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Abstract

Working fluids play an important role in machinipgpcesses. They have two primary tasks: On théhand, they reduce the friction and thus
weaken the generation of heat in the machiningge®cOn the other hand, the working fluid coolswieekpiece and the tool acting as a heat
sink. Both functionalities are investigated in tliegent work by means of molecular dynamics simutatiof nanometric machining processes.
The action of the tip of a cutting tool on a worge is investigated both with and without workihgd. The Lennard-Jones truncated and
shifted model is used for describing all occurratgmic interactions. The simulation results shoat thven in the presence of the liquid
working fluid, the tool and the workpiece are mpstl direct contact during the machining process, the initially present fluid particles are
squeezed out of the contact zone. The work thageésled for the nanometric machining process isathtced by the fluid, but the coefficient
of friction is. The latter results from a reductiofithe normal force acting on the cutting tool @fis needed for realizing the prescribed path
of the tool. As expected, the working fluid hasimportant influence on the thermal regime during tlanometric machining process. Both the
thermal and the mechanical effects are shown termtepignificantly on the solid-fluid interactionezgy. The results give insight in nanoscale
phenomena in the contact zone between the tigcoftang tool and the workpiece, that cannot beistiéxperimentally.
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1. Introduction the order of nanometers must be met [1]. Proceseethe

nanoscale can be governed by different effects emetpto

The small zone in which the cutting tool and the'kpiece
are in direct contact in machining processes isl harstudy
experimentally, so that up to now there is onlytldit
information on the phenomena which occur in thaghhi
important zone. Molecular dynamics simulations ae
attractive way for providing such information. Wil
molecular dynamics simulations of microscale olgethve

already been carried out [X1], system sizes which a

accessible by simulations are typically on the isaate.

the corresponding processes on larger scales. digiswell
known from studies of fluid flow, that on small &=
interfacial effects, which are negligible on largscales
become dominant [18].

In molecular dynamics simulations Newton’s equagiof
motion are solved for an atomistic many-particlstsgn. The
interactions of the particles are described bysitas force
fields. For a given force field, only the scenasibich is to be
studied has to be specified. There are no assunsptio

The nanoscale is also becoming directly relevamt foparameters, so that the simulation is completebdigtive.

modern micro and precision machining technologyy. En
manufacturing of optical and photonic products rahees in

2212-8271 © 2016 The Authors. Published by ElseBidf.

Due to the strong physical background of the method

molecular dynamics simulations are often usedtirabns in
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where the predictive power matters [ZITAT, MARTIN. H
KANN BESTIMMT EINS LIEFERN].

Molecular dynamics simulations have been used dinee
late 1980s [28] for studying tool-workpiece intdrans.
However, in most of these studies only the dry aontvas
studied, i.e. the tool and the workpiece interacteda
vacuum; see e.g. [2-7]. The focus of these studléason the
chip formation and the generation of dislocations the
workpiece.

It is, however, well known from macroscopicdies that
machining processes are significantly influencedcbyling
and lubrication due to working fluids [8, 9]. Themee up to
now only a few molecular simulation studies whicavé
addressed this [1, 10-14]. In these studies, tilpieasingle
substrate-fluid pair is investigated, and no speati@ntion is
given to the influence of the substrate-fluid iatetion, even
though that interaction is known to play a predanirrole in
closely related processes like wetting [15, 16]ctirermore,
the thermal effects are usually not in the focuthefavailable
studies. Therefore, in the present work, a molealyaamics
study of the effect of the working fluid on nanonet
machining processes was carried out using a modse
that enables systematic studies of the influence thef

substrate-fluid interactiow 5. Here, both the mechanical and

the thermal effects of the working fluid were sedliby
comparison to the dry case. Additional information the

mechanical effects is available in [LAUTENSCHLAEGER

IRTG].
2. Modéing and Simulation Setup
2.1.Molecular Model

The studied system consists of a workpiece, i.esobd
substrate (S), the tip of a cutting tool (T), aneérgually the
working fluid (F). The tip is rigid, its movemerd prescribed.
All interactions are modeled with the Lennard-Jotnescated
and shifted (LJTS) potentiai”Xr;), i.e. those between the
alike sites S-S and F-F, as well as the unlikeraatéons S-F,
T-F, and S-T. The LJTS model is well suited for atidsng
properties of simple non-polar fluids [17, 18], liuts only a
crude model for solids. We use it throughout beeaws carry
out a study of basic effects for which simplicisybeneficial.
Furthermore, we can build on a recent study ofwiadting
behavior of LJTS walls by LJTS fluids [15, HIER KONE
NOCH EINE NEUE ARBEIT DAZUKOMMEN, DIE
GERADE IM REBUTTAL IST, WIR SOLLTEN DAS
SPATER GGF ERGANZEN].

