in interrupted contact compared
to continuous contact. Furthermore, the cutting fluid parameters of supply pressure, volumetric
flow rate, and impact point of the cutting fluid jet influence the frictional forces, the intensities of
which depend on the workpiece material. In conclusion, the novel test bench allows examining
the frictional behavior in interrupted cuts with an unprecedented precision, which contributes to a
knowledge-based design of the cutting fluid supply for cutting tools.
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1. Introduction

The investigation of the frictional behavior under conditions comparable to those in the tool/chip
and the tool/workpiece contact zone has been the scope of several researchers. To determine the
occurring friction between the tribo-partners in machining, different approaches have been followed in
the scientific literature. One major issue regarding the investigation of acting mechanisms of the cutting
fluid in machining is that different contact conditions occur in machining. In 1963, Zorev described
the contact conditions, which led to the development of a friction model that is still one of the most
widely used to describe the contact conditions. The friction on the rake face, respectively in the tool
chip contact zone, is characterized by static friction due to adhesive bonds between the chip and the
tool on the one hand and by sliding friction between the tool and the chip after a certain contact length
on the other hand [1].

Bonnet described the different friction parts on the rake face in the machining of steel that are
shown in Figure 1 [2]. Directly behind the cutting edge, the chip velocity rapidly shrinks to zero. For a
certain contact length, the chip material has a sliding velocity of zero, which starts to increase for
the rest of the tool–chip interface, before the chip loses contact to the tool. Subsequently, a constant
friction coefficient over the whole tool–chip contact length, as used for many simulations, cannot be
considered practical.
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Figure 1. Evolution of the sliding velocity along the tool material interface [2].

The contact stresses σn in the area close to the cutting edge on the rake face can reach more than
2000 MPa [3]. Therefore, the contact reaches 100% in metal cutting processes, which contributes to the
perception that cutting fluids can act in the sliding friction zone, but are not able to penetrate into the
sticking friction zone. Due to this, the focus of most tribometer experiments is the investigation of the
action of cutting fluids under sliding friction. Other studies investigated the frictional aspects from a
theoretical point, e.g., by using slip-line models [4–6]. Since some of the approaches have the drawback
of overlapping effects that are difficult to differentiate, the frictional phenomena have been investigated
by utilizing analogy tests to determine the friction coefficient µ under specific conditions [7].

Real tribological systems, such as those in the machining process, are usually very complex
and difficult to investigate at great expense. The reasons for this are the overlapping friction and
wear mechanisms in the real system, which sometimes reinforce or weaken each other. For this
reason, standardized tribometers are used to investigate tribological systems as an abstraction of real
systems [8]. In total, the tribological contact is simulated in different degrees of abstraction in more
than 100 different tribometers. The ‘standard test method’ in tribology is the pin-on-disc tribometer,
in which a counter body is applied to a rotating base body with a defined normal force on adjustable
radii [9]. The coefficient of friction µ can be calculated from the relation of friction and normal force.
However, since the tribological conditions are far from those encountered in conventional tribological
tests, conventional tribological tests cannot be used when determining the frictional behavior in the
machining processes [10].

In order to overcome the limitations, especially in terms of the transferability of the results from
conventional tribometrical tests to the domain of machining, various tribometers have been developed.
Olson et al. proposed one of the first variants in 1989 [11]. The design is similar to a longitudinal face
turning process, in which the end face of a tube is machined. Shortly after the tool, a pin is attached,
which rubs over a constantly renewed surface. Due to the low stiffness of this concept, the required
contact pressures cannot be achieved. With this test setup, automated long-term tests are only possible
to a limited extent, since the pipe must be changed.

In 1991, Hedeqvist and Olsson presented a further test bench [12]. In this variant, a cylindrical
pin follows a helical path along a rotating shaft. The contact surface is not the front side of the pin,
but the circumferential surface. After the pin has travelled the entire length of the shaft, the surface
can be renewed by a longitudinal circular turning process and the test can be continued. This enables
long-term tests to be carried out.
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Grzesik published another proposal in which a linear frictional contact is established between the
basic body and the counter body [13]. He also did not achieve the usual contact pressure, which occurs
in machining, and, in addition, worked with a non-renewable surface of the counter body.

To solve the problem of low contact pressures, Claudin used a design in which the spherical
end of the pin is pressed by a pneumatic cylinder onto a shaft, which is clamped in a lathe [14].
Similar to Hedenqvist, the pin moves in translational direction to the shaft. In addition, a cutting
tool has been integrated to produce a new surface, which is subsequently improved in a grinding
step. With this design, it is possible to generate a maximum contact pressure of 3 GPa at a maximum
speed of 200 m/min.

Zemzemi combined the test stands of Claudin and Olsson [15]. Similar to Olsson, a tube is used
as the rotating counter body, the pin rubs against its front side. The same equipment as for Claudin
guarantees the contact pressure. Due to this modified design, it is possible to increase the maximum
friction speed considerably.

Ozlu used a simpler experimental setup, which compared the friction parameters of the orthogonal
rotation process of a tube with those from a pin-on-disc test [16]. For the tribological test, the counter
body was clamped in a lathe. For the material/cutting material pairings selected by the author (C50/WC
and C50/coated WC), it was shown that the different contact pressures do not have any significant
influence on the coefficient of friction.

Brocail used a conventional tensile testing machine [17] for the test bench. A rod, which is fixed to
the machine table, serves as the base body, while a ball, which is pressed against the cylindrical surface,
is moved upwards. The rod is heated up to 1250 ◦C, the ball to 300 ◦C. With this configuration, it is
possible to reproduce the conditions during machining well, except for the relative velocity. A fresh
surface cannot be guaranteed with this configuration neither are long-term tests practical.

Trauth et al. developed a friction test bench in 2017, which can be regarded as a pin-on-cylinder
tribometer with an axial feed [18]. Compared to conventional tribometers, such as the pin-on-disc
tribometer, the test setup is designed to ensure that the tool rubs over an unmachined workpiece
surface with each revolution. A lathe realizes the rotary movement of the workpiece in the form of a
shaft and the translatory movement of the workpiece (feed). A hydraulic actuator applies the normal
force of the tool on the workpiece.

However, the developed approaches to determine the frictional interactions at the tool–chip
interface have two inherent drawbacks. One drawback of the approaches are the occurring loads and
the transferability of the results to the machining process. Partly, the achievable relative velocities
are below the relative velocities between tool and chip and the normal pressures are far away from
those occurring in the machining process. Furthermore, the approaches investigated solely dry friction
conditions and neglected therefore the influence of cutting fluid on the frictional interactions.

