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by decreasing friction [2], and improving surface finishing 
to ensure efficient and precise machining outcomes [3]. The 
performance of cutting fluids is influenced by the state of 
the cutting conditions [4], but the conventional objective of 
these fluids remains unchanged: to prevent the tool and the 

1  Introduction

The field of machining is highly dependent on the effects 
of cooling lubricants, which perform a variety of functions, 
including enhancing heat dissipation [1], reducing tool wear 
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Abstract
Cooling lubricants play essential roles in machining processes, namely cooling and lubricating contact surfaces, and facili-
tating the removal of chips that could compromise surface quality. A key question is how well the lubricant penetrates 
the cutting zone in complex interrupted cutting operations, such as gear skiving. This study tackles the challenge of ana-
lyzing the behavior of cooling lubricants across different scales by employing a combined experimental and multiscale 
simulation approach. The overall fluid flow is modeled using smoothed particle hydrodynamics, while chip formation is 
simulated with finite element methods. The cavitation behavior of the lubricant within the cutting wedge is examined using 
the Reynolds equation, and the tool’s indentation is investigated through molecular dynamics simulations. Finite element 
simulations are validated against experimental data from gear skiving tests using AISI 4140 steel, showing an average 
deviation of 6.6% in the maximum force values. Smoothed particle hydrodynamics simulations predict that the cooling 
lubricant can reach the meshing zone between the tool and the workpiece. For validation purposes, typical global flow 
characteristics from the simulation are compared with high-speed camera images, exhibiting good agreement. In typical 
gear skiving conditions, Reynolds calculations indicate that significant cavitation occurs, resulting in a substantial portion 
of the contact area remaining dry. We investigate the conditions that can help reduce cavitation. Molecular dynamics simu-
lations reveal that nanocavities on the tool’s surface can improve the transport of lubricant molecules to the contact area.
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hydrodynamics

Received: 30 June 2025 / Accepted: 29 August 2025
© The Author(s) 2025

Experimental and multiscale simulation analysis of the lubricant 
penetration in gear skiving

Edder J. García1,2 · Florian Sauer3 · Matthias Haber4 · Amartya Mukherjee3 · Kerstin Falk2 · Corina Schwitzke4 · 
Hans-Jörg Bauer4 · Michael Moseler1,2 · Volker Schulze3

1 3

https://doi.org/10.1007/s11740-025-01374-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s11740-025-01374-7&domain=pdf&date_stamp=2025-10-25


Production Engineering

workpiece from reaching extreme temperatures [5]. Despite 
their widespread use, the behavior of cooling lubricants in 
complex machining operations remains poorly understood. 
While lubricants can significantly reduce friction and extend 
tool life in high-precision applications  [6], their effective-
ness varies considerably with coolant pressure[7], delivery 
method, and application strategy [8]. Additionally, there are 
conflicting research findings about the comparative benefits 
of wet and dry machining under various cutting conditions. 
These discrepancies impact crucial factors such as surface 
integrity [9], tool wear [10, 11], and tool lifespan [12]. This 
highlights the need for a more fundamental understanding 
of coolant behavior at multiple length scales.

Gear skiving has emerged as a critical manufacturing 
process for producing high-precision internal gears, par-
ticularly in the automotive industry, where lightweight and 
efficient transmission systems are increasingly demanded. 
Therefore, optimizing gear skiving is highly desirable. The 
aim is to improve process precision, tool life, and surface 
quality. Unlike conventional gear cutting processes, skiving 
involves complex three-dimensional kinematics with inter-
rupted cutting that presents unique challenges for coolant 
delivery and effectiveness [13]. Intriguingly, recent research 
has revealed counterintuitive findings regarding coolant 
application in gear skiving. Stadtfeld [13] argues that the 
absence of cooling lubricants and the increase in heat gen-
eration can actually improve plastic deformation and extend 
the tool life of coated carbide tools. This effect is due in part 
to a 15% reduction in power consumption during dry skiv-
ing. The central idea of the study was to transfer as much 
heat as possible to the chips. As the chip shears away from 
the contact zone, heat is dissipated, thus cooling the contact 
zone. In addition, a systematic study by Arndt et al. [14] on 
coated carbide tools in dry and wet gear skiving revealed that 
dry cutting conditions are preferable to improve tool longev-
ity. However, it also revealed that under dry conditions, the 
surface quality of the workpiece deteriorates significantly 
when using worn tools. This complex interplay of lubricants 
and gear skiving performance highlights the need for a more 
comprehensive understanding of the multi-scale effects of 
cooling lubrication on the skiving process. In practice, fluid 
interactions at nano and macro scales are interconnected, 
with each regime contributing distinct mechanisms that 
influence the solid surface wetting [15]. Therefore, the pen-
etration of the cooling lubricant in the contact zone between 
the tool and the chip is the key and remains a topic of debate. 
Early work by Williams and Tabor [16] suggested that flu-
ids are largely absent in the contact zone due to the very 
low relative sliding speed and the presence of high local-
ized pressures between the chip and the tool. More recently, 
Sauer et al. [17] stated that when cutting fluid is applied at a 
pressure of 0.6 MPa, up to 32% of the tool-chip contact zone 

remains dry under most combinations of cutting parameters. 
It was also revealed that there is a correlation between the 
dry zone and the length of the sticking zone of the contact. 
It should be noted that the study was conducted under the 
limitation of 2D cutting simulations.

The complex nature of coolant behavior in machin-
ing necessitates modeling approaches that span multiple 
length and time scales. Traditional finite element methods 
(FEM), while effective for macroscopic cutting mechan-
ics, cannot capture the fundamental molecular-level 
interactions that govern lubricant behavior at interfaces. 
This limitation has driven the development of multiscale 
simulation frameworks that combine different numerical 
techniques to address specific physical phenomena across 
relevant scales. At the continuum scale, smoothed particle 
hydrodynamics (SPH) has emerged as a powerful tool for 
modeling large-scale fluid flow with complex geometries 
and free surfaces. Its meshless nature makes it particularly 
suitable for simulating the dynamic fluid-solid interactions 
inherent in machining processes  [18, 19]. For intermedi-
ate scales, the Reynolds equation with cavitation model-
ing provides insights into lubricant film behavior under 
high-pressure conditions, capturing the transition between 
full-film and boundary lubrication regimes  [20]. At the 
molecular scale, molecular dynamics (MD) simulations 
offer unprecedented insight into interfacial phenomena 
that control wetting, adhesion, and transport properties. 
Since the pioneering work of Alder and Wainwright [21] 
and early applications to cutting by Belak and Stow-
ers [22, 23], MD has evolved into a sophisticated tool for 
understanding nanoscale tribological phenomena. Modern 
multiscale approaches effectively combine MD with con-
tinuum methods. For example, Sun et al. [24] demonstrated 
the prediction of surface characteristics including rough-
ness and residual stress using a MD-FEM technique, while 
Holey et al. [25] developed physics-based friction models 
for FEM simulations through density functional theory-
based MD calculations. Despite these advances, a com-
prehensive multiscale framework specifically addressing 
coolant penetration and distribution in three-dimensional 
gear skiving operations remains absent from the literature. 
The complex interplay between global fluid delivery, local 
penetration mechanisms, and molecular-scale interfacial 
phenomena requires an integrated approach that has not 
been previously attempted.

This paper addresses the critical knowledge gap in 
understanding coolant behavior during gear skiving through 
a comprehensive multiscale simulation framework. Our 
investigation is guided by the following research questions: 

1.	 Effect of the lubricant on cutting forces: Does the 
lubricant have an effect on the cutting forces?
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2.	 Global lubricant delivery: Can the cooling lubricant 
effectively reach the meshing zone between the tool and 
the workpiece during three-dimensional gear skiving 
operations?