The LJTS potential is [ZITAT]:

LJTS _ ULJ(rij)_uLJ(rc)’ I’ij <rc

u (ri,-)—{o, Lot (1)
where

u= () =4¢l(a /)" = (a /), )

Here, € is the energy parameter, describing dispersive
attraction,o is the size parameter describing the repulgipn.
is the distance between two LJTS siteendj, andrc is the
cut-off radius, which is the maximal distance fohigh the
attraction is considered.

The parameterization which is presented beksults from
preliminary test runs with different parameteriaa. In
follow-up work systematic parameter variations whle
carried out.

The specific parameterization of the LIJTS intemwiin
that study was chosen to mimic a system contaimirggn
[23] or methane for the fluid and a common meta ron or
vanadium for the substrate [19]. All sites have shene mass
M. The size parameter is used to normalize all distances.
Moreover, o is the same for all LITS sites. The cut-off radii
of all alike and unlike interactions are 215 except of the
substrate-tool interaction, that was kept purelputgive by
setting its cut-off torc st = 1.00, cf. [20]. All energies are
normalized using the LJTS energy parameter of thal f
& = £ The cohesive energy of the substrate is set to
& =52 £ . For the substrate-fluid and the tool-fluid
interactions the cohesive energy dssr = € 1 = 0.5€ k.
According toBecker et al[15], the latter interaction energies
correspond to a contact angle of about 90°. IoW@lup work
a systematic variation of the contact angle wilcheried out.

All observables presented in that work are giveretuced
units, cf. Table 1. Herdsg is the Boltzmann’s constant.

Table 1. Characteristic system properties in gtiasttarrying dimensions.

Length x=x1lo
Time r:r:/(a\/M/‘s)
Mass m=m/ M
Temperature T=T'/(e/k)
Pressure p=p/(cla)
Velocity v=v/ (m)
Force F=F"/(e!0)
Work W=W'¢

Thermal conductivity A=A/ (kB /(0’2\/ M /e))

2.2.Simulation Scenario

In the present scenario the physical phenomersedip of
a cutting tool and in its close vicinity are invigsated.
Therefore, a solid cylinder, modeling the cuttirdge of the
cutting tool, firstly penetrates the substrate ahén is
laterally scratched over the substrate surface. €htre
simulation box has the dimensiorig= 309, I, =71 and
I, = 295. For the lubricated case it includes a totahber of
4.891 10° LJTS sites that are assigned to the substrate
(3.16 L 10°), the cutting tool (1.67 10%, and the fluid
(1.71.10°%), respectively. A detail of the entire simulatibox
for the lubricated case is depicted in Fig. 1. Hexetwo-
dimensional projection of the three-dimensionaidrigutting
edge with the radiuR =9 and the lengtlh. = 71 is shown.
Due to Fig. 1 the origin ok indicates the initial position of
the rotational axis of the cylinder, which is camgtduring the
indentation. The origin of indicates its position when the
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distance between the rotational axis of the cuttired and the  velocities of the order of m/s the stresses indtwtact zone

initially flat substrate surface is equivalent teetcylinder’'s  are too high for the fluid to penetrate into it.

radiusR. In the initial situation, the substrate is a taysvith To llustrate the results, which are presented in

a fcc lattice and the particle density 1.07. dimensionless variables in that work, Table 2 costzome
Due to the two-dimensional projection of the three-of the key properties transformed to variables yiagr

dimensional system, periodic boundary conditiomsapplied dimensions. For that purpose, the LITS parametfeasgon

for all components in all dimensions, except foe ttuid  as reported byrabec et al[23] were used.

where in z-direction a soft repulsive boundary dtod is

used. The two layers of substrate sites next tdtixemargins Table 2. Characteristic system properties in gtiastcarrying dimensions.

in x-direction and at the bottom of the box are fixed. Observable Real unit

Additionally, three layers of a velocity scalingetinostat are System size 105241100 nm?

deposited next to the fixed layers keeping the &xaipre at

h h h . ) e h ) Time step 12 fs
T= 9.8 t roug outt_ g_en'ure simulation. That terapae is Initial pressure 2 11F  Nim?2
equivalent with the initial temperature of the systafter the N
equilibration. The initial pressure i = 0.005. During the Initial temperature 1103 K
whole process, no evaporation is observed for Ithid, fi.e. it Substrate density 1.82 glem®
is entirely liquid. Cutting tool radius 3.0 nm