An approach that is capable to reproduce the mechanical contact conditions of the cutting process
has been developed by Klocke et al. [7,19]. In their frictional set-up, an orthogonal cutting process on
a lathe has been modified in such a way that the cutting tool insert has an extremely negative rake
angle [6]. Due to the negative rake angle, the chip formation process was suppressed, wherefore the
process can be considered as a high-speed deformation process. The experimental set-up has to be
considered as a closed tribo-system, since the tool rubs over the same surface after one rotation of the
workpiece. To realize an open tribo-system, the set-up of an orthogonal friction test has been realized
on a broaching machine tool [19]. The set-up let to the development of a temperature-dependent
friction model and has further been used in several publications [20–22].

However, most of the research conducted so far did not investigate the influence of the cutting
fluid in metal cutting, nor in interrupted cutting. Sterle et al. investigated in their study the influence
of different cutting fluids and cooling strategies for a wide range of relative velocities on the frictional
behavior using an open tribometer [23]. The investigated cutting fluids and cooling strategies
embraced dry machining, coolant, emulsion, liquid CO2 (LCO2), minimum quantity lubrication (MQL),
MQL+LCO2, and solid lubricant MoS2. In their experiments, an exponentially decreasing trend was
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identified when increasing the relative velocity for dry cutting. In case of using emulsion, a large initial
increase of the friction coefficient was observed when increasing the relative velocity, which decreased
slightly for higher relative velocities. The decreasing trend of the friction coefficient for higher relative
velocities was due to the self-lubrication with higher temperatures.

With regards to the focused high-pressure cutting fluid supply, Machado and Wallbank described
the acting mechanisms of the focused high-pressure cutting fluid supply from the rake face, which is
the most common application way of this technology [24]. In their model, they utilized the two-zone
friction model by Zorev [1]. Therefore, they described the stress distribution in the continuous contact
on the rake face for flood cooling and high-pressure cutting fluid supply. The contact length lch was
reduced by the cutting fluid jet force Fjet. Therewith, the focused cutting fluid jet marginally reduced
the sticking zone by mechanical action, whereas the sliding zone was reduced decisively by mechanical
as well as lubricating effects. Interestingly, no significant changes of the cutting force Fc occurred [24].
The results of Machado and Wallbank, which were gathered when machining Ti-6Al-4V and Inconel
701, are supported by many other researchers for other materials, such as stainless steel X2CrNiMo
22-5 and X2CrNiMoN 17 14 3, bearing steel 100Cr6 and many others [25–27].

Kaminski and Alvelid have shown that under machining conditions with industrial relevance,
pressure levels over p = 700 bar are necessary to change the conditions of friction significantly in order
to lower the process forces. Ref. [28] Such high pressure levels are achievable in laboratory scale, but
not in industrial processes, where the supply pressure of most machine tools is about p = 80 bar and
in some exceptional cases up to p = 300 bar. Therefore, it can be concluded that for investigations of
the frictional conditions under high-pressure cutting fluid supply, the relevance of sliding friction
dominates in comparison to sticking friction.

Summarizing the state of the art, the existing tribometers partly do not represent the contact
conditions of machining with interrupted cuts, such as the milling process. Furthermore, most of
experimental investigations focus on dry friction and do not consider the influence of cutting fluid.
Therefore, a novel experimental set-up is demonstrated within this paper to investigate the influence
of the application of cutting fluid on the frictional conditions in interrupted machining, such as the
milling process. Hence, the question if the interrupted cut enables the application of cutting fluid
when the cutting edge is not engaged in order to ensure a sufficient lubrication during the contact
time needs to be answered. Moreover, it is unknown, whether higher cutting fluid supply pressures
are beneficial in interrupted cuts on the coefficient of friction in the sliding zone as it is the case in
continuous operations. Finally, the necessary volumetric flow rates and pressure levels are necessary
to be elaborated together with a suitable impact point of the cutting fluid jet.

Therefore, a test bench has been developed, which is capable to reproduce the conditions of
metal cutting in terms of the relative velocities and the applied thermo-mechanical loads as well as
capable to investigate the influence of the cutting fluid. The experimental set-up has been built on a
conventional lathe with a workpiece having grooves in axial direction to reproduce the conditions
of interrupted cutting. The frictional tests have been conducted by varying the setting parameters
fluid pressure, volumetric flow rate, relative velocity, normal force, and cutting fluid impact point.
The investigations have been conducted for two different workpiece materials. The following chapters
are highlighting firstly the experimental boundary conditions of the conducted tests, followed by the
experimental results regarding the investigated influencing parameters. In Section 4, a discussion of
the experimental results will be given, followed by the conclusions of this work.

2. Materials and Methods

This chapter highlights the conduction of the frictional experiments as well as the underlying
experimental set-up. Therefore, the chapter is divided into three subchapters. In the first subchapter,
the investigated workpiece materials underlying the experiments are presented, followed by a
description of the utilized cutting tools. In the last subchapter, the experimental set-up and procedure
is outlined.
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2.1. Workpiece Materials

The workpiece materials for the experiments were selected based on their industrial relevance
and their specific wear characteristics that is imposed on the cutting tool. The quenched and tempered
steel 42CrMo4+QT (AISI 4140+QT) is widely used for highly stressed parts in the aerospace and
automotive industry, e.g., connecting rods and crank shafts, because of its high tensile strength of more
than Rm = 1000 MPa and high toughness [29,30]. The material shows a fine martensitic and ferrite
microstructure that emerged due to a decomposition of martensite to ferrite during the quenching
and tempering process [31], see Figure 2a. These material characteristics impose challenges for the
machinability of 42CrMo4+QT. Notch wear under lower cutting speeds is mainly induced by abrasive
wear, whereas under high cutting speeds, the dominant wear mechanism is diffusion wear [32].
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Figure 2. Micrographs of 42CrMo4+QT (a) and Ti-6Al-4V (b).

The titanium alloy Ti-6Al-4V was used in the alpha-beta (α/β) state of annealing, see Figure 2b.
The specific properties of titanium alloys, especially their high temperature strength, low thermal
conductivity and low Young’s modulus [3] lead to several challenges for the machining process.
The cutting edge of the cutting tool is subjected to high mechanical loads and temperatures and the
workpiece material tends to adhesion. Moreover, the chip formation process is characterized by the
formation of segmented chips [33], which lead to a high dynamic tool load that cause chipping of the
cutting edge [3,34]. Nevertheless, Ti-6Al-4V is the most widely used titanium alloy in the world, e.g.,
in the aerospace industry, because of its high tensile strength of over Rm = 900 MPa in combination
with a low density [35,36]. The chemical composition of both investigated workpiece materials are
shown in Table 1.

