Accepted Manuscript %

TRIBOLOGY
INTERNATIONAL

Ediors: ichelFilon, Hong Liang and Weimin L

Behaviour of n-alkanes confined between iron oxide surfaces at high pressure and
shear rate: A nonequilibrium molecular dynamics study

Sebastian Echeverri Restrepo, Marcel C.P. van Eijk, James P. Ewen !

PII: S0301-679X(19)30267-1
DOI: https://doi.org/10.1016/j.triboint.2019.05.008
Reference: JTRI 5768

To appearin:  Tribology International

Received Date: 11 February 2019
Revised Date: 8 April 2019
Accepted Date: 5 May 2019

Please cite this article as: Restrepo SebastiaEcheverri, van Eijk MCP, Ewen JP, Behaviour of n-alkanes
confined between iron oxide surfaces at high pressure and shear rate: A nonequilibrium molecular
dynamics study, Tribology International (2019), doi: https://doi.org/10.1016/j.triboint.2019.05.008.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.triboint.2019.05.008
https://doi.org/10.1016/j.triboint.2019.05.008

Behaviour of n-Alkanes Confined between Iron Oxide Surfaces at High Pressure and
Shear Rate: A Nonequilibrium Molecular Dynamics Study

Sebastian Echeverri Restrepo®P, Marcel C. P. van Eijk?, James P. Ewen®4

¢SKF Research € Technology Development, PO Box 2350, 3430 DT Nieuwegein, The Netherlands
b Department of Physics, King’s College London, Strand, London WC2R 2LS, UK

¢Department of Mechanical Engineering, Imperial College London, London SW7 2AZ, England, UK
4 Corresponding author

Abstract

The behaviour of n-alkanes confined and sheared between iron oxide surfaces has been studied using nonequilibrium
molecular dynamics simulations. The molecular extension, orientation, film structure, flow, and friction have been
investigated for a range of n-alkanes chain lengths under conditions representative of the elastohydrodynamic lubrication
regime. At high pressure, the molecules show strong layering and long-range order, suggesting solid-like films. Conversely,
high shear rates result in less elongated, layered, and ordered molecules; indicating more liquid-like films. Although
Couette flow is usually observed for short n-alkanes, the flow is often non-linear for long n-alkanes. The friction coefficient
increases logarithmically with shear rate, but the slope decreases with increasing pressure such that it becomes insensitive

to shear rate for long n-alkanes.

1. Introduction

A detailed understanding of the molecular-scale be-
haviour of fluids confined, pressurised, and sheared be-
tween solid surfaces is critical in tribology. Most of the
friction losses in lubricated machine components based on
elements that roll and slide together (e.g. rolling bear-
ings, gears, constant velocity joints and cam/follower sys-
tems) are in the elastohydrodynamic lubrication (EHL)
regime. In the EHL regime, thin lubricant films (nm) are
subjected to very high pressures (GPa) and shear rates
(> 107 s71). These conditions are extremely challenging to
probe directly through experiment, and thus the behaviour
of lubricants under EHL conditions remains somewhat un-
clear [1].

Alongside experiments, nonequilibrium molecular dy-
namics (NEMD) simulations can provide unique insights
into the behaviour of lubricants under EHL conditions [2].
Since the early 1990s, many studies have investigated the
behaviour of lubricants strongly confined (< 6 molecular
layers) between solid surfaces, where the effective viscos-
ity is increased relative to the bulk [3]. Early NEMD sim-
ulations of thin fluid films suggested that this viscosity
increase was due to crystallization for atomic fluids and
vitrification for molecular fluids [4]. MD simulations of
n-dodecane (Ciz) showed a transition from liquidlike to
solidlike behaviour between 6 and 7 molecular layers at
ambient temperature and pressure [5]. Further MD simu-
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lations of Cjio suggested that the initial increase in effec-
tive viscosity from confinement was due to the formation
of crystal bridges between the surfaces, which was followed
by a further increase due to tetratic order throughout the
film upon increasing confinement [6, [7].