3.	 Local penetration mechanisms: What factors control 
the penetration of the lubricant into the cutting wedge, 
and under what conditions does cavitation occur?

4.	 Molecular-scale transport: How does the tool’s sur-
face topography affect the transport of lubricant mol-
ecules into the direct tool-chip contact regions?

5.	 Process optimization: How do chip velocity, coolant 
pressure, and chip tool opening angle influence the 
extent of dry contact zones, and what optimal parameter 
combinations can achieve maximum lubricant penetra-
tion in the tool-chip interface?

To address these questions, we employ an integrated mul-
tiscale approach combining: (i) experimental cutting tests 
under typical gear skiving conditions, (ii) SPH simulations 
for global fluid flow analysis to determine coolant acces-
sibility to the cutting zone; (iii) FEM simulations for chip 
formation mechanics with experimental validation; (iv) 
Reynolds equation modeling with cavitation to quantify 
lubricant penetration and film thickness distribution; and 
(v) classical MD simulations to investigate molecular-scale 
transport mechanisms and the role of tool surface nanor-
oughness in the cutting process. Figure 1 gives a schematic 
representation of the methods used in this work.

This comprehensive methodology provides unprec-
edented insight into coolant behavior across all relevant 
length scales, from global flow patterns to molecular-
level interfacial phenomena. The findings are expected to 
inform process optimization strategies that enhance tool 
life and surface quality while potentially reducing coolant 
consumption through improved delivery efficiency. Gear 
skiving experiments on AISI 4140 steel (42CrMo4) ensure 
practical relevance and validate the predictions of the FEM 
simulation.

2  Experimental methods

The experimental cutting tests were carried out using sam-
ples of AISI4140 with initial dimensions of ∅180 × 30 mm, 
which were previously quenched and tempered at 600 ◦ C 
for one hour according to DIN EN ISO 18265. The resulting 
hardness is 339 ± 10 HV30, which gives a tensile strength 
of 1070 ± 31 MPa according to DIN EN ISO 18265. The 
chemical composition of the material is given in Table 1. 
The typical microstructure of the AISI 4140 workpiece 
material was examined using a Keyence VHX-7000 digital 
microscope, and a representative image has been included 
in Appendix  A. This characterization provides additional 
insight into the material condition following heat treatment.

The investigated gear skiving process enables efficient 
production of internal gears used in electric vehicle trans-
mission system. Taking these scenarios into consideration, 
the properties of the workpiece and tool, in addition to the 
process-related conditions, are shown in Table 2.

The gear skiving experiments were carried out on a 
PV315 SkivLine from Pittler T & S GmbH. The test setup, 
as shown in Fig. 2, consists of the tool, which is mounted 
on a Kistler 9124B rotating force measuring platform, and 
the clamping of the workpiece with a three-jaw pendulum 
chuck. An simplified tool setup with a single-tooth cutting 
insert was used for the tests, enabling in-depth observation 
of the cutting behavior during single-tooth engagement. 
The tool inserts are made of K30 carbide and coated with 
AlCrN using the Alcrona Pro process by Oerlikon Balzers. 
The force values are divided into the axial feed direction 
along the z-axis and the cutting force components along the 
x and y axes. The forces are recorded as a rotating coordi-
nate system. Then a time-synchronized mean value is calcu-
lated from the measured force data. To compare the forces 
with the FEM simulation results, the recorded measurement 

Table 1  Chemical composition of AISI4140 steel (wt%)
C Mn Si P S Cr Mo Cu
0.41 0.81 0.33 0.01 0.023 1.04 0.189 0.13

Fig. 1  Schematic representation of the different methods in the global 
modeling approach and the aspects studied for each method
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3  Numerical modeling

3.1  FEM simulations

Simulations of chip formation during gear skiving were 
performed using Simufact Forming 2024 with the MARC 
solver. The simulations were performed using implicit time 
integration with the dynamic transient operator Single-Step 
Houbolt for dynamic time-step analysis. A multifrontal 
direct sparse solver with a complete Newton-Raphson itera-
tion method was selected. The time step size was selected 
based on the minimum element edge length and the cutting 
speed to ensure a stable simulation of the cutting process. 
The model consists of a rigid tool with a variable tri-mesh 
and heat sinks that specify the thermal boundary conditions 
of the workpiece and the tool. To optimize the calculation 
time, the ideal tooth flank contour, as shown in Fig. 3a for 
the last depth of cut, was exported using OpenSkiving [27]. 
The exported tooth flank adequately represents the transi-
tion from the depth of cut nine to the last infeed. In Fig. 3a, 
this is indicated by the contact line of the tool. In the next 
step, the exported three-dimensional surface mesh is con-
verted into a volume body required for the simulation of 
chip formation (see Fig. 3b). In addition, the workpiece is 

are then transformed into a stationary machine coordinate 
system using coordinate transformation. The supply of com-
pressed air and oil to the cutting point is stationary in the 
area of the pressure angle κ2, parallel to the workpiece axis.

A special setup was developed to investigate the global 
flow characteristics of the gear skiving process under the 
presence of oil. This consists of an enclosure for the Photron 
FASTCAM NOVA S16 high-speed camera and a Rotoclear 
S3 self-cleaning window positioned in front of the camera 
lens. The window ensures that the recorded videos are not 
affected by oil spray. A Navitar 12x zoom lens with a 0.25 
attachment lens was used for the recordings. The recordings 
were made at a frame rate of 16,000 frames per second. In 
order to investigate the influence of the cooling lubricant on 
the formation of the chips, the chips were collected during 
the tests and subsequently geometrically measured using a 
Zeiss CT Metrotom 800 computer tomograph. The open-
source software Cloudcompare [26] was utilized to evaluate 
the geometric disparities between the chips with and without 
cooling lubricant. After completion of the tests, the surface 
roughness of the leading and trailing flanks was measured. 
For this purpose, five teeth were removed from the work-
piece and the corresponding flank lines were measured at the 
level of the pitch circumference using a MarSurf XCR 20.

Table 2  Workpiece, tool and process data of the gear skiving process

Highspeed-Camera

Photron FASTCAM 

NOVA S16

Cutting Insert

Worpiece and

Measuring Position
Cooling Nozzle

Rotating Cutting

Force Dynamometer

Kistler 9124B Fz

Fy
Fx

Camera Housing

self-cleaning

spinning windows

Fig. 2  Experimental setup of gear skiving process on a PV315 SkivLine
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rate sensitivity coefficient, n is the hardening coefficient, 
and m is the thermal softening coefficient.

Furthermore, the temperature-dependent properties 
of the investigated material AISI4140 were taken from 
the [30–32].

Based on the actual geometry of the tool that was mea-
sured optically with a Keyence VHX-7000, the cutting-edge 
rounding was set to 20 µm.

The parameters that were constant during the simulation 
are listed in Table  5. The heat transfer coefficients to the 
environment were varied according to the cooling method 
as described in Ref. [33].

In this study, we introduce the term “chip opening angle” 
(γopening) to describe the angle formed by the chip and 
the tool immediately after the chip separates from the tool. 
Specifically, it is the angle between vectors A’B’ (along the 
rake face) and A’C’ (along the chip surface), where point 
A’ is the chip detachment point, and points B’ and C’ can 
be defined at a distance L away from A’ on the rake face 
and chip surface, respectively. The opening angle is illus-
trated schematically in Fig.  6. This metric quantifies the 
chip’s initial divergence from the tool surface and provides 
insight into how the chip behaves under different cutting 
conditions. The chip opening angle depends heavily on the 
position L at which it is measured. As the chip curls, the 
angle between the rake face and the chip surface increases. 
To ensure consistency and relevance with the actual interac-
tion zone between the chip and the tool, the chip opening 
angle was measured at 100 µm from the separation point. 
At this distance, the chip-tool geometry can be approxi-
mated by a wedge, which is a suitable simplified geometry 
for hydrodynamic modeling. Moreover, this distance cor-
responds to the area of high normal and shear stress, where 

constructed with a triangular element mesh, with continuous 
remeshing triggered by excessive element distortion, strain 
change, and tool penetration, resulting in a minimum ele-
ment edge length of 10 µm, as shown in Fig. 3c.