Table 1. Chemical composition of 42CrMo4+QT and Ti-6Al-4V in mass percent [30,37].

Element C/% Fe/% Si/% Mn/% P/% S/% Cr/% Mo/%

42CrMo4+QT 0.38–0.45 balance <0.4 0.6–0.9 <0.025 <0.035 0.9–1.2 0.15–0.3

Element C/% Fe/% Al/% V/% O/% N/% H/% Ti/%

Ti-6Al-4V <0.08 <0.3 5.5–6.3 3.5–4.5 <0.2 <0.05 <0.015 balance

2.2. Tools

A turning tool holder for external radial grooving of the type GHMR25 from the company ISCAR
Germany has been used for the friction experiments. The inserts of the type GIM 4 featured a clearance
angle of α = 7◦ and a width of cut of b = 4 mm. The inserts were 5 mm high and made out of the
cemented carbide grade ISO HW-S20-30 (IC328). The substrate is a medium grain size of 1.3–2.5 µm
cemented carbide with a cobalt content of 12.5 wt %. The substrate also contains mixed carbides
TaC, NbC, and TiC with a cumulated content of 1.4 wt %. The cemented carbide inserts were further
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coated with a PVD-TiCN coating with a thickness of approximately 3.2 µm. The substrate features
a Young’s modulus of E = 570 GPa and a Vickers hardness of 1350 HV. The TiCN coating has a
hardness of approximately 3000 HV [38]. The use of conventional inserts offers the advantage that no
expensive preparation of the tools has to be made, as it is the case for conventional tribometers such
as the pin-on-disc tests [19,39]. Furthermore, this substrate is next to machining titanium alloys also
recommended by the manufacturer to machine ferrous alloys, as the material 42CrMo4+QT. On the one
hand, the high hardness of the tool coating provides a high resistance against abrasive wear and on the
other hand, the coating provides a sufficient barrier against diffusion wear and lowers adhesive wear.

2.3. Experimental Set-Up and Procedure

For the frictional tests, a conventional lathe of type DMG NEF 600 has been used. The machine
tool has been equipped with the tool holder mounted on a multi-component dynamometer of type
9129B from the company Kistler. The cutting tool holder was rotated in such a way that the tool’s flank
face got into contact with the workpiece. Therefore, the contact between the tool and the workpiece
is described by an extremely negative rake angle, which suppresses the chip formation. Due to this,
the friction tests can be considered as a high-speed deformation test. To ensure that the contact point
between the cutting tool inserts and the workpiece shafts was in the middle of the tool’s flank face,
a baseplate has been further mounted between the dynamometer and the machine tool, Figure 3.
A shaft with a diameter of dWP = 180 mm and a length of lWP = 360 mm was clamped into the machine
tool. To reproduce the conditions of continuous and interrupted cutting, the installed shaft was divided
into two parts: the first part was a conventional shaft, whereas in the second part six grooves, having a
width of bgroove = 10 mm, were milled into the shaft in axial direction. Therefore, the first part of the
shaft was used to investigate the frictional effects for continuous cutting when applying cutting fluid
and the second part was used to investigate the influence of the applied cutting fluid in interrupted
cutting. Each experiment was repeated once for statistical purposes.
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During the frictional experiments, the cutting fluid of type Vasco TP 519 from the company
Blaser Swisslube AG with a concentration of 10% was supplied at a temperature of t = 20 ◦C to the
contact zone of the tool and the workpiece. The properties of the cutting fluid are shown in Table 2.
The necessary fluid pressure was realized by using an aggregate of type ChipBLASTER WVHP6-60,
which features pressures up to 300 bar. For the nozzle of the cutting fluid supply, a M3-nozzle was
used, which can be tiled and shifted in its position. Therefore, the investigation of two different impact
points of the cutting fluid were realized.

Table 2. Properties cutting fluid Blaser Vasco TP 519 [40].

Property Color
Mineral

Oil
Content/%

Ester
Content/%

Density
at t = 20
◦C/kg/cm3

Viscosity
at t = 40
◦C/mm2/s

Flash-
Point/◦C pH

Refrac-
Tometer
Factor/-

Value Yellowish 0 30 0.95 68 138 8.8–9.6 1.2

During the frictional experiments, different influencing factors were analyzed. All examined
parameters are summarized in Table 3. As first parameter, the relative velocity was investigated
by varying the rotational speed of the lathe. As second parameter, the contact pressure was varied
by varying the feed. The contact pressure between tool and workpiece was determined using the
force information from the dynamometer and the resulting wear region on the tools after the friction
tests. Furthermore, the influence of the cutting fluid supply pressure was investigated by varying
the pressure on the external aggregate. Besides analyzing the influence of the cutting fluid supply
pressure, the volumetric flow rate was taken into account as well, by using nozzles with three different
diameters of dnozzle = 1.2, 1.0 and 0.8 mm. As stated before, the cutting fluid impact point was varied
in two steps over the position of the nozzle.

Table 3. Stages of the investigated influencing factors.

Parameter of Investigation Value

Workpiece Material 42CrMo4+QT Ti-6Al-4V
Relative velocity vrel/m/min 20 40 60 80 100 120

Normal force FN/N 500 1000 1500
Cutting fluid pressure p/bar Dry 20 50 100

Volumetric flow rate Q/L/min Dry 1.5 2.8 3.8
Cutting fluid impact point A B

To reduce the influence of tool wear on the resulting friction, the cutting tool inserts were changed
after each experiment. The flank face was further analyzed using a microscope of type Keyence
VHX 5000.

The measured force signals were transferred into the tool coordinate system in order to evaluate
the friction and frictional normal force. An exemplary signal of the normal force for the two investigated
friction conditions (continuous and interrupted contact) is shown in Figure 4. For the signal of the
interrupted contact, the alternating contact can clearly be seen. To examine the friction coefficient from
the measured signals, the frequency of engagement has been filtered out and the average has been
calculated from the remaining signal. Thereby, the friction coefficient has been calculated separately
for the two contact conditions.
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3. Results

This chapter highlights the experimental results of the conducted friction experiments. Therefore,
the chapter is divided according to the analyzed influencing parameters, starting with the relative
velocity and followed by the contact pressure, cutting fluid supply pressure, volumetric flow rate,
and cutting fluid impact point.