NEMD simulations of strongly confined systems showed
flow behaviour that deviated from the linear (Couette)
case, such as boundary slip at the solid surfaces, as well
as slip between molecular layers within the fluid film it-
self [§]. NEMD comparisons between thin (8 molecular
layers) films of different m-alkane chain lengths (Cg-Csgo)
suggested that, at low pressure (0.1 MPa), interlayer slip
within the ordered film occurred and shear stress was sen-
sitive to the chain length [9]. Conversely, at high pressure
(100 MPa), boundary slip occurred and the shear stress
was insensitive to the chain length [9]. For thin n-alkane
films at high pressure (500 MPa) between a-FeyOjs sur-
faces, where no slip occurred, the shear stress was shown
to be dependent on chain length (C1-Cgs) [10]. The shear
stress was also dependant on chain length (Cao-Ci49p) for
thin (7 molecular layers) n-alkane films sheared between
polymer-like surfaces at low pressure (10 MPa), where no
slip occurred [I1I]. However, for metal-like surfaces, upon
which the n-alkanes showed slip, the shear stress was inde-
pendent on the chain length under the same conditions [T1].
For the same systems, the shear stress was also shown to
increase monotonically with the sliding velocity for metal-
like surfaces but to be independent of sliding velocity on
polymer-like surfaces [12]. It was also found that shorter
(Ca0) confined n-alkanes melted at high temperatures (0-
900 K), whereas longer chains (Cigp, C1400) only showed
thermal softening [13].
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Relatively fewer NEMD studies have investigated the
behaviour of thicker lubricant films (> 10 molecular layers)
of direct relevance to EHL. Both NEMD simulations [4]
[I4] and experiments [I5] have suggested that there could
be similarities between the behaviour of strongly confined
films and thicker films subjected to high pressures. In-
deed, comprehensive NEMD simulations of relatively thick
(35 atomic layers) atomic fluid films showed a range of
‘nonequilibrium phases’ under high shear rate and pressure
conditions. [16] [I7] This behaviour was reminiscent of pre-
vious observations for more strongly confined films at lower
pressure [8]. Further NEMD simulations showed that the
nonequilibrium phase transitions observed at high pres-
sure can lead to deviations from classical friction laws [I§],
which has also been observed for thinner n-alkane films at
lower pressure [I2]. Recently, unusual friction and nonequi-
librium phase behaviour has also been observed in NEMD
simulations of relatively thick films of branched and cyclic
alkanes under EHL conditions [T9] 20 21]. To design new
lubricant molecules to control EHL friction, a clear under-
standing of how molecular structure affects molecular-scale
structure, flow and friction is required.

In this study, the behaviour of n-alkane films (> 16
molecular layers) confined, pressurised, and sheared be-
tween a-FeoOg surfaces (as a model for steel) has been
investigated under EHL conditions using NEMD simula-
tions. The effect of n-alkane chain length (C14-Cgp), ap-
plied pressure (0.5-1.5 GPa) and shear rate (109-10'0s~1)
on the chain extension and orientation, film structure and
flow, and friction has been studied simultaneously. These
results increase our understanding of the molecular-scale
behaviour of model lubricants under EHL conditions.

2. Methodology

Classical MD simulations were performed using the
large-scale atomic/molecular massively parallel simulator
(LAMMPS) software [22]. The velocity-Verlet algorithm
was used to integrate the equations of motion with a time-
step of 1.0fs. All of the initial configurations were gener-
ated using the LAMMPS builder software [23] 24], which
utilises Moltemplate [25] and the Atomic Simulation En-
vironment (ASE) [26]. The systems consist of two paral-
lel atomically-smooth surfaces separated an approximately
8nm thick n-alkane lubricant layer, as shown in Figure
The n-alkane layer was sufficiently thick (> 16 molecular
layers) such that the lubricant was not strongly layered in
the middle of the film and thus any confinement-induced
viscosity increase was expected to be negligible [27) 28].
Periodic boundary conditions were applied in the z and y
directions.