For the contact formulation, a node segment approach is 
used, in which the contact of deformable bodies with a rigid 
body is handled using a single-point constraint equation 
(SPC). The stick-sliding friction model developed by Holey 
et al. [25], which was previously investigated for orthogonal 
cuts within the gear skiving framework [28], was used:

τf(σn) =
{

µ(σn)σn, σn < pY,
k(σn), σn ≥ pY, � (1)

with µ(σn) = k(σn)/pY and k(σn) = τ0 + aσn + bσ2
n and 

the parameters are shown in Table 3.
The Johnson-Cook plasticity model [29] is used to model 

the workpiece material, as it is a widely applied model in 
machining simulations.

σf = [A + Bϵ̄n]
[
1 + C ln

(
ϵ̇

ϵ̇0

)] [
1 −

(
T − Troom

Tm − Troom

)m]
,� (2)

where σf represents the temperature and strain rate depen-
dent plastic flow stress. The model parameters are given in 
Table 4 according to previous work [17, 25], where A is the 
yield strength, B is the hardening modulus, C is the strain 

Table 3  Fitted pressure dependent friction parameters [25]
a b τ0

(-) (-) (GPa)
0.038 0.031 2.240

Table 4  Johnson-Cook parameters for material modeling in FEM 
simulations
A B C n m
(MPa) (MPa) (-) (-) (-)
595 580 0.023 1.03 0.133

Table 5  Constant parameters used in the FE simulations
Tm Troom λc ϵ̇0 αair αoil

K K W/mK (-) W/m2K W/m2K
1820 298 120 1 23 2500

Fig. 3  Simulation setup for gear 
skiving during the final infeed 
stage
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Lagrangian numerical method initially developed within 
the field of astrophysics by Lucy [36] and Monaghan [37].

In SPH, the fluid domain is discretized into a finite set of 
moving interpolation points, commonly referred to as par-
ticles. Each particle represents the local physical properties 
of the fluid. The fundamental idea of the method lies in the 
discretization of spatial field variables and their differential 
operators, which is achieved through the use of the Dirac-δ 
identity. This identity asserts that the convolution of a con-
tinuous, compactly supported function f(r⃗) with the Dirac-
δ distribution yields the function itself:

f(r⃗) =
ˆ

f(r⃗′)δ(r⃗ − r⃗′)dr⃗′.� (3)

By replacing the Dirac-δ in Eq. 3 with a smoothing func-
tion W (r⃗ − r⃗′, h), known as a kernel, and also replacing the 
analytic integral with a sum over the neighboring particles 
j of a center particle i, the SPH approximation can be for-
mulated as

f(r⃗i) ≈
∑

j

f(r⃗j)W (r⃗i − r⃗j , h).� (4)

The variable h denotes the smoothing length of the kernel, 
which is related to radius of influence. This approach is used 
to discretize the governing equations, which are given in 
Lagrangian form. These are essentially the mass balance 
equations

Dρ

Dt
= −ρ(∇⃗ · v⃗),� (5)

which describes the change in density ρ of a fluid element 
resulting from spatial variation in its velocity v⃗, and the 
equation of balance of momentum.

lubrication behavior is most critical and can be effectively 
approximated by the Reynolds model. The resulting open-
ing angles, sampled across various FEM simulation cases 
examined in a previous study [28], are shown in Fig. 4. For 
each test case, the standard deviation represents the varia-
tion in the chip opening angle at different time steps.

3.2  SPH simulations of the global fluid distribution

In this section, the methodology for simulating the global 
fluid distribution is briefly explained. The purpose of these 
simulations is to predict the fluid distribution, particularly 
in the proximity of the meshing zone between the tool and 
workpiece where the chip is formed. The results indicating 
whether the tool and workpiece are wetted when cutting 
begins provide important information about the initial con-
ditions for the smaller-scale investigations (Reynolds calcu-
lations and molecular dynamics) presented later.

3.2.1  Methodology

Given the intricate geometric configuration—particularly 
the complex kinematics and the presence of multiphase 
flow phenomena, along with pronounced fluid deformation 
and rotational velocities—the application of a mesh-free 
Lagrangian numerical approach offers notable advantages 
over conventional grid-based computational fluid dynamics 
(CFD) techniques, as demonstrated by Keller et al. [34] and 
applied on epicyclic gear trains by Haber et al. [35]. Since 
the influence of multiphase effects is considered negligible 
in this context, the present study adopts a single-phase 
modeling strategy incorporating a free-surface representa-
tion. This methodological choice is primarily motivated by 
considerations of computational efficiency, as fully resolved 
multiphase simulations entail substantial numerical cost. 
Smoothed Particle Hydrodynamics (SPH) is a mesh-free, 

Fig. 4  Chip opening angles for various cutting conditions, measured at 100 µm from the chip detachment point. Error bars indicate standard devia-
tion over multiple time steps for each specific test case
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According to Table  6 the workpiece rotates around the 
machine z-axis with the rotational speed ωw. However, the 
tool rotates around its own center axis with the rotational 
speed ωt and is simultaneously translated with the velocity 
vt,z parallel to the machine z-axis.

As depicted in Fig.  5 three different nozzle positions 
(A, B, C) for injecting the cooling oil into the gear skiving 
setup are investigated. The nozzle remains stationary in the 
machine’s reference system. Generally, the nozzle center 
axis is always aligned parallel with the z-axis. In configu-
ration B, the nozzle axis is directed precisely toward the 
meshing region between the tool tip and the workpiece tooth 
gap. Compared to Position B, the nozzle is ±20◦ rotated 
around the machine z-axis to reach configurations C and A, 
respectively. At a distance of 30 mm above the top surface 
of the workpiece, the oil particles are injected with an circu-
lar inlet boundary condition. Its diameter is set to 4 mm, in 
accordance with the experimental setup. A volumetric flow 
rate of 7.0 dm3 min−1 is prescribed with a parabolic shaped 
velocity profile. The physical properties of the Fuchs Eco-
cut 715 LE oil used in this study are presented in Table 7.

Surface tension, as well as the advancing and receding 

dynamic-contact angles, were measured with a tensiometer 
from the company KRÜSS, applying the Wilhelmy Plate 
method [41]. These measurements were performed for the 
pairing of AISI4140 material with Ecocut 715 LE oil. The 
oil is discretized with a particle resolution of 100 µm. A 

Dv⃗

Dt
= −∇⃗p

ρ
+ 1

ρ
∇⃗ · τ + f⃗σ + f⃗b.� (6)

This equation describes the acceleration of an element of 
fluid due to normal stresses from static pressure p, viscous 
shear stresses represented by the tensor τ , surface tension 
forces f⃗σ, and body forces f⃗b like gravitation. More detailed 
information on the modeling approaches for each term is 
presented in Aguirre Bermudez et al. [38].

To effectively resolve complex geometrical features, 
substantial fluid deformation, and rotational dynamics, the 
Implicit Incompressible Smoothed Particle Hydrodynamics 
(I-ISPH) method is employed in the formulation, which is 
suggested by Ihmsen et al. [39]. Simulations are carried out 
within the commercial SPH solver PreonLab®. Surface ten-
sion is modeled in a manner similar to that described by 
Akinci et al. [40].