3.1. Influence of the Relative Velocity

To investigate the influence of the relative velocity between the contact partners on the frictional
conditions, the relative velocity has been varied in six (Ti-6Al-4V) and five (42CrMo4+QT) stages from
20 m/min (Ti-6Al-4V) respective 40 m/min (42CrMo4+QT) to 120 m/min, being representative for the
chip velocity in metal cutting operations. The results of the conducted experiments are illustrated in
Figure 5, showing the coefficient of friction (CF) over the investigated relative velocities. The left side
of the diagram shows the interrupted contact, whereas the right side shows the continuous contact.
During the experiments, the reference condition of cutting fluid supply has been used with a cutting
fluid pressure of p = 50 bar and a volumetric flow rate of Q = 3.8 L/min.

As it can be seen in Figure 5, no distinct influence of the relative velocity on the measured CF
can be determined for the investigated condition of cutting fluid supply. For the test conditions of
interrupted contact, the CF is around µapp = 0.3 with slightly lower CF for 42CrMo4+QT. This is in
agreement with previous publications, showing an asymptotical CF for high relative velocities [23].
However, the almost constant CF for the investigated relative velocities is attributed to the wetting of
the tool due to the grooves in the workpiece enabling a sufficient lubrication of the contact zone.

When comparing the results in terms of the CF between the two contact conditions of interrupted
and continuous contact, the CF appears to be larger for the continuous contact for Ti-6Al-4V and slightly
larger for 42CrMo4+QT. The differences for the Ti-6Al-4V alloy can be explained by the better lubrication
of the contact zone between tool and workpiece, which is beneficial for this material. In contrast, the
slightly lower CF for the 42CrMo4+QT can be attributed to expected higher temperatures in case
of the continuous contact, resulting in a higher self-lubrication of the material. This explanation is
supported by the conducted friction test, where no cutting fluid was supplied. For these experiments,
the determined CF was in the magnitude or lower than their counterparts, where cutting fluid has
been supplied.
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For the dry friction experiments in combination with Ti-6Al-4V a significant decrease of the CF can
be observed within the domain of relative velocities from 40 to 80 m/min. Due to these observations,
a strong beneficial influence of cutting fluid can be identified for machining of Ti-6Al-4V, especially for
lower relative velocities.
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Figure 5. Influence of the relative velocity on the coefficient of friction.

3.2. Influence of the Normal Force

To investigate the influence of the contact pressure between the tool and workpiece on the friction,
the normal force has been varied in three stages from 500 N to 1500 N. The feed has been increased
until the predefined contact force was reached. The results of the conducted experiments are shown for
both investigated alloys in Figure 6. For Ti-6Al-4V in the interrupted contact, a slight decrease can be
observed with increasing normal force. It is expected that the thermal softening effect of the workpiece
material due to the higher plastic deformation causes the decreasing trend of the CF. However, for the
interrupted contact, the experimental results show that a sufficient wetting of the surface due to the
grooves is still given and that the CF is, therefore, not affected to a large extent. For the 42CrMo4,
the influence of the increased normal force is oppositional to the Ti-6Al-4V alloy. When increasing the
normal force, an increase of the CF can be observed for 42CrMo4+QT. This trend is deducted to the
low frictional effect of the cutting fluid for 42CrMo4+QT, which has been observed for the previous
experiments as well. Higher normal forces result in this case in higher normal pressures, which cannot
be compensated by the cutting fluid.

The beneficial effect of the cutting fluid for Ti-6Al-4V alloy is reinforced when analyzing the
experimental results of the continuous cut. In this case, an increase of the CF can be observed for
higher normal forces. These results can be explained by an insufficient wetting of the contact region
by the cutting fluid. In the case of the interrupted contact, the cutting fluid was still brought into the
contact zone due to the grooves. For continuous contact, the normal pressures are too high, wherefore
the lubrication of the contact region cannot be realized sufficiently anymore.
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Figure 6. Influence of the contact force on the coefficient of friction.

3.3. Influence of the Cutting Fluid Supply Pressure

The cutting fluid supply pressure was set directly at the high-pressure pump. Three different
pressures of p = 20 bar, p = 50 bar, and p = 100 bar were used. Figure 7 shows the influence of the
cutting fluid supply pressure on the coefficient of friction.

For the interrupted contact, the supply pressure has no noticeable influence on the friction. The CF
is about µapp = 0.3 for both materials. With an increase of the supply pressure, no significant variation
of the CF is observable. This indicates that the intermitted contact enables a sufficient wetting of the
contact surfaces. Moreover, the agents of the cutting fluid that is applied during the interruption act
lubricating during the entire contact time. The contact times are so short that the agents are drawn out
of the cutting zone, since the CF is almost constant during the contact time. On the other hand, during
the continuous contact, the CF decreases with higher supply pressures when using the workpiece
material Ti-6Al-4V. Apparently, higher supply pressures lead to a better supply of cutting fluid in the
contact zone and, thus, to a reduction of friction. The CF decreases from the value of µapp = 0.44 (p = 20
bar) to µapp = 0.31 (p = 100 bar), which is equal to a decrease of approximately 30%. In contrast to this,
the CF when machining 42CrMo4+QT shows no significant influence by the supply pressure, neither
for continuous, nor for interrupted contact. The CF is constantly at about µapp = 0.3 for all pressure
stages. The assumed reason is the self-lubricating effect of the alloying element sulfur (<0.035%).
This assumption becomes more evident when comparing the experiments under dry conditions with
the experiments under cutting fluid supply. The CF in the interrupted cut was more than twice as
high when comparing the dry experiment to the experiment with a supply pressure of p = 20 bar
with the workpiece material Ti-6Al-4V, which has no self-lubricating alloying elements. When using
42CrMo4+QT, the CF was lower in the interrupted cut even when comparing the dry experiment to
the experiment with a supply pressure of p = 20 bar. This can be traced back to the thermal softening
effect during dry machining of 42CrMo4+QT. With an increasing workpiece temperature, the tensile
strength decreases. Hence, the normal force exerted on the cutting tool decreases, which consequently
leads to a lower CF.
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Figure 7. Influence of cutting fluid supply pressure on the coefficient of friction.