The lubricant layer consisted of n-alkanes of different
lengths: n-hexadecane (Cyg), n-triacontane (Csp) and n-
hexacontane (Cgg). In all cases, a total number of 19200
carbon atoms were inserted; this corresponds to 1200, 640
and 320 molecules for Cyg, C3g, and Cgg, respectively. In
modern lubricants, most base oil molecules are towards the

middle of this range, with n-alkanes constituting a large
proportion of the various isomers present [29].

For the n-alkane molecules, bonded (bond stretching,
angle bending, dihedral torsion) and non-bonded (Lennard-

Jones and partial charge) parameters from the long hydrocarbon-

optimised potentials for liquid simulations, all-atom force
field (L-OPLS-AA) [30) [31] were used. This force-field has
been shown to correctly describe the viscous behaviour of
long alkanes under ambient and high temperature, high
pressure conditions [32]. Moreover, all-atom force-fields
have also been shown to be necessary to accurately model
phase transitions in confined alkane systems [33]. All C-H
bonds were constrained using the SHAKE algorithm [34].

Hematite (a-FeoOs) surfaces were chosen as a repre-
sentative model for steel surfaces [35]. The hematite sur-
faces [36] were cleaved and oriented such that the [100]
plane is in contact with the lubricant (see Figure . The
thickness of the surfaces in the z direction is 13.7 A and the
size of the surface in the z and y directions are 80.5 A and
78.4 A respectively. The cell dimensions were large enough
to prevent the interaction of individual n-alkane chains
with their own periodic image under shear. The Fe and O
surface atoms are restrained in the corundum crystal struc-
ture [36] with harmonic bonds between atoms within 3 A.

The force constant of these bonds was 130 kcal mol ! AiQ,
which has been shown previously to yield realistic surface
rigidity and thermostat efficiency [37].

Surface-lubricant interactions were represented with the
Lennard-Jones and Coulombic potentials. The parame-
ters for the Fe and O surface atoms, which determine the
strength of the interactions with the lubricant atoms, were
taken from Ref. [10] and Ref. [37] respectively. These pa-
rameters were developed to reproduce experimental des-
orption energies of n-alkanes on hematite surfaces. [10]
Cross-interactions were evaluated using the geometric mean
mixing rules [30]. Lennard-Jones interactions were cut off
at 12 A and electrostatic interactions were evaluated us-
ing a slab implementation of the particle-particle-particle-
mesh algorithm [38] with a relative accuracy in the forces
of 1 x 1077.

2.1. Equilibration

First, n-alkane molecules were inserted between the
surfaces in an ordered fashion, which was followed by en-
ergy minimisation. Next, a properly equilibrated system
was a generated using a simple heat-quench sequence. Here,
the artificially ordered m-alkane molecules were heated to
2000 K to accelerate diffusion, and left to equilibrate for
10ns. The system was then quenched back to the target
temperature 353 K over a further 10ns. During the heat-
quench sequence, the fluid temperature was controlled us-
ing a global Langevin thermostat [39] acting in all Carte-
sian directions, using a damping constant of 0.1 ps.

Three different criteria were considered to ensure that
the systems were well equilibrated. It was verified that the

mean square end-to-end distance, <R§t6>, and the mean



square radius of gyration (< Rg) reached a steady state [40)].

Long n-alkanes which are not properly equilibrated can
present deformation on short length scales that can only
be relaxed after the chains have moved a distance equiva-
lent to their own length [4I]. In order to ensure that this
occurred during equlibration, the mean-squared displace-
ment for the C atoms (MSDatom) and for the centre of
mass of the alkane chains (MSDy0lec) Were also monitored
during the equilibration. More details regarding the equi-
libration procedure can be found in the Appendix. The
final equilibrated configurations were used as inputs for
the compression and shear simulations.