3.2.2  Simulation setup

As depicted in Fig.  2, the key components in this single-
tooth gear skiving setup are the tool with the cutting insert 
and the workpiece. These simplified geometries are shown 
in Fig. 5. The workpiece is essentially an annular body that 
is clamped into the machine. To facilitate the execution of 
single-tooth gear skiving experiments, the inner protruding 
section of the ring, which is subject to machining, is rein-
serted into the ring for each test run.

As chip formation is beyond the scope of this simulation 
of global fluid distribution, a major simplification is intro-
duced: The chip itself is not considered. Consequently, the 
tooth gap is modeled as the final machined geometry after 
the last infeed. Thus, the cutting insert never intersects the 
workpiece, but only contacts the tooth flanks.

The prescribed kinematics of the bodies are inherited 
from the gear skiving process as described in Section  2. 

Table 6  Kinematic Boundary Conditions

Fig. 5  (a) Simplified gear skiving 
geometry and (b) Nozzle positions 
from top for the configurations 
A to C
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The Reynolds equation was solved using complementary 
constraints: p θ > 0, p ≥ 0, θ ≥ 0. The lubricant’s density 
is treated as constant. This approach is justified because the 
variation in density within the considered pressure range (0 
- 100 MPa) is less than 2%. The fluid is modeled as piezo-
viscous, applying the Barus equation. The parameters for 
the Barus equation were determined using non-equilibrium 
MD simulations. More details are provided in Appendix B. 
The cavitation pressure was zero (pcav = 0).

The sketch of the system being analyzed with the Reyn-
olds calculations domain is shown in Fig. 6. The boundary 
conditions were established as follows. On the right side, 
the entrance of the wedge is directly connected to the lubri-
cant reservoir, which is maintained at the feeding pressure 
pf . Thus, Dirichlet boundary conditions were applied on the 
right boundary, where pf = 0.6 MPa and θ = 0. The feed-
ing pressure was taken from computational fluid dynamics 
from our previous work [17]. On the left side, the contact is 
closed (hmin = 0), resulting in zero mass flow. Neumann 
boundary conditions, dp

dx = 0, can be applied on the left side 
for pressure. However, in the case where hmin = 0 natu-
rally imposes a zero mass flow condition, making the need 
for a boundary condition for the pressure on the left side 
irrelevant. This type of natural boundary condition is com-
monly observed in mixed lubrication regimes, where fully 
lubricated zones are in contact with areas experiencing dry 
solid-to-solid contact [43].

The Reynolds equation was solved using the Fischer-
Burmeister-Newton-Schur (FBNS) algorithm [20, 44]. A 
total of 800 nodes were utilized, for a domain length of 
L = 100 µm, thus ∆x = 0.125 µm. The velocity of the 
chip was systematically varied between 0.1 and 3.0 m/s, 
which are typical velocities in gear skiving [17]. The pen-
etration of the lubricant was quantitatively analyzed by 
identifying the position of the contact line between the liq-
uid phase (θ = 0) and the vapor phase (θ = 1). The contact 
line was defined as the location along the x axis where the 

cylindrical shaped outlet boundary condition that encloses 
the entire setup is placed at sufficient distance (min. 15 cm) 
from the rigid bodies in order to remove oil particles once 
they leave the domain of interest. This helps to limit the 
particle count during the simulation in an order of 5 × 106.

Fluid–solid interaction is modeled using a particle–par-
ticle approach. The surfaces of the rigid bodies are dis-
cretized with wall particles. During the simulation, fluid 
particle pressure is transferred to nearby solid particles. The 
particle velocities are adjusted using the non-slip boundary 
condition by Hu and Adams [42], which introduces virtual 
particles mirrored inside the solid when the fluid particles 
overlap the wall boundary. These virtual particles replicate 
the properties of the fluid.

3.3  Reynolds calculations

The lubricant penetration into the cutting wedge was mod-
eled using the steady one-dimensional Reynolds equation, 
incorporating cavitation via a mass conserving approach 
that satisfies the Jakobsson–Floberg–Olsson (JFO) condi-
tions, given by

∂

∂x

(
ρ

12η
h3 ∂p

∂x

)
= v

2
∂[(1 − θ)ρh]

∂x
� (7)

where x is the spatial dimension, η is the dynamic viscosity, 
ρ is the density, h(x) is the film thickness, p(x) is the pres-
sure, v(x) is the chip sliding velocity, and θ(x) is the cavita-
tion fraction (where θ(x) ∈ [0, 1], with θ = 0 for a full film). 

Table 7  Physical Properties of Fuchs Ecocut 715 LE at 20◦C
Density Kin. 

Viscosity
Surface 
Tension

Adv. Contact 
Angle

Rec. 
Contact 
Angle

(kg/m3) (mm/s2) (mN/m) (◦) (◦)
890 42 29.0 35.2 27.2

Fig. 6  Schematic representation of the geom-
etry, boundary conditions, and illustration of 
the parameters for Reynolds calculations. The 
parameters hmin and hmax are the minimum 
and the maximum of the cutting wedge, pf  is the 
pressure at which the lubricant is applied, and 
qr  is the mass flow rate. The shaded blue area 
represents the liquid phase (θ = 0), and the white 
area represents the cavitation zone (θ = 1).
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boundary conditions in the x and y directions, which ulti-
mately reduces the number of lubricant molecules for a fully 
submerged tool.

The lubricant molecules are modeled as 1-decene tri-
mer, which is the main component of 4 cSt polyalphaolefin 
(PAO4), a common paraffin-based oil in synthetic lubri-
cants. The dimensions of the workpiece are 94 nm, 6.2 nm, 
and 23 nm in the x, y, and z directions, respectively. The 
simulation setups contain approximately 1.8 million atoms. 
To avoid the center-of-mass translation of the workpiece, 
five atomic layers are fixed at the bottom of the simulation 
box. Above the fixed layer, a thermostat layer is defined 
with a length of 5 atomic layers. The heat generated during 
the indentation process is removed by the Langevin thermo-
stat applied to the thermostat layer. The time step was set to 
1 fs. All MD simulations were conducted in LAMMPS [47]. 
A constant velocity in the z direction was used for the tool. 
Two velocities were studied: 2.5 m/s and 5 m/s. However, 
no differences were observed between the two velocities, 
so here only the results for the 5 m/s case are presented. A 
maximum indentation depth of 15  nm was specified. The 
position of the contact line of the lubricant was calculated 
by cluster analysis, using a distance-based criterion. Lubri-
cant atoms that have a lower distance of 0.5 nm with respect 
to the tool and workpiece simultaneously are considered to 
be in the contact line cluster. The position of the contact line 
is calculated by taking the average position of the atoms in 
every contact line cluster. The position of the contact lines is 
calculated every 0.1 ns. The two-dimensional local pressure 
distribution in the xz plane was calculated using the atomic 
stress approximation, accounting for many-body interac-
tions, such as bond, angle, and dihedral interactions [48].

3.4.2  Molecular models

The workpiece is modeled as a body-centered cubic (bcc) 
iron crystal with a lattice parameter of 2.86 Å. The workpiece 

derivative of the cavitation fraction reaches its maximum, 
i.e. maxx∈[0,L]

(
∂θ(x)

∂x

)
.

3.4  MD simulations

MD simulations were performed to investigate the initial 
stage of the cutting process, i.e., the indentation step. MD 
studies on the machining of surfaces with fully submerged 
tools in lubricants are limited [45, 46]. These studies have 
shown that during the indentation step, the lubricant is com-
pletely squeezed out, leaving the contact between the tool 
and the workpiece dry. Notably, all of these studies have 
focused on atomically flat crystalline surfaces. Our objec-
tive is to determine whether nanocavities on the tool surface 
can prevent the complete squeeze-out of lubricant from the 
contact area.