In terms of wear of the cutting tool inserts, an increasing supply pressure had a highly wear
reducing effect in the experiments with the workpiece material Ti-6Al-4V, Figure 8. Opposed to this,
the effect of the cutting fluid supply pressure on tool wear with the workpiece material 42CrMo4+QT
was negligible. This supports the hypothesis that Ti-6Al-4V demands high lubrication properties on
the cutting fluid supply strategy, whereas 42CrMo4+QT has sufficient self-lubrication properties under
the examined parameter range.
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3.4. Influence of the Volumetric Flow Rate

If an incompressible fluid, like the utilized cutting fluid, flows through a tube with a defined cross
section A, the mass flow—and as a result, the volumetric flow rate Q—stays constant according to the
equation of continuity, Equation (1) [41].

Q = v·A (1)

By transposing the Bernoulli’s equation, the jet velocity can be expressed according to Equation (2),
and depends therefore on the pressure difference between ambient pressure and supply pressure [41].

v jet =

√
2·(p− pambient)

ρ
(2)
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When inserting Equation (2) in Equation (1), it can be stated that a change in volumetric flow rate
can be achieved with a constant supply pressure by the change of the coolant nozzle diameter, which is
expressed in Equation (3) by the cross section A [41].

Q = A·v·

√
2·(p− pambient)

ρ
(3)

The volumetric flow rate was therefore varied via the nozzle diameter dnoz under a constant
cutting fluid supply pressure of p = 50 bar during the experiments. The resulting volumetric flow
rates were Q = 1.5 L/min with a nozzle diameter d = 0.8 mm, Q = 2.8 L/min with a nozzle diameter
d = 1.0 mm and Q = 2.8 L/min with a nozzle diameter d = 1.2 mm.

The measured data from the friction experiments are shown in Figure 9. Analogous to the results
of the influence of the supply pressure, an increase of the volumetric flow rate did not lead to a
noticeable difference in the CF for both materials during the interrupted contact. In the continuous
contact, the CF decreased with an increasing volumetric flow rate when using titanium as workpiece
material. The CF decreased from about µapp = 0.46 (Q = 1.5 L/min) to µapp = 0.36 (Q = 3.8 L/min),
which equals a decrease of approximately 22%.

When machining 42CrMo4+QT, the self-lubricating effect occurred and, consequently, no influence
of higher volumetric flow rates on the CF was traceable. Moreover, the assumed thermal softening
leads to a lower CF when comparing dry to wet machining, also under varying volumetric flow rates.
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Figure 9. Influence of the volumetric flow rate on tool wear.

3.5. Influence of the Cutting Fluid Impact Point

The two investigated cutting fluid impact points, as a result of a varying impact angle, are illustrated
in Figure 10. The first supply impact point (A) correspondents to the supply of cutting fluid into the
contact zone between chip and tool. The impact point (B) is set directly in front of the flank face to
show the effect when the cutting fluid impacts in front of the wedge between tool and emerging chip,
which may lead to atomization and a lack of penetrability into the contact zone.
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Figure 10. Illustration of the two investigated cutting fluid impact points.

The CF in dependency of the cutting fluid impact point are shown in Figure 11. While the impact
point has no considerable influence on the CF for the interrupted contact, the influence on the CF for
Ti-6Al-4V under continuous contact conditions is distinct. The CF increased from µapp = 0.39 by about
26% to µapp = 0.49. The vast influence of the cutting fluid impact point on the CF when using titanium
indicates that the cutting fluid is not able to penetrate the contact zone or is drawn away before the
agents can act in the contact zone. According to the previous examinations, the cutting fluid has nearly
no impact on the friction with 42CrMo4+QT as workpiece material. Therefore, it can be said that
for the CF of 42CrMo4+QT it is of subordinate importance if and where the cutting fluid is applied,
because of the self-lubrication effect of the material. However, the cutting fluid impact point has a
vast influence on the CF when machining titanium. In the interrupted contact, the cutting fluid is able
to wet the contact zone, because of the interruption by the grooves in the workpiece. On the other
hand, in continuous contact, the friction rapidly increases once the cutting fluid is drawn away from
the contact zone. As a result, the CF in continuous conditions correspondents approximately to the CF
for the dry experiments.
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Figure 11. Influence of the cutting fluid impact point on the coefficient of friction.



J. Manuf. Mater. Process. 2020, 4, 45 14 of 18

4. Discussion

The conducted experiments on the two alloys under investigation revealed distinct differences
between the two materials regarding their frictional behavior under metal cutting conditions. Based
on the investigated influencing factors, a self-lubricating effect has been observed for 42CrMo4+QT
resulting in an overall lower coefficient of friction in comparison to the coefficient of friction of Ti-6Al-4V.
The self-lubricant effect of the 42CrMo4+QT can be attributed to the alloying element sulfur, which has
a content of lower than 0.035% in 42CrMo4+QT. The observed effect becomes more evident, when
comparing the conducted experiments under dry conditions with those where cutting fluid has been
supplied to the contact area. For these experiments, no distinct influence of the cutting fluid supply on
the coefficient of friction of 42CrMo4+QT over a wide range of relative velocities can be observed.

In contrast to these observations on 42CrMo4+QT, the supply of the utilized cutting fluid had a
major influence of the coefficient of friction for Ti-6Al-4V. For dry contact conditions, the coefficient
of friction was significantly higher than the counterpart, where cutting fluid has been supplied.
Furthermore, just slight differences of the two contact conditions (interrupted vs. continuous contact)
occurred over the investigated relative velocities. However, the differences between the contact
conditions became more distinct when increasing the contact normal force of the tribo-partners.
Therefore, slight differences over the investigated relative velocities are attributed to the low contact
normal force of F = 1000 N. For this contact normal force and the resulting contact normal pressure, a
wetting of the contact region is still expected to occur under the continuous contact, wherefore the
coefficient of friction is reduced. For higher contact normal forces, the wetting of the contact region
cannot be realized anymore under constant contact conditions. This is in difference to the interrupted
contact, where the coefficient of friction remained low, even for higher contact normal forces. Due to
the grooves in the workpiece, the contact region of tool and workpiece was still sufficiently wetted
with cutting fluid.