2.2. Compression

After the systems were equilibrated, the pressure was
increased by assigning a constant normal (z) force to the
outer layer of Fe atoms in the top surface while keeping
the outer layer of atoms in the bottom surface fixed in the
z direction (see Figure . Three different pressure values
were considered; 0.5 GPa, 1.0 GPa, and 1.5 GPa. These
pressures are of direct relevance to lubricants in the the
EHL regime [I].
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Figure 1: Structure and regions of a representative system for these
simulations. The system is divided in three regions, namely, the n-
alkane fluid, and the top and bottom surfaces. Within each surface,
the frozen atoms (green) are used to apply the shearing and com-
pressive constraints, and the thermostat atoms (orange) to control
the temperature. Both the free layers (yellow) and the fluid (blue)
atoms are unconstrained.

For the compression and shear stages, the temperature
of the system is controlled (T = 353 K) by a Langevin ther-
mostat [39] with a damping coefficient of 0.1 ps, acting on
the middle layer of atoms in both surfaces (thermostat in
Figure [1)). The thermostat was applied only in the di-
rection perpendicular to both the sliding and compression
(y). This approach has been shown to be more physi-
cally accurate compared to application of the thermostat
directly to the confined fluid, which can considerably in-
fluence friction and flow behaviour, particularly at high
shear rates [42] (43 [44].

The compression phase is performed in two steps; first,
the pressure is linearly incremented over 10ns and then

Table 1: Effect of confined n-alkane chain length and pressure on the
average density in the fluid region

plkgm~]
P [GPa]
Chain 0.5 1.0 1.5
Length
Cie 0.87 0.93 0.98
Cso 0.90 0.96 1.00
Ceo 091 097 1.01

the target pressure is maintained for a further 10ns. The
density of the fluid region and the average pressure both
reach a steady state well within the simulation time. The
average n-alkane densities over the final 1 ns of the com-
pression phase are presented in Table[I] In agreement with
experiments data [45], there is an increase in average den-
sity with increasing n-alkane chain length, as well as with
increasing pressure.

2.3. Shear

After the n-alkanes are equilibrated at the target pres-
sures (0.5-1.5 GPa), the shear response of the lubricant
was studied. A shear velocity gradient was imposed on
the system by applying an equal and opposite sliding ve-
locity, v, = fv4/2, to the outermost layer of atoms in each
surface (see Figure |1)) in the z direction. The following
sliding velocities were considered, v,; 10ms™!, 20ms™*,
50ms~! and 100ms~!. For the simulated film thickness
(approx. 8nm), these correspond to applied shear rates,
4, of approximately 10°-10'°s~!. While these are above
those encountered in real engineering components (105
108s71) [46], lower shear rates do not reach a steady state
in the available simulation time for the long n-alkanes
studied here [2].

To verify that a nonequilibrium steady state was reached,
the change in (RZ,.) [40], (S3*) [47], and shear stress,
0z [6], were monitored. Lower sliding velocities require a
longer simulation time to reach a steady state (up to 200
ns); however, a similar sliding distance is needed, in agree-
ment with experimental observations [48]. In general, a
steady state is reached after a shorter sliding distance for
shorter n-alkanes and lower pressures. A representative
case is Cz at 1.0GPa, for which the change in (RZ2,),
(S5%), and o0, with sliding distance are presented at four
sliding velocities in Figure 2]

Since the initial configuration is the same for all of the

sliding velocities, they all have an initial value of <R§te> =

283 A% After this point, (R?,,) increases and then asymp-
totes towards a steady state value. This suggests that the
chains generally unfold when shear is applied. The steady
state <R§te> generally decreases with increasing sliding ve-

locity. This is consistent with previous confined NEMD
simulations of long n-alkanes at high shear rates [49].
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Figure 2: Change in the: a) mean square end-to-end distance,

<R§t€>7 b) average segmental orientation, <S§Z>, and c) average

shear stress, 0., with sliding distance for C3p at a pressure of
1.0 GPa.