3.4.1  Simulation setup

Figure 7 shows the setup used for the MD simulations. The 
setup consists of four components: the workpiece, the tool, 
the lubricant, and the external piston, which maintains a con-
stant external pressure on the lubricant (p = 0.6 MPa). To 
investigate the impact of a nanocavity on the tool’s surface 
concerning the squeeze-out of the lubricant, two case stud-
ies are presented: (i) a tool with a flat surface and (ii) a tool 
with a concave nanocavity. A simplified triangular-shaped 
tool was utilized. This simplification offers several advan-
tages. First, a symmetric tool does not introduce artifacts by 
altering the lubricant flow pattern in a preferential direction, 
as any asymmetric effects are minimized or canceled out. 
This facilitates the analysis of lubrication effects, providing 
a clearer understanding of how lubricants behave during the 
machining process. Second, using a symmetric tool allows 
for easier control of external pressure by applying a piston 
to one face of the simulation box while maintaining periodic 

Fig. 7  (a) Setup for the MD simulations and (b) tool with nanoroughness
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critical role of adhesion forces, the workpiece/lubricant and 
tool/lubricant interactions were adjusted to reproduce the 
experimental work of adhesion of the materials used in this 
study (see Appendix C). Finally, temperature effects can 
also change the squeezing behavior. For instance, higher 
surface temperatures weaken adsorption and reduce vis-
cosity, facilitating the lubricant to squeeze out. However, 
thermal softening of the surface can promote molecular 
entrapment. Despite these limitations, the model still offers 
valuable insights into the mechanism of lubricant retention.

4  Results

4.1  Experimental results

The experiments were conducted using a 10-cut strategy 
with a centered infeed, and the offset between the tool and 
tooth centerlines was zero, as illustrated in Fig. 8. Each cut 
was performed with a constant cross-axis angle, and the cor-
responding feed sax (mm/workpiece rotation) are provided 
in Table 8.

Figure  9 shows the measurement results for the forces 
present in the process in comparison between dry machin-
ing and machining with oil flood cooling. Figure 9a shows 
the measured force values for the last depth of cut (TT10) as 
an exemplary case. The shaded area indicates the minimum 
and maximum deviations of the measured time sequences 
of the force. It is important to note that the force times of 
components x and y are measured in a rotating coordinate 
system. The diagram shows that the measured characteris-
tic force curve is almost independent of the chosen cooling 
method. While the force curves for x and y are identical, a 
slight influence on the forces can be seen when considering 
the determined mean value of the z force. Thus, a reduc-
tion in the maximum force of 3% was determined by using 
oil. However, when the measured minimum and maximum 
values are taken into account, no significance can be iden-
tified due to their overlap. Figure 9b shows the maximum 
measured force values in the z direction (see Fig. 9a) for the 
depths of cut TT 1-10 in direct comparison of the different 
cooling methods under investigation. For TT 1-5 in particu-
lar, no influence on the maximum forces can be determined. 
Only from TT 6 to TT 10 a slight influence can be detected. 
However, this influence is at the same level as described in 
Fig. 9a and due to the range of error bars, the effect of the 
cooling lubricant cannot be proven.

In machining, chip morphology is a further important 
comparative parameter for evaluating the cooling lubrica-
tion method. Figure 10 shows the results for the chips mea-
sured in the CT. For a meaningful evaluation, the ratio of 
volume to surface area was analyzed. This value indicates 

has the surface (100) exposed to the lubricant and the tool. 
Fe-Fe interactions are modeled by the interatomic potential 
modified embedded atom (MEAM) of Etesami et al. [49], 
and the lubricant-lubricant interactions by the united-atom 
force field by Potoff et al. [50]. The tool and the external 
piston are modeled as rigid bodies. The tool was modeled as 
a monoatomic bcc crystal, with a lattice parameter of 4.04 
Å. The interactions between the tool and the workpiece are 
purely repulsive, i.e. modeled by a Weeks-Chandler-Ander-
son potential (WCA) [51], using the Lennard-Jones param-
eters of Heinz et al. for Fe [52] and Al [53]. The interactions 
of the tool and workpiece with the lubricant are represented 
by a 12-6 Lennard-Jones potential. The depth of the poten-
tial well (ϵ) in the Lennard-Jones potential was system-
atically adjusted to accurately fit the experimental work of 
adhesion, as previously suggested by  [54]. The values of 
the fitted parameters and the details are given in Appendix 
C. The work of adhesion is calculated using the dry-wall 
method [55].

Like any model, the molecular setup and MD simulations 
presented here have certain limitations. To avoid generaliza-
tion and misinterpretation of our findings, we briefly discuss 
some of these limitations. The most significant limitations 
are: the use of a sharp tool and a workpiece with a flat sur-
face, the limited size of the tool nanocavity, the selection of 
a single crystal orientation, a unique chemical composition, 
and the examination of only one temperature.

Using a different tool geometry mainly affects plas-
tic deformation behavior (see Ref. [56]), which is not the 
focus of this study. Sharp tools are commonly used in MD 
studies of machining processes; see, for instance, Ref. [57]. 
Despite the limited size of the tool cavity, relevant insight 
can be obtained about the lubricant squeeze and retention 
mechanism. This is possible because the key steps of those 
processes occur at a distance of a few molecular layers, and 
therefore, the size of the cavity becomes irrelevant. Investi-
gating and optimizing larger cavities require combining MD 
with continuum models, which will be explored in future 
work.

We consider that the effects of crystal orientation on 
the squeeze process studied here are negligible. MD and 
DFT calculations of the adsorption energy of alkanes on 
Fe surfaces with different orientations reveal a variation of 
approximately 0.05 eV [58]. These are moderate differences 
compared to the mechanical work done by the tool on the 
lubricant during the squeezing process, which is 0.5 eV for 
1 GPa and a displacement of 0.5 nm (typical interlayer dis-
tance). Therefore, we expect crystal orientation to have a 
minimal effect compared with the extreme mechanical con-
ditions considered here. However, changes in the chemical 
composition of surfaces can significantly alter the adhesion 
forces, leading to different squeezing behavior. Due to the 
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findings in the orthogonal cut, where the chip thickness is 
reduced by the use of cooling lubricant [59]. This finding 
also shows that not all findings from simplified chip forma-
tion can be transferred to complex processes.

4.2  FEM Results

Figure 11a shows the results of the TT-10 of the surface 
formation simulation in comparison to the experimentally 
determined data. This work focuses on cutting forces and 
chip formation, which are directly compared with experi-
mental results. Other mechanical and thermal fields, such 

as stress, strain rate, and temperature, are highly sensitive 
to input parameters (e.g., friction conditions and material 
models) and could not be reliably validated with the cur-
rent experimental setup. As the model cannot yet provide 
testable predictions for these fields, they are not addressed 
in this study. Based on the findings of the tribological 
simulations, the mean value of the measured data is used 
and thus pure dry friction is taken into account in the 

the compactness of the analyzed chips, whereby the lower 
the coefficient, the more surface-heavy the analysis. It is 
evident that the ratio of V/A for the compressed air cool-
ing method is always lower than for oil flooding in the gear 
skiving process analyzed. These results and the assump-
tion of volume constancy indicate that the chip thickness 
tends to increase during chip formation when oil is used for 
gear skiving. These observations are in contradiction with 

Fig. 9  (a) Comparison of measured forces with use of compressed air(green) and oil (yellow) during one tool engagement for the last infeed b) 
Comparison of maximum z-Forces with compressed air (green) and oil (yellow) for the 10 infeeds of the investigated process

 

TT sax

(mm/wr)
1 0.300
2 0.300
3 0.300
4 0.350
5 0.350
6 0.400
7 0.420
8 0.420
9 0.420
10 0.420

Table 8  Corresponding feed 
values for each cut according to 
the chosen cut strategy

 

Fig. 8  Centered infeed strategy 
[27]
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described in Section 2. Due to the highly transient and peri-
odic nature of the process it is necessary to compare the 
same instant in physical time in the experiment and the 
simulation. Therefore, two characteristic frames are dis-
cussed based on configuration A. Configuration A is chosen 
because it provides the best optical access to the oil jet in 
the experiment, which is generally challenging to capture 
in high quality due to the high amounts of splashing oil in 
the system. In Fig. 12, an instant of time is shown where the 
oil jet flows nearly undisturbed from the top to the bottom 
of the image. The orientation of the tool, distinguishable by 
the tip of the cutting insert, is clearly the same in both the 
experimental and the simulated images. This situation is 
characteristic for the majority of the rotational cycle in the 
configuration A.