The impact of the cutting fluid supply parameters can be expressed by the following
fluid-mechanical contemplations of the cutting fluid jet force when using the high-pressure cutting
fluid supply. The hydraulic jet force of the cutting fluid depends on the density of the cutting fluid ρ,
the volumetric flow rate Q, and the jet velocity vjet. Equation (4) expresses the jet force Fjet, when the
dynamic pressure pdyn is the subtraction of the static pressure psta from the total pressure ptot. As a result,
the mechanical force of the cutting fluid jet force Fjet increases proportionally to the volumetric flow
rate, but it only increases to the square root of the cutting fluid dynamic pressure pdyn. This relationship
reveals the more effective way of increasing the jet force Fjet by the volumetric flow rate compared to
the dynamic pressure pdyn [42]

F jet = ρc f ·Q·

√
2·pdyn

ρc f
⇒ F jet ∼ Q; F jet ∼

√
pdyn (4)

The higher the jet force, the greater the penetrability is of the cutting fluid jet into the contact
zone between the tool and the chip or workpiece. However, an increase of the volumetric flow rate
at the same supply pressure is only possible with an increase of the cutting fluid nozzle diameter.
Hence, the cutting fluid jet diameter enlarges. Therefore, the force per area is not increased with an
increase of volumetric flow rate when increasing the nozzle diameter. Therefore, the hypothesis of the
steam barrier theory is in contrast to the results. This steam barrier hypothesis claims that parts of the
cutting fluid evaporate when getting into contact with the hot surfaces, which leads to a formation of a
steam barrier. This barrier of steam prevents new cutting fluid from reaching the immediate contact
zone. The dominant influencing factor to break the steam barrier is the supply pressure, since it has to
overcome the opposing steam pressure [27,43,44]. However, the results show that volumetric flow rate
has a distinct influence on the CF, which can be explained by the higher cutting fluid jet force that
improves the penetrability into the contact zone.
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The investigations with regards to the impact point of the cutting fluid revealed a lower CF when
using Variant A compared to Variant B. This observation of the influence of the cutting fluid impact
point can be attributed to a better penetrability of the cutting fluid, which in turn is a consequence of
an occurring channeling effect for Variant A. In this case, the channeling effect occurs, because the same
amount of cutting fluid has to flow through a smaller cross section, which also has been reported by
Klocke et al. [45]. This constriction accelerates the fluid comparable to an unsteady nozzle. A cutting
fluid jet with a higher velocity exerts a higher force on the barrier that impedes the cutting fluid from
penetrating into the contact zone. Therefore, the penetration is locally facilitated. If the fluid jet on the
other hand is too far away from the contact zone or first hits an obstacle, like the back of the chip or the
tool, atomization and a loss in velocity occurs, like in Variant B. Therefore, the penetrability into the
contact zone is decreased, such as in the findings from [42,46,47]. The results regarding the influence
of the cutting fluid impact points highlight the importance of the nozzle design of cutting tools in
continuous and interrupted machining processes. For these processes, a nozzle design leads to a better
lubrication effect between the tool and the workpiece or chip, which in turn improves the process itself.

5. Conclusions

The investigations on the mechanical settings parameters revealed distinct differences between
their influences on the investigated workpiece materials. For the 42CrMo4+QT no distinct influence
of the cutting fluid supply was identified, which is attributed to a self-lubricating effect of the
alloying element sulfur. This is further supported by the observations of the conducted dry friction
experiments. Under dry conditions, the CF was lower compared to wet conditions in the interrupted
and the continuous contact. This effect is attributed to the thermal softening during the dry tests,
which contributes to the self-lubrication.

In contrast to 42CrMo4, a significant influence of the cutting fluid on the coefficient of friction for
Ti-6Al-4V has been observed. For this alloy, the influence of the relative velocity on the coefficient of
friction was law, whereas a distinct influence of the contact normal force has been identified. These
observations are attributed to the wetting effect under the conditions. In case of the continuous contact,
the wetting of the contact zone cannot be realized anymore for higher contact normal forces. However,
for the interrupted contact the wetting of the contact region was possible, even for higher contact
normal forces due to the machined grooves in the workpiece.

During the continuous contact, no influence of the cutting fluid supply pressure has been identified
for Ti-6Al-4V, whereas for the interrupted contact an increase of the cutting fluid supply pressure
resulted in a decrease of the CF. The variation of the volumetric flow rate showed similar effects, which
is opposed to the stream barrier theory. This theory claims that the supply pressure is the dominant
setting parameter to overcome the counteracting steam pressure of the evaporating steam in the contact
zone. This impairs new cutting fluid from reaching the contact zone. The observed effect can be
explained by the theoretical contemplation that the cutting fluid jet force Fjet increases proportionally
to the volumetric flow rate, but it only increases to the square root of the cutting fluid dynamic pressure
pdyn. Hence, the impact of the cutting fluid jet force Fjet is of superordinate importance in regard to the
penetrability into the contact zone.

The cutting fluid impact point has a major influence in the continuous contact when machining
Ti-6Al-4V, whereas in the interrupted contact no influence was identified. An impact point directly
into the cutting zone was more efficient compared to an impact point in front of the zone.

Therefore, it can be concluded that in interrupted cutting with high-pressure cutting fluid supply
the dominant factor to reduce tool wear is the cooling effect over the lubricating effect. When machining
materials with a self-lubricating effect, such as 42CrMo4+QT, the application of cutting fluid can
increase the CF. Moreover, the most efficient way of cutting fluid supply is directly into the wedge
between the tool and the chip.

Based on the presented results, further research needs were identified. The investigation can
be extended to other alloys. The developed test bench and procedure could be meaningful for the
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in-depth analysis of cause-effect relationships when machining materials with a self-lubricant effect.
Furthermore, the effect of different cutting fluid concentrations or types shall be addressed in the future.

Author Contributions: Conceptualization, T.L. and M.H.; Methodology, T.L. and M.H.; Validation T.L. and M.H.;
Formal analysis, T.L. and M.H.; Investigation T.L. and M.H.; Writing—original draft preparation; T.L. and M.H.;
Visualization, T.L.; Funding acquisition, T.L.; All authors have read and agreed to the published version of
the manuscript.

Funding: The IGF-research project 21049 N (Acronym: “TaCoMA”) of the Forschungsgemeinschaft Werkzeuge
und Werkstoffe e.V. (FGW) is funded by the AiF within the program to promote joint industrial research (IGF) by
the Federal Ministry for Economic Affairs and Energy, following a decision of the German Bundestag.

Acknowledgments: The authors would like to thank to the companies ISCAR Germany GmbH for the provision
of cutting tools, Premium Aerotec GmbH for the provision of titanium material and Blaser Swisslube AG for the
provision of cutting fluid.

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

References

1. Zorev, N. Inter-relationship between shear processes occurring along tool face and shear plane in metal
cutting. Int. Res. Prod. Eng. 1963, 49, 143–152.

2. Bonnet, C.; Valiorgue, F.; Rech, J.; Claudin, C.; Hamdi, H.; Bergheau, J.M.; Gilles, P. Identification of a Friction
Model—Application to the Context of Dry Cutting of an AISI 316L Austenitic Stainless Steel with a TiN
Coated Carbide Tool. Int. J. Mach. Tools Manuf. 2008, 48, 1211–1223. [CrossRef]

3. Kreis, W. Verschleissursachen beim Drehen von Titanwerkstoffen. Ph.D. Thesis, RWTH Aachen University,
Aachen, Germany, 1973.