For ideal chains in the bulk, the average segmental ori-
entation, (S3%) = 0.25. This indicates a uniform distribu-
tion of the orientation of the chains, which corresponds to
an average orientation angle of 45°. When under confine-
ment, n-alkane molecules close to the surfaces tend to align
parallel to them [49], meaning that the angle between the
chain and the surface is close to zero, and hence (S3?) in-
creases. In the case of Cgg at 1.0 GPa, (S3%) = 0.32 before
shear is applied (see Figure[2p), indicating that there is al-
ready a preferential orientation due to the presence of the
confining surfaces. When sliding is initiated, the chains
begin to align with the flow direction, further increasing
(S5%). Generally, (S5*) decreases with increasing sliding
velocity, this is discussed in the next section.

The shear stress, o,., is monitored through the aver-
age friction force acting on the outermost layer of atoms
(frozen atoms in Figure|l)) in the top and bottom surfaces
(divided by the surface area) in response to the fluid. At
the onset of sliding, o, increases rapidly to reach a max-
imum value and then decreases before reaching a steady
state. This is indicative of ‘stress overshoot’ behaviour,
which is frequently observed in sheared polymer melts [50].
The sliding distance needed for o, to reach a steady state
is consistent with that needed for (R?,.) and (537 (Figure
. Thus o0,, reaches a minimum only when the n-alkane
molecules extend and align with the flow direction [50].
Generally, 0., increases with increasing sliding velocity,

this is discussed further in the next section.

Once a nonequilibrium steady state is obtained (Figure
7 sliding is continued for a further 5ns to 20ns. Dur-
ing the final 2ns of these production simulations, <R§te>,
(S5%), and 0, are measured and averaged. These nonequi-
librium steady state results are presented and discussed in
the next section.

3. Results and Discussion

First, the effect of chain length, pressure, and shear
rate on the chain extension, (R%,.) and orientation, (S5)
are studied in Section The change in film structure
and flow are investigated through mass density and ve-
locity profiles as well as radial distribution functions in
Section [3.2] Finally, the dependency of the friction on
the chain length, pressure, and shear rate are presented in

Section 3.3

3.1. Chain extension and orientation

Longer chains will inherently have higher absolute val-

ues of (R2,), so to compare the variation of (R?,) be-

tween the different n-alkanes, the mean square end-to-end
distance was normalised per C-C bond; (R2,,) / (Nbonds)®.
This is presented as a function of shear rate for the differ-

ent chain lengths and pressures studied in Figure [3
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Figure 3: Mean square end-to-end distance, <R§te> per C-C bond,
as a function of the shear rate, 4. Error bars, calculated from the
standard deviation between block-averages, are omitted for clarity,

but are of a similar size to the symbols.

Figure [3| shows that <R§te> / (Nbonds)2 generally de-
creases with increasing shear rate, suggesting less extended
chain conformations. Previous confined NEMD simula-
tions of thin Cig films showed the opposite trend [2§].
However, decreasing <R2 > with increasing shear rate was

ete

also observed in confined NEMD simulations of Cgg at high
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Figure 4: Average segmental orientation, <S§z>, as a function of the
shear rate, 4. Error bars, calculated from the standard deviation
between block-averages, are omitted for clarity, but are of a similar
size to the symbols.

shear rate [49]. This decrease was attributed to strong in-
termolecular collisions which lead to intense chain rotation
and tumbling dynamics at high shear rate [49]. Longer
chains (Cgp) are relatively less extended than shorter chains
(Ci6) at all pressures and shear rates studied. This is ex-
pected for m-alkanes, even in the absence of confinement
and shear [51]. Pressure has a negligible effect on chain
extension for the systems and conditions studied here.