Only the tool tip and the protruding part of the work-
piece are periodically impacted by the jet, once per rev-
olution of the respective components. Taking a closer 
look at the experimental image, several droplets can be 
distinguished in the lower area of the frame. In contrast 
no droplets are visible in the same region in the simu-
lated image. This can be explained by the fact that, in the 
experiment, the oil jet eventually hits the bottom plate of 
the chuck, where it impinges and partially disintegrates. 
Some of the rebounding droplets are captured by the cam-
era. In the simulation, however, the particles are removed 
before they reach this bottom plate. The oil film and liga-
ment stripping on the right-hand side of the workpiece, 
visible in the simulation image, are difficult to identify in 
the experimental image due to poor contrast and a limited 
field of view, which is obstructed by one of the jaws.

simulation. The simulation accurately predicts the initial 
cutting edge engagement, but it overestimates the maxi-
mum force in the z-direction. In contrast, the resultant 
force in the xy-plane is well reproduced by the simulation 
when compared to the experimental data. In analogy to 
the experimental study, Fig. 11b compares the determined 
maximum forces of the simulation with the mean values 
of the experimental study. It can be seen that the simu-
lation can predict the maximum forces with an average 
error of 6.6%.

4.3  Validation of the SPH simulation of the global 
fluid distribution

For validation, the resulting oil particle distributions from 
the SPH simulations (cf. Section  3.2) are compared with 
the high-speed camera images from the experiments, as 

Fig. 12  Oil distribution in configu-
ration A, no interaction with the 
jet (a) Experiment (b) Simulation

 

Fig. 11  (a) Comparison of 
simulated and experimental force 
profiles for TT-10 during final 
surface formation of gears. The 
resultant force in the xy plane 
shows good agreement with experi-
mental data. b) Comparison of 
maximum cutting forces in z-axis 
from simulation and experimental 
measurements

 

Fig. 10  Comparison of measured ratio of volume and area of chips 
with use of compressed air(green) and oil (yellow)
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surface can be easily identified. In Fig. 14, the wetting 
of the workpiece near the tooth gap is depicted at the 
instant when the tool tip and workpiece begin to mesh. 
With the binary color bar, red areas indicate wetted 
regions, while blue areas denote dry regions. In all three 
investigated configurations, the tooth gap is covered by 
an oil film. Naturally, the detailed distribution of wetted 
areas depends on the position of oil jet injection relative 
to the meshing zone. As a result, the distribution varies 
across the three configurations.

The same approach is used for Fig. 15, which depicts the 
wetting of the tool tip’s rake face at the instant when the 
tool tip and workpiece begin to mesh. Despite minor differ-
ences, the wetting distribution appears very similar for all 
three configurations. Essentially, the entire area of the rake 
face is wetted.

In conclusion, for all investigated nozzle configura-
tions, global oil distribution simulations predict that oil 
is indeed fed into the meshing region, both on the tool 
tip and within the tooth gap of the workpiece. The pres-
sure in these oil films is approximately equal to ambient 
pressure, as there is no direct impact from the oil jet. 
These global fluid distribution simulations neglect the 
chip and its formation as stated in Section 3.2.2. Inves-
tigations on smaller scales, including the influence of 
chip formation by means of Reynolds calculations and 
MD simulations, are presented in the following sections. 
The obtained results (oil is present at ambient pressure 
in the beginning of the chip formation) from these global 
fluid distribution simulations provide the initial condi-
tion for the Reynolds calculations which are presented 
in the next section.

4.5  Reynolds calculations

Figure 16a shows the relationship between chip velocity and 
dry contact length Ldry  in the contact wedge calculated by 
the Reynolds lubrication equation. The dry contact length 
Ldry  increases with the chip velocity, indicating that higher 
speeds promote cavitation and reduce lubricant penetration 

In Fig. 13, the chosen time instant occurs shortly after 
the meshing zone, where the tool tip and the workpiece 
interact, interferes with the oil jet. Again, the orienta-
tion of the tool is consistent between the experiment 
and the simulation. Three main characteristic structures 
are highlighted in the figure. The clearly visible jet tip 
results from the interception of the previously undis-
turbed oil jet (shown in Fig. 12) by tool tip and the pro-
truding part of the workpiece. Both components rotated 
into the jet shortly before the images were captured. The 
jet tip itself appears flattened, and a mushroom-shaped 
structure is stripped radially outward from the jet’s cen-
tral axis. The shape and size of this structure are very 
similar in both the simulation and the experiment.

Furthermore, a lamella, sheared off from the protrud-
ing part of the workpiece, is observable. The location 
and size of this structure in the simulation do not exactly 
match those of the experiment. Possible reasons include 
a slightly misaligned nozzle or the extremely thin nature 
of the lamella, making it difficult to discretize accu-
rately. Finally, an oil film on the annular part of the 
workpiece, adjacent to the protrusion, can be observed 
in both the simulation and the experiment, although only 
upon closer inspection.

In summary, the characteristic and distinguishable fea-
tures observed in the experimental images can also be iden-
tified from the simulation results. These observations hold 
for configurations B and C as well, although with the draw-
back of reduced optical access and increased oil splash-
ing. Overall, the presented simulation methodology can be 
regarded as validated.

4.4  Wetting results from the SPH simulations

To address the central question of whether oil is fed into 
the meshing area where the tool and workpiece come 
into contact, a more detailed analysis of the simulation 
results is presented in the following section. By utilizing 
a wetting sensor, which detects oil particles in proxim-
ity to wall particles, the wetted regions of a rigid body 

Fig. 13  Oil distribution in configu-
ration A, shortly after interaction 
with the jet (a) Experiment (b) 
Simulation
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suggesting substantial lubricant depletion. Even at the 
more favorable 10◦, a non-negligible Ldry  of around 
5 − 7 µm persists. This implies that under these condi-
tions, the tool does not remain fully wetted and operates 
within a mixed lubrication regime, where cavitation and 
dry contact are present. Large cavitated areas reduce the 
effective load-bearing surface within the contact zone, 
concentrating mechanical loads on a smaller region. This 
concentration increases local stresses and can accelerate 
tool wear and deformation along the rake face and cut-
ting edge. Recently, Denkena et al. [60] observed that 
during lubricated machining of AISI4140, cutting and 

within the contact zone. In addition, the opening angle sig-
nificantly changes the extent of cavitation. Larger opening 
angles consistently result in shorter dry lengths, suggesting 
improved lubricant penetration. Conversely, smaller angles 
increase cavitation, especially at higher velocities.