4. Fang, N. Tool-chip friction in machining with a large negative rake angle tool. Wear 2005, 258, 890–897.
[CrossRef]

5. Fang, N.; Jawahir, I.S.; Oxley, P.L.B. A universal slip-line model with non-unique solutions for machining
with curled chip formation and a restricted contact tool. Int. J. Mech. Sci. 2001, 43, 557–580. [CrossRef]

6. Dundor, S.T.; Das, N.S. Slipline field modeling of orthogonal machining for a worn tool with elastic effects
and adhesion friction at the contact regions. J. Mater. Process. Technol. 2009, 209, 18–25. [CrossRef]

7. Puls, H.; Klocke, F.; Lung, D. A new experimental methodology to analyse the friction behaviour at the
tool-chip interface in metal cutting. Prod. Eng. Res. Devel. 2012, 6, 349–354. [CrossRef]

8. Klocke, F.; Maßmann, T.; Gerschweiler, K. Combination of PVD tool coatings and biodegradable lubricants
in metal forming and machining. Wear 2005, 259, 1197–1206. [CrossRef]

9. Bobzin, K. Oberflächentechnik für den Maschinenbau, 1st ed.; Wiley-VCH: Weinheim, Germany, 2013.
10. Arrazola, P.; Özel, T. Numerical modelling of 3D hard turning using arbitrary Lagrangian Eulerian finite

element method. Int. J. Mach. Mach. Mater. 2008, 4, 14. [CrossRef]
11. Olsson, M.; Söderberg, S.; Jacobson, S.; Hogmark, S. Simulation of cutting tool wear by a modified pin-on-disc

test. J. Mach. Tools Manuf. 1989, 29, 377–390. [CrossRef]
12. Hedenqvist, P.; Olsson, M. Sliding wear testing of coated cutting tool materials. Tribol. Int. 1991, 24, 143–150.

[CrossRef]
13. Grzesik, W.; Zalisz, Z.; Nieslony, P. Friction and wear testing of multi-layer coatings on carbide substrates for

dry machining applications. Surf. Coat. Technol. 2002, 155, 37–45. [CrossRef]
14. Claudin, C.; Rech, J.; Grzesik, W. Development of a new tribometer to identify the effects of coating and

lubrications during machining processes. In Proceedings of the Intercut-2nd International Conference, Cluny,
France, 22–23 October 2008.

15. Zemzeni, F.; Bensalem, W.; Rech, J.; Dogui, A.; Kapsa, P. New tribometer designes for the characterisation of
the friction properties at the tool/chip/workpiece interfaces in machining. Tribotets 2008, 14, 11–25. [CrossRef]

16. Ozlu, E.; Budak, E.; Molinari, A. Analytical and experimental investigation of rake contact and friction
behavior in metal cutting. Int. J. Mach. Tools Manuf. 2009, 49, 865–875. [CrossRef]

17. Brocail, J.; Watremez, M.; Dubar, L. Identification of a friction model for modelling of orthogonal cutting.
Int. J. Mach. Tools Manuf. 2009, 50, 807–814. [CrossRef]

http://dx.doi.org/10.1016/j.ijmachtools.2008.03.011
http://dx.doi.org/10.1016/j.wear.2004.09.047
http://dx.doi.org/10.1016/S0020-7403(99)00117-4
http://dx.doi.org/10.1016/j.jmatprotec.2008.01.022
http://dx.doi.org/10.1007/s11740-012-0386-6
http://dx.doi.org/10.1016/j.wear.2005.01.041
http://dx.doi.org/10.1504/IJMMM.2008.020907
http://dx.doi.org/10.1016/0890-6955(89)90007-2
http://dx.doi.org/10.1016/0301-679X(91)90020-A
http://dx.doi.org/10.1016/S0257-8972(02)00040-3
http://dx.doi.org/10.1002/tt.50
http://dx.doi.org/10.1016/j.ijmachtools.2009.05.005
http://dx.doi.org/10.1016/j.ijmachtools.2010.05.003


J. Manuf. Mater. Process. 2020, 4, 45 17 of 18

18. Trauth, D.; Bastürk, S.; Hild, R.; Mattfeld, P.; Brögelmann, T.; Bobzin, K.; Klocke, F. Evaluation of the shear
stresses on surface structured workpieces in dry forming using a novel pin-on-cylinder tribometer with axial
feed. Int. J. Mater. Form. 2017, 10, 557–565. [CrossRef]

19. Puls, H.; Klocke, F.; Lung, D. Experimental investigation on friction under metal cutting conditions. Wear
2014, 310, 63–71. [CrossRef]

20. Nobel, C.; Hofmann, U.; Klocke, F.; Veselovac, D.; Puls, H. Application of a new, severe-condition friction
test method to understand the machining characteristics of Cu–Zn alloys using coated cutting tools. Wear
2015, 344, 58–68. [CrossRef]

21. Klocke, F.; Döbbeler, B.; Peng, B.; Schneider, S.A.M. Tool-based inverse determination of material model of
Direct Aged Alloy 718 for FEM cutting simulation. Procedia CIRP 2018, 77, 54–57. [CrossRef]

22. Peng, B.; Bergs, T.; Schraknepper, D.; Smigielski, T.; Klocke, F. Development and validation of a new friction
model for cutting processes. Int. J. Adv. Manuf. Technol. 2020, 1–15. [CrossRef]

23. Sterle, L.; Pušavec, F.; Kalin, M. Determination of friction coefficient in cutting processes: Comparison
between open and closed tribometers. Procedia CIRP 2019, 82, 101–106. [CrossRef]

24. Machado, A.; Wallbank, J. The effects of a high-pressure coolant jet on machining. Proc. Inst. Mech. Eng. Part
B J. Eng. Manuf. 1994, 208, 29–38. [CrossRef]

25. Braham-Bouchnak, T.; Germain, G.; Robert, P.; Lebrun, J.L.; Auger, S. High pressure water jet assisted
machining of duplex steel: Machinabil-ity and tool life. In Proceedings of the 12th CIRP Conference on
Model-ling of Machining Operations, Donostia-San Sebastián, Spain, 7–8 May 2009.