Perhaps more surprisingly, Figure [f] shows that there
is also a general decrease of (S3%) with increasing shear
rate. This indicates an increase of the average angle of seg-
ments relative to the shearing direction at high shear rate
(see Appendix), meaning that the chains are relatively less
aligned with flow direction. Although such behaviour has
also been observed in bulk NEMD simulations of Cig at
high shear rate [52], the opposite trend is more commonly
reported [49, 53], 28]. This discrepancy can be rationalised
through the high pressures applied in these simulations
which lead to the fluids becoming solid-like; this will be
discussed further in the following section. Previous exper-
iments [54] and NEMD simulations [49] have shown that n-
alkanes close to the confining surfaces align preferentially
with the direction of shear (see Appendix). Under the high
pressures applied in these NEMD simulations, the ordered
region extends further towards the centre of the film (Fig-
ure[7), leading to a high value of (S3%). As the shear rate
is increased, the film becomes more liquid-like (Figure [5)),
and the thickness of the ordered region decreases (Fig-
ure @7 meaning that (S3*) also decreases. The n-alkane
molecules are generally more aligned at higher pressure,
where the solid-like regions are thicker. Consistent with
previous bulk NEMD simulations [53], longer n-alkanes
show more alignment with the shearing direction.

3.2. Film structure and flow

Figure [5| shows the radial distribution function (RDF),
g(r) for the C atoms, which was calculated using a cut-
off distance of 20A. In the calculation of g(r), C atoms
separated from each other by one or two C-C bonds were
excluded [55].
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Figure 5: Radial distribution function (RDF), g(r), for C atoms mea-
sured during steady state sliding for the three chain lengths studied:
Ci6, C30 and Cgo. a) 0.5GPa, 10ms~!, b) 0.5GPa, 100ms~1!, c)
1.5GPa, 10ms~! and d) 1.5 GPa, 100ms~1.

In Figure |5 three intramolecular g(r) peaks are ob-
served at C-C separations of: dy ~ 3.2A, dy ~ 3.9A and
ds3 ~ 5.1 A (see@. The dy and ds peaks can be attributed
to C atoms separated by three bonds in gauche and trans
conformations respectively [55]. The latter peak is much
more intense, indicating that most of the chains are in
extended conformations. The d3 peak is mostly due to
C atoms separated by four bonds, and its high intensity
further suggests that the chains are in mostly extended
conformations. These observations are consistent with the
trends shown previously for (R%,,) / (Nbonas)® (Figure .
For liquid systems, only one broad intramolecular peak
would be expected. The peak splitting in Figure [5| sug-
gests molecular order over different length ranges, which
is indicative of glassy systems [55], 56].

There are additional peaks at larger distances in Fig-
ure b} which indicate long-range order and thus crystalline
films [57,[58]. These peaks are more intense at higher pres-
sure and lower sliding velocity; suggesting more solid-like
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Figure 6: Distances d1, d2 and d3 between pairs of carbon atoms cor-
responding to the first three peaks of the radial distribution functions
for all the systems.

films under these conditions [59]. Moreover, comparing the
size of the dy and dy peaks in Figure[f] it is clear that there
is a smaller trans/gauche ratio at high pressure and lower
speed, a further indication of more solid-like films under
these conditions [60]. The relative peak intensities also
suggest that longer chains are more solid-like compared to
shorter chains, which is expected from their higher melting
points (C16 = 291K, C30 = 339K, Cgp = 373K).

Figure [7] shows atomic mass density profiles and -
velocity profiles in the z-dimension for the shortest and
longest chains (C16-Cgo) and lowest and highest pressures
(0.5-1.5 GPa) and sliding velocities (10-100ms~!) stud-
ied.

The mass density profiles in Figure [7]show clear molec-
ular layering of the fluids, which is strongest close to the
surfaces. Generally, longer chains (Cgp) show stronger lay-
ering compared to shorter chains (Cig), suggesting that
they form more solid-like films [I9]. Comparing Figure
with [7p and Figure [T with [7d, it is clear that the films
become less layered, and thus more liquid-like at higher
sliding velocity. Comparing Figure [Th with [7k and Figure
[Mb with [7d, it is also evident that the films become more
layered and thus more solid-like at higher pressure.