Under typical gear skiving conditions, i.e., chip veloc-
ities between 1.8 and 2.5 m/s and opening angles rang-
ing from 5◦ to 10◦, our calculation indicates that the 
tool contact region is partially cavitated rather than fully 
lubricated. At these chip velocities, Ldry  spans a signifi-
cant range, increasing with lower opening angles. For 
example, at 2.5 m/s and 5◦, the dry length exceeds 15 µm, 

(a)                (b)

Fig. 16  (a) Dry length as a function of the chip velocity and opening angle. (b) Minimum pressure for reaching full lubrication as a function of the 
chip velocity and opening angle

 

Fig. 15  Wetting of the cutting insert 
in the beginning of the meshing (a) 
configuration A (b) configuration B 
(c) configuration C

 

Fig. 14  Wetting of the tooth gap in the beginning of the meshing (a) configuration A, (b) configuration B, and (c) configuration C

 

1 3



Production Engineering

temperature-dependent thermal conductivities, and the 
dynamic behavior of the contact angle. Developing and 
integrating such models will be an important direction 
for future research, although it is beyond the scope of 
the present study.

Among the physical mechanisms excluded from our 
Reynolds model, the roughness of the tool surface plays 
a particularly important role in shaping the local pressure 
field and influencing lubricant retention [61, 62]. Rough-
ness-induced effects are known to disrupt the smooth flow 
predicted by classical lubrication theory, introducing local 
pressure fluctuations and modifying the distribution of 
the fluid film. This is especially relevant during the initial 
approach between the tool and the workpiece when the 
fluid is first displaced or confined by surface cavities. To 
investigate this in more detail, we conduct MD simulations 
of the indentation step, focusing on how roughness at the 
nanoscale affects lubricant retention in the early stages of 
contact formation.

4.6  Molecular simulations

Figure 17a shows the position of the contact line for both 
the flat surface and the tool with the nanocavity. In the 
case of the flat surface, the contact line moves in the 
x-direction on average at 5.2 m/s, which is close to the 
velocity imposed on the tool. As Fig. 17b shows, no lubri-
cant molecule gets trapped in the contact area. This means 
that the tool surface remains dry as it penetrates deeper 
into the workpiece, resulting in a complete squeeze-out of 
the lubricant. In contrast, for the nanostructured tool sur-
face, the contact line velocity decreases, allowing some 
lubricant molecules to trail behind the tool. Figure 17b 
shows that for the tool with nanoroughness, a few mol-
ecules enter the contact area.

Figure 18a and b provide a snapshot after the tool has 
advanced 10 nm into the workpiece. The tool with nano-
roughness, where a few molecules form a submonolayer, 
parially prevents direct contact between the tool and the 
workpiece.

The enhancement of the retention of lubricant mol-
ecules on nanostructured surfaces can be explained by 
several mechanisms. An important mechanism is the 
increase in surface area that the contact line must navi-
gate as the tool advances. The nanoroughness alters the 
contact mechanics between the cutting tool and the work-
piece, slowing the squeezing process and creating more 
opportunities for lubricant molecules to become trapped 
in the contact area. Furthermore, surface roughness sig-
nificantly increases the local normal pressure component, 

passive forces remained largely unaffected by the lubri-
cant supply pressure. However, friction in the secondary 
zone significantly decreases as lubricant supply pressure 
increases. These results align well with our findings and 
suggest that increasing the lubricant supply pressure may 
help reduce the length of the cavitated area.

For the present Reynolds model and gear skiving con-
ditions, it is possible to determine the minimum pressure 
that leads to a full lubrication film in the cutting wedge. 
This pressure, pmin, was defined as the lowest pressure for 
which no cavitation exists for all N nodes in the domain, 
i.e. pmin = min {p : θi(p) = 0, ∀i ∈ {1, . . . , N}}. The 
pressure pmin was determined by systematically increas-
ing pressure on the right side of the wedge using a step 
of 0.5 MPa.

Figure 16b shows pmin as a function of the chip veloc-
ity and opening angle. The results indicate that pmin 
increases with both the chip velocity and the decreasing 
opening angle. At higher velocities, the lubricant must 
overcome greater inertial and shear effects to maintain 
film continuity, thus requiring higher supply pressure. In 
contrast, a smaller opening angle increases pmin, which 
implies that it facilitates cavitation. This analysis pro-
vides a quantitative guideline for setting minimum lubri-
cant pressures in high-speed skiving operations. Notably, 
it highlights that for standard gear skiving velocities 
(2.0–2.5 m/s), full lubrication is only feasible for larger 
opening angles unless high pressures are applied. This 
potentially explains why the effects of lubricants are lim-
ited in practice and cavitation persists under typical cut-
ting conditions.

The Reynolds model presented here provides a valu-
able first-order approximation of the hydrodynamic 
behavior in lubricant flow and cavitation that occurs 
across the cutting wedge during gear skiving. It effec-
tively highlights key trends in cavitation and serves as a 
solid baseline for understanding lubrication in the com-
plex gear-skiving process. Given the micrometer-scale 
film thickness considered, certain effects, such as wall 
slip and shear rate, can be safely neglected, as they only 
become significant at nanometer-scale film thicknesses. 
While the model is based on simplifying assumptions, 
these assumptions allow for a focused and manageable 
analysis of the dominant mechanisms involved. Future 
refinements could include incorporating additional 
physical phenomena such as thermal gradients, transient 
chip formation, surface roughness, and capillary effects. 
Addressing these phenomena would require establishing 
appropriate constitutive relations for each mechanism, 
including models for temperature-dependent viscosity, 
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5  Conclusions

The findings of this study provide insights into the key 
questions regarding lubricant behavior in gear skiving 
operations: 

1.	 Effect of lubricant on cutting forces: Experimental 
results indicate that the use of oil flood cooling in gear 
skiving has a limited impact on the mechanical forces 
involved in the process. Force measurements show 

reaching values close to 1 GPa (see Fig. 19). This leads 
to local deformation of the workpiece, further enhancing 
the retention of lubricant molecules. These mechanisms 
are geometric and mechanical. Moreover, the surface 
adsorption alteration can also play a role. Concave sur-
faces exhibit adsorption energy higher than that of flat 
surfaces. The strengthened interactions can, for instance, 
reduce the lubricant wall slip. The relative importance of 
these mechanisms is intricate, and quantifying them is 
beyond the scope of this paper.

Fig. 18  Snapshots of the MD 
simulations: (a) flat surface at 
t = 2ns (10 nm indentation 
distance), (b) tool with nanorough-
ness at t = 2ns (10 nm indenta-
tion distance), and (c) tool with 
nanoroughness t = 2.5ns (12.5 nm 
indentation distance)

 

Fig. 17  (a) Position of the contact line in the x direction as a function of time and (b) number of lubricant molecules trapped in the direct chip-tool 
contact area (i.e. z < 23nm) as a function of time 
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4.	 Molecular-scale transport: The surface topography 
of the tool plays a significant role in the transport of 
lubricant molecules. Specifically, nanocavities on the 
tool surface enhance lubricant retention by increasing 
local normal pressure, thereby trapping the lubricant 
in the contact regions and preventing its complete 
squeeze-out during machining.

5.	 Process optimization: The interplay between chip 
velocity, coolant pressure, and the chip-tool opening 
angle is critical for minimizing dry contact zones. 
To maximize lubricant penetration at the tool-chip 
interface, it is essential to optimize these parameters 
effectively. The findings suggest that higher coolant 
pressures combined with process parameters that 
ensure wider opening angles can significantly enhance 
lubrication reliability and performance in high-speed 
gear manufacturing.

Overall, this study emphasizes the importance of integrat-
ing strategies related to lubricant delivery, penetration 
mechanisms, molecular transport, and process parameters 
to enhance lubrication effectiveness in industrial skiving 
processes.

6  Supplementary information

No information is required.