The kinetic process of the cutting tool is subdaddinto Indentation depth 15 nm
the indentation in negatived.ir(_action, \_Nhere the cutting tool Cutting tool velocity 200 mis
penetrates the substrate until its rotational bats reached the _

Total covered distance 152 nm

position z = -4.5. Thereafter, a scratching xxdirection at
constantz is performed. The total covered distancel is 45.
It is assigned to an indentation length of 10, argtratching
length of 35. The speed of the cutting too¥is 0.12 for both  3.1.Mechanical Phenomena
movements. The time step applied for the simulatigs

At = 0.006. All simulations were carried out using For the mechanical behavior of the system maindytttal
LAMMPS [21]. forces acting on the cutting tool and directly tetaquantities

during the process are studied. Comparing the dd; the
lubricated case we find that they differ only stigh
Representative for the more detailed study of tleetanical

20 properties [IRTG Paper] we discuss here the accatedl
Z 10 work conducted by the cutting todl. It is calculated as the
integral of the forces for the covered distadcén Fig. 2 it is
0 depicted for both the dry case (black line) andltheicated
case (blue line) in dependence on the total coveistenced.
-10 f Here, the two different phases of the movement ban
distinguished easily by means of the profiles. thirsthe
-20 | 5 % indentation is represented fdrd [0; 10]. During that phase
i _ H T Substrate the differences between the dry and the lubricaiezsk are
B0 0 10 0 10 20 30 40 " 60 minor but systemat_|cal. Here, for the_lubrlcated;ecwr is
P—— higher compared with the dry cagehat is a consequence of

the influence of the adsorbed fluid layer on thefase. In
other words, here, the counterforce opposed byflthd’s

viscosity becomes discernible. This is in line witie results
of Vo et al.[24].

For the scratching d( O [10; 45]), especially at the
beginning of that phased (O [10; 20]), we find the most
striking differences between both cases. Here ridee of Wr
is faster for the dry case than for the lubricatede. The
reason is that fluid atoms have to be squeezedobuhe
contact zone, which leads to a dampening effectha
lubricated case, cf. [22]. In the following procelsere are no
significant differences between both cases. Theoritgjof
the conducted workl\; is due to the influence of lattice
deformations in the substrate. Thus, it is notciéé by the
lubrication.

To transfer our findings observed on scratchingytlerof
nanometers to a more continuous machining process,
average all mechanical observables during the gptstate,
i.e. ford O [20; 45]. That corresponds to an averaging over

Fig. 1. Schematic depiction of the simulation sc&na
3. Simulation Results

A snapshot of a simulation considering a fluidhewn in
Fig. 1. It depicts the molecular setup after haff the
scratching length. It is obvious, that there is ike-pp of
material in front of the cutting tool, i.e. a chipformed. Also
the stacking faults in the substrate are visiblesi@es, as only
a thin slice iny-direction is shown, the lowering of the density
of the fluid in the vicinity of the chip, where tttemperature
is high, can be seen. One of the most strikingufeat of the
simulation is that there are hardly any fluid pdes in the
contact zone between the cutting tool and the satiestThat
phenomenon has already been observeldntsch et al[10]
as well as byChilds [22], who reports that for scratching
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350,000 time steps. The results are summarizedalsieT3.
Here, especially the coefficient of friction (COB)found to
be slightly lower for the lubricated case. Thatniginly due to
the higher magnitude of the force acting on théimgitool in
z-direction.Chen et al[12] also found a decrease of tBOF

5
Indent. | Scratching
4 |
|
S 3 l
-~ |
—~— |
- 2
< | — dry
1 — lubricated
|
0 |
0 5 10 15 20 25 30 35 40 45
d

Fig. 2. Work conducted by the cutting tool: dryah) vs. lubricated (blue).

for lubricated scenarios due to the same reasosidBg
the lubrication has an effect on the surface sfmect(cf.
Table 3). For a detailed insight and a discussiénthe
mechanical properties and the surface structurerefer to
Lautenschlaeger et glRTG Paper].