26. Habak, M.; Lebrun, J.-L.; Waldmann, S.; Robert, P.; Fischer, C. Residual stress in high pressure water jet
assisted turning of austenitic stainless steel. In Materials Science Forum; Trans Tech Publications Ltd.: Baech,
Switzerland, 2006; Volume 524, pp. 581–587.

27. Kaminski, J.; Ljungkrona, O.; Crafoord, R.; Lagerberg, S. Control of chip flow direction in high-pressure
water jet-assisted orthogonal tube turning. Proceeding Inst. Mech. Eng. 2000, 214, 529–534. [CrossRef]

28. Kaminski, J.; Alvelid, B. High pressure cooling of cutting area for machining of modern materials.
In Proceedings of the Challenges to Civil and Mechanical Engineering in 2000 and Beyond, Wroclaw,
Poland, 2–5 June 1997.

29. Klocke, F. Manufacturing Processes 1: Cutting; Springer: Berlin/Heidelberg, Germany, 2011; ISBN 978-3-642-11979-8.
30. Emil Vögelin AG Werkstoffdatenblatt 42CrMo4/1.7225. Available online: http://www.voegelinag.ch/DE/doc/

Werkstoffdatenblatt_42CrMo4.pdf (accessed on 4 March 2020).
31. Dahl, W. Eigenschaften und Anwendungen von Stählen: Band I: Grundlagen, 5th ed.; Verlag der Augustinus

Buchhandlung: Mainz, Germany, 1998; p. 394. ISBN 978-3860731253.
32. Nouaria, M.; Molinari, A. Experimental verification of a diffusion tool wear model using a 42CrMo4 steel

with an uncoated cemented tungsten carbide at various cutting speeds. Wear 2005, 259, 1151–1159. [CrossRef]
33. Wright, P.K.; Trent, E.M. Titanium and titanium alloys. In Metal Cutting, 4th ed.; Wright, P.K., Trent, E.M.,

Eds.; Butterworth—Heinemann Verlag: Woburn, MA, USA, 2000; pp. 303–307.
34. Zanger, F. Numerische Analysen zur Optimierung des Zerspanungsprozesses am Beispiel von Ti-6Al-4V.

Ph.D. Thesis, KIT, Karlsruhe, Germany, 2012.
35. Peters, M.; Kumpfert, J.; Leyens, C.; Hepmtenmacher, J. Titan und Titanlegierungen: Struktur, Gefüge,

Eigenschaften. In Titan und Titanlegierungen; Peters, M., Leyens, C., Eds.; WILEY-VCH Verlag: Weinheim,
Germany, 2002; pp. 1–36.

36. Peters, M.; Kumpfert, J.; Leyens, C. Titanlegierungen in der Luft-und Raumfahrt. In Titan und Titanlegierungen;
Peters, M., Leyens, C., Eds.; WILEY-VCH Verlag: Weinheim, Germany, 2002; pp. 351–368.

37. AIMS 03-18-001: Airbus Material Specification, Titanium Alloy Annealed Plate; VSMPO-AVISMA: Moscow,
Russia, 2011.

38. General Information of ISCAR Grades—Substrate—IC 328, (Print date: 21/11/2012); ISCAR R&D Iscar Ltd.: Tefen,
Israel, 2012.

39. Puls, H. Mehrskalenmodellierung Thermo-Elastischer Werkstückdeformationen Beim Trockendrehen. Ph.D.
Thesis, RWTH Aachen University, Aachen, Germany, 2015.

40. Product Information Data Sheet Vasco TP 519, (Print Date: 04/07/2017); Blaser Swisslube AG: Rüegsau,
Switzerland, 2017.

http://dx.doi.org/10.1007/s12289-016-1301-z
http://dx.doi.org/10.1016/j.wear.2013.12.020
http://dx.doi.org/10.1016/j.wear.2015.10.016
http://dx.doi.org/10.1016/j.procir.2018.08.211
http://dx.doi.org/10.1007/s00170-019-04709-8
http://dx.doi.org/10.1016/j.procir.2019.04.159
http://dx.doi.org/10.1243/PIME_PROC_1994_208_057_02
http://dx.doi.org/10.1243/0954405001518224
http://www.voegelinag.ch/DE/doc/Werkstoffdatenblatt_42CrMo4.pdf
http://www.voegelinag.ch/DE/doc/Werkstoffdatenblatt_42CrMo4.pdf
http://dx.doi.org/10.1016/j.wear.2005.02.081


J. Manuf. Mater. Process. 2020, 4, 45 18 of 18

41. Schröder, W. Fluidmechanik; Wissenschaftsverlag Mainz: Aachen, Germany, 2014; ISBN 978-3861303718.
42. Sangermann, H. Hochdruck-Kühlschmierstoffzufuhr in der Zerspanung. Ph.D. Thesis, RWTH Aachen

University, Aachen, Germany, 2013.
43. Courbon, C.; Kramar, D.; Krajnik, P.; Pusavec, F.; Rech, J.; Kopac, J. Investigation of machining performance

in high-pressure jet assisted turning of Inconel 718. An experimental study. Int. J. Mach. Tools Manuf. 2009,
49, 1114–1125. [CrossRef]

44. Ezugwu, E. High speed machining of aero-engine alloys. J. Braz. Soc. Mech. Sci. Eng. 2004, 26, 1–11.
[CrossRef]

45. Klocke, F.; Döbbeler, B.; Peng, B.; Lakner, T. FE-simulation of the cut-ting process under consideration of
cutting fluid. Procedia CIRP 2017, 588, 341–346. [CrossRef]

46. Astakhov, V. High-pressure supply of metalworking fluids. In Metalworking Fluids (MWFs) for Cutting and
Grinding; Astakhov, V., Joksch, S., Eds.; Woodhead Publishing: Cambridge, UK, 2012; pp. 201–290.

47. Nandy, A.; Paul, S. Effect of coolant pressure, nozzle diameter, impingement angle and spot distance in high
pressure cooling with neat oil in turning Ti-6Al-4V. Mach. Sci. Technol. 2008, 12, 445–473. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijmachtools.2009.07.010
http://dx.doi.org/10.1590/S1678-58782004000100001
http://dx.doi.org/10.1016/j.procir.2017.03.235
http://dx.doi.org/10.1080/10910340802518603
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Workpiece Materials 
	Tools 
	Experimental Set-Up and Procedure 

	Results 
	Influence of the Relative Velocity 
	Influence of the Normal Force 
	Influence of the Cutting Fluid Supply Pressure 
	Influence of the Volumetric Flow Rate 
	Influence of the Cutting Fluid Impact Point 

	Discussion 
	Conclusions 
	References