Appendix A Microstructure of AISI 4140 
Workpiece Material

Figure 20 shows the typical microstructure of the AISI 4140 
workpiece material following quenching and tempering 
at 600 ◦C for one hour. This image was captured using a 
Keyence VHX-7000 digital microscope at 1000× magnifi-
cation. The microstructure predominantly consists of tem-
pered martensite characterised by fine, lath-like features 
arranged in packets, which indicates a successful heat treat-
ment process.

Appendix B Pressure-viscosity constitutive 
relation for the Reynolds calculation from 
MD simulations

The viscosity of the lubricant was determined using non-
equilibrium molecular dynamics (NEMD), employing 
methods similar to those described by Jadhao et al. [63]. 
The lubricant consisted of pure 1-decene trimer molecules, 
which were modeled using the Potoff potential [50], as this 

no significant differences between dry and lubricated 
conditions in the x and y directions. There is only a 
marginal and statistically insignificant reduction in 
the z-direction forces with oil lubrication. Further-
more, chip morphology analysis reveals that lubrica-
tion results in slightly thicker chips, as indicated by a 
higher volume-to-surface-area ratio. This observation 
contrasts with findings from simplified orthogonal 
cutting, emphasizing the need for a process-specific 
understanding of lubrication behavior in complex 
machining operations.

2.	 Global lubricant delivery: The SPH simulations 
demonstrate that the cooling lubricant can effec-
tively reach the meshing zone between the tool and 
workpiece during gear skiving. The cooling strategy 
employed directs the oil to this critical region, ensur-
ing that both the tool’s rake face and the workpiece 
are initially covered with an oil film during the mesh-
ing process.

3.	 Local penetration mechanisms: The penetration 
of the lubricant into the cutting wedge is influenced 
by several factors, including chip velocities and the 
tool-chip opening angle. The occurrence of cavitation 
is common under the studied operational conditions, 
especially when high chip velocities and narrow open-
ing angles are present, which can impede adequate 
lubrication.

Fig. 19  2D distribution of the normal component of pressure pzz  from 
MD simulations for the tool with nanoroughness at: (a) t = 1 ns and 
(b) 1.5 ns
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potential has been suggested to accurately represent the 
transport properties of long paraffinic molecules [64]. A cut-
off radius of 1.2 nm was established, and periodic boundary 
conditions were applied in all directions. The time step for 
the simulations was set to 1 fs.

Before conducting the NEMD simulations, the system 
was equilibrated to achieve the target pressure and tem-
perature. A total of 125 molecules were used. The effect of 
using a larger system was investigated, and it was found that 
increasing the number of molecules to 216 or 343 did not 
have a significant impact on the calculated viscosity.

The system was first equilibrated in a low-viscosity state 
at a temperature of 373.15 K and a pressure of 0.1 MPa 
using a Nosé–Hoover thermostat and barostat for a duration 

of 40 ns. Following this, the size of the simulation box was 
dynamically adjusted to match the average density obtained 
from the NPT simulation. This adjustment of the box size 
was conducted over a period of 10 ns, utilizing a Langevin 
thermostat to maintain a constant temperature. The final 
state of this simulation was then used as the initial state for 
the NEMD simulations and the equilibration of the next 
higher target pressure.

NEMD simulations were performed at constant density 
and temperature. A shear rate was applied to the simulation 
box using the SLLOD method [65]. Each NEMD simulation 
was conducted for 40 ns, with the initial 20 ns discarded 
to allow the system to reach steady state. Shear stress was 
saved every 1000 time steps. The steady-state shear stress 

Fig. 21  (a) Viscosity of the 
lubricant (1-decene trimer, PAO4) 
as a function of the shear rate 
calculated using NEMD at 373.15 
K. The dashed lines are the fit-
ting using the Eyring model. (b) 
Newtonian viscosity as a function 
of the pressure. The dashed line is 
the fitting using the Barus model

 

Fig. 20  Hardened microstructure of 
initially austenitized AISI 4140 steel 
at 600◦C for one hour according to 
DIN EN ISO 18265
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On the other hand, Wsl can be obtained from MD simula-
tions by using the dry-wall method [55] by applying the fol-
lowing equation:

Wsl = −
ˆ 1

0

⟨
∂usl

∂λ

⟩
dλ� (A3)

where usl is the solid-lubricant potential energy per unit of 
area and λ is the coupling parameter. For λ ≈ 0, the lubri-
cant is decoupled from the surface. For λ = 1, the lubricant 
interacts fully with the surface.

The experimental liquid-vapor surface tension for PAO4 
and the static contact angle between PAO4 and steel were 
taken from Ref. [66]. The experimental γlv  was 29.01 
mN/m, which is similar to that reported here for the complex 
lubricant Fuchs Ecocut 715 LE (29.0 mN/m, see Table 7). 
The experimental static contact angle between PAO4 and 
the workpiece surface (steel) was 10.9◦, indicating good 
wettability, as confirmed by our dynamic contact angle 
measurements (Table 7). Applying Eq. A2, the experimental 
lubricant/workpiece work of adhesion is 57.49 mJ/m2.

was calculated by averaging the last 20 ns of the simulation. 
To assess the uncertainty in the shear stress, a block averag-
ing method was utilized, dividing the data into 10 blocks. 
Figure 21a shows the calculated viscosities as a function of 
the shear rate.

Newtonian viscosities (ηN ) were determined using 
the linear relationship between the shear stress and the 
logarithm of the shear rate (γ̇), as described in [63], ie 
τ = τE ln[2γ̇(ηN /τE)], where τE  is the Eyring stress. This 
equation is an approximation of the Eyring model for the 
large shear rate, where τ >> τE  is expected. Figure 21b 
shows ηN  as a function of pressure. The dependence of the 
Newtonian viscosity on pressure was modeled by the Barus 
equation:

ηN = η0eαp� (A1)

The fitting parameters were η0 = 5.562 × 10−3 Pa s, and 
α = 6.763 × 10−9 Pa−1

Under the conditions used for Reynolds calcula-
tions (p < 200 MPa and T = 373.15 K), the lubricant 
shows significant shear thinning at shear rates exceed-
ing 1 × 109 s−1 (see Fig. 21a). For the maximum veloc-
ity used in the Reynolds model (3 m/s), a shear rate of 
1 × 109 s−1 is only reached when the film height is less 
than 3 nm. In the first node on the left side of the Reyn-
olds geometry (see Fig. 6), the height of the wedge for the 
smallest opening angle considered (5◦) is approximately 
10.94 nm. Therefore, we decided to neglect the effects of 
shear thinning and assumed that the lubricant behaves as 
a Newtonian fluid.

Appendix C Fitting of the workpiece/
lubricant and tool/lubricant interaction 
parameters

A key element of MD simulations is to have a reasonable 
representation of the lubricant/tool and lubricant/work-
piece interactions. As suggested by Carman et al.  [54], 
the work of adhesion (Wsl) is a suitable property to 
characterize and adjust such interphase interactions. The 
work of adhesion is the reversible work per unit area 
required to separate two interfaces, and it can easily be 
obtained from experiments and MD simulations. The 
work of adhesion is related to the contact angle (θ) and 
the liquid-vapor surface tension (γlv ) by the following 
equation:

Wsl = γlv(1 + cos θ)� (A2)

Table 9  LJ parameters for the tool/lubricant and WP/lubricant interac-
tions
interaction σ ϵ

(Å) (eV)
Fe (WP) 2.59a 0.0150
Al (Tool) 2.925b 0.01352
a from [52]. b from [53]

Fig. 22  Derivative 
⟨

∂usl

∂λ

⟩
 as a function of the coupling parameter λ 

for the refitted ϵsolid−lubricant interactions. Dashed lines represent 
fitting curves obtained through a third-degree polynomial regression
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