3.2. Thermophysical Phenomena

Up to now, we showed that the differenceVéf for both
cases is about 4 % for the steady state and ofyf@r the
total process (cf. Fig. 2). Thus, it is not sigrafint taking into
account for the high fluctuations of the forcesiragton the
cutting tool (cf. [IRTG Paper]). Therefore, we chrte that
the energy input, in terms of the work, and thuse t
dissipation is equivalent for both the dry and thricated
case. Moreover, since, there is hardly any fluidhi@ major
area of dissipation, i.e. the substrate-tool cdntmme, the
principal path of the heat transport is the samebath
scenarios. The heat firstly has to be transferredugh the
substrate, i.e. mainly the chip. Therefore, allfedénces
regarding the heat balance of the two systems meetly
related to the lubrication in the vicinity of thebstrate and
coherent substrate-fluid interfacial effects.

Following that argumentation,
thermophysical behavior of the system. Therefanekig. 3
the temperature distribution is shown comparinghtibe dry
(Fig. 3a) and the lubricated (Fig. 3b) case. Hprst, a detail
of the entire simulation box containing the mosbminent
temperature gradients is depicted. The record akemntat the
end of the scratching process. Of particular nate that
although, the mechanical response in both scenddbs
Table 3)differs only slightly in the steady state, thahat the
case for the thermal response.

Again, regarding Fig. 3, it is obvious that the pchi
temperature is higher for the dry case. Since eti®no heat
flux to the vacuum, the energy accumulates in thip.cThat
leads to a maximum chip temperatureTof 2.83 for the dry
case, while the maximum chip temperatur@ s2.10 for the
lubricated case. Due to the averaging and binnogtlie
temperature calculation both temperature valuesildhbe

considered rather qualitatively as a ratio betwiendry and
the lubricated case. Howevethen et al[11, 12] describe a
similar temperature development in the substrategrev the
highest temperature occurs in the chip under drghming.
Therefore, we state that the task of the fluid &sa sink, in
the sense of the heat balance, is remarkable.

Table 3. Comparison of relevant mechanical anatral observables.

Dry Lubricated
Force in z-direction 1.1710° 1.42L10°
Force in —x-direction 1.2010° 1.27010°
Coefficient of friction 1.04 0.90
Scratching work 30.510° 31.7010°
Relative surface enlargement 14 % 7%
S 2.90
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Fig. 3. Temperature field for (a) the dry case;tfig) lubricated case.

we now discuss the

Notice, that those findings differ fundamentallgrfr those
of Rentsch et al[10], where the chip temperature increased
drastically for the lubricated scenario. Therelty fluid was
thermostated throughout the simulation, whereasuirs the
temperature was controlled just in single substtayers at
the bottom and lateral margins of the simulatior.bo

That fact can be substantiated considering Fig-dre, the
development of the average temperature of the ftlidng
the entire process is depicted with the black liktehe end of
the indentation (cfd O [6.7; 10]) the temperature decreases
slightly, which might be an artefact of the methoflthe
temperature calculation. The latter is strongly edefent on
the correct separation of the thermal kinetic epeagd the
kinetic energy due to directed velocities, i.e. thacroscopic
flow. That separation might be impeded due to thsteady
flow behavior during the squeeze out of the fluidni the
contact zone. However, during the scratching phasat
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artefact is not influential anymore, since the floehavior is
more regular. Here, the temperature increases muanisly
with an almost uniform gradient frofin= 0.8 toT = 0.95. We
point out, that from a macroscopic point of vievattisteep
temperature increase in the fluid seems unrealistitice that
in the present scenario the volume of the fluithishe order
of 1.0e-22 m3 and thus, the average value of thd fl
temperature heats up very fast. Therefore, a laased
measure for the same statement is the ratio ofgttie of
internal energy of the fluitl: to the dissipation energs. In
Fig. 4 the gain of internal energy is depicted witle blue
line. Since it is proportional to the temperatureréase in the
fluid, its gradient is uniform during the scratopiphase, too.
Comparing the final value of the internal energythed fluid
U with that of the total work of the cutting todk yields that
11.2 % of the dissipative energy is absorbed byflthé. That

is a remarkable proportion and underpins the therma —~ 6

influence of fluids as a heat sink during nanoneatrachining
processes.

The previous finding can be explained by a supétipas
of several, partly nanoscale specific influencade One is
known as the Kapitza effect, which is an additioindlience
factor when investigating heat transfer on the saale. Here,

a heat flow q over an interface is accompanied by an
unsteady temperature jumfT . That was discovered by

Kapitza[29] and usually is formulated as

q:£
RK’

and can be linked to another relation

at =L, 9T

on’ @
Here,Ry is the Kapitza resistancky is the Kapitza length.

0T /0n is the temperature gradient in the fluid in thennal
direction due to the substrate surface at the fader The
Kapitza resistance is due to inhibited momentunmstier
through the interface for the sole phonon transfechanism.
The momentum transfer is strongly influenced bydtrength
of the unlike interactions at the interface. Thalation has
been shown bKim et al.[30] andVo et al.[24], who state
that Ly decreases with an increasing solid-fluid intecacti

®)

0.95{ Indent | Scratching 5
0.90 ! 4 b
~ 0.85 } 3 =
0.80 : U 2 3
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0 5 10 15 20 25 30 35 40 45

d

Fig. 4. Average fluid temperature (black) and flsichternal energy (blue).

10 1 ¢ Simulation

g | |— Fit

0.70 0.75 0.80 0.85

P
Fig. 5. Density dependence of the thermal conditgtof liquid argon.

substrate and the fluid. On the one hand, the Waillkes have
to be taken into account. Notice, for the solidsttdie, due to
the LJTS potential, the thermal conductivity isuficiently

described by the simple phonon-like atom-atom &adgon.

That leads to a low thermal conductivity and thateep
temperature gradients in the solid [32]. Nevertbglén the
considered temperature range, it does rarely depanthe
bulk temperature [10]. In contrast, the fluid, ategarding its
thermal conductivity, is well described by the LIp&ential.
According to our investigations about transportfiicients

and the literature (cf. [26,27]), the fluid’s theahtonductivity
is strongly dependent on the temperature and isvknto

decrease with an increasing fluid temperature.

Moreover, the dependency of the thermal condugtieit
the density at a constant temperature is signifidan. Fig. 5
shows such a correlation for the temperaflire0.88. Here,
the hollow hashes depict the results gained viaGheen-

energy £ mertace 1hereby, taking into account Eq. (3) and i by method, while the black line shows the trericthe

Eq. (4), R« decreases with increasir® nerace SinCe the
temperature gradient increases with increagingace [31].
Moreover, Shi et al.[31] andKim et al.[24] show that with
increasing temperature of the solid substiateand thereby
R« increase. [33]

In our results, those correlations just apply fdre t
lubricated case. Here, those effects seem to sogperpnd
might yield a higher fluid temperature and a fasfeid
temperature increase, respectively, for a highgface That
is going to be investigated in detail in follow-sfudies.

However, the heat transport originating from theteot
zone is not just dependent on the thermal resistatcthe
interface, but also on the thermal conductivifiesf both the

correlation. Notice, that e.g. at the constant terafure
T = 0.88 increasing the density of the fluid abobit%2 leads
to a doubling of the thermal conductivity.

Regarding our study, that has an impact for the theain
the lubricated case. Here, the density of the &esbrfluid
layers close to the substrate surface is higher ithaéhe bulk.
That results in a steep increase in the thermadwttivity in
the adsorbed layers. Finally, that supports thé theain the
direction tangential to the surface, acceleratesciboling of
the contact zone and results in a faster heatirgf tipe fluid.

4. Conclusion

In the present work, the method of molecular dymami
simulations has been applied to study the influede
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lubrication on a nanometric machining process. plucess’
kinematics was implemented via a cutting tool Hrst
penetrating a solid substrate vertically, and sgbsetly
scratching the surface horizontally. The two sciesathat
were studied included a dry case and a lubricassé.cHere,
for the latter, the substrate and the cutting trel immersed
in a fluid. All components are modeled by LJTS ptitds
regarding their atomic interactions. Due to
parametrization, the system mimics liquid argorthes fluid
interacting with vanadium as the substrate.

For the given solid-fluid interaction we find, thdere is
hardly any fluid in the contact zone between thtirngy tool
and the substrate. Therefore, comparing the dry ted
lubricated case with respect to the mechanical gnt@s
yields minor differences. The coefficient of frimi is slightly
reduced in the lubricated case. However, the |aterees and
the dissipation are equivalent.

For the thermal system behavior the impact of thigl fin
the sense of a heat sink is remarkable. About % &f the
dissipative energy is absorbed into the fluid. \Weveg as per
the literature, that value is strongly dependentdifferent
interfacial effects that are mainly influenced b solid-fluid
interaction energy. However, here, only a singleapeter
combination was considered.

Therefore, the present work should be treated aasa
study. We present a setting, which is useful todytu
lubricated nanometric machining regarding it meaterand
thermophysical behavior. That way is shown to hesifde
and to yield interesting results. Systematic stdigith
comprehensive parameter variations and analysig@ng to
be the topic of future work of our group.
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