At the onset of shear, the velocity profiles show devia-
tions from planar Couette flow for several of the systems
and conditions studied; however, in most cases, a Cou-
ette profile develops once a nonequilibrium steady state
is reached (see Appendix). Figure [7| shows steady state
velocity profiles for the lowest and highest chain length,
pressure, and sliding velocity investigated. At low slid-
ing velocity and low pressure (Figure Eh), the flow for Cyg
remains Couette-like, whereas Cgo shows some central lo-
calisation (CL). CL occurs when the outer solid-like re-
gions of the fluid move at the same velocity as the neigh-
bouring surfaces, and thus only the centre of the film is
sheared [16]. The transition from Couette flow to CL has
been observed for viscous polymers using in-contact pho-
toluminescence experiments under EHL conditions [61]. It
has also been observed in previous NEMD simulations of
atomic fluids [I6] 17, [I§] as well as branched and cyclic
alkanes [19, 21] under EHL conditions. At high sliding ve-
locity and low pressure (Figure |2|b)7 Couette flow is main-
tained for Cig. Cgp also shows a linear velocity profile,
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Figure 7: Velocity (solid lines) and atomic mass density (dotted lines)
during steady state sliding for two chain lenghts: Ci6 and Cgo. a)
0.5GPa, 10ms~!, b) 0.5GPa, 100ms~!, ¢) 1.5GPa, 10ms~! and
d) 1.5GPa, 100ms—*!



but there is a small amount of boundary slip at the fluid-
surface interface (slip length < 1nm). Boundary slip has
also been observed in previous NEMD simulations of n-
alkane films [62] [12] [63] 20]. However, NEMD of very thick
(> 400nm) Cg films confined between a-Fe surfaces at 10°
s~! and 1.0 GPa showed that no boundary slip occurs un-
der such conditions [64]. Atomic-scale roughness has also
been shown to reduce boundary slip in confined NEMD
simulations [20]. At low sliding velocity and high pressure,
(Figure Ek), C16 shows Couette flow while Cgg shows CL.
Figure [7d shows that Cj¢ also shows slip at high pressure
(= 10nm). Moreover, the slip length increases (= 40nm)
with increasing pressure for Cgo, which is consistent with
previous NEMD simulations [63] and in-contact photolu-
minescence experiments [65] of different fluids. The mag-
nitude of the slip lengths are relatively low compared to
previous NEMD simulations of n-alkanes [62] 12, [63] due
to the wetting a-FeyO3 surfaces [10] [66] and the relatively
thick films employed [64]. Overall, larger deviations from
Couette flow are observed for longer n-alkanes which form
more solid-like films. Under the lower shear rates used ex-
perimentally [46], CL is expected for long n-alkanes such
as Cgo, even at rather modest pressure (0.5 GPa).

3.8. Friction

Figure [§|shows that the shear stress, 0, increases lin-
early with increasing pressure, o,.. This is in agreement
with the Derjaguin form of the Amontons-Coulomb fric-
tion law; 0,./0.. = 00/0., + u, where o,, and o, are
respectively the mean friction force and normal force act-
ing on the outer layer of surface atoms, p is the friction
coefficient, and oy is the load-independent Derjaguin off-
set [67), 68]. The p and oy were respectively calculated
from the gradient and intercept of the linear fits in Figure
for the different systems and conditions studied.

Friction anisotropy, whereby a friction force is detected
perpendicular as well as parallel to the sliding direction,
has been observed in previous experiments [69] and NEMD
simulations [70] of strongly-confined (< 3 layers) n-alkane
films. However, friction anisotropy was not observed for
the relatively thicker n-alkane films studied here at high
pressure.

Figure [J] shows the change in the shear stress, 0.,
with logarithmic shear rate. In general, longer chains give
higher o, than shorter chains in [0 as expected due to
their higher viscosity [71]. This trend has also been ob-
served in previous NEMD simulations of thinner films at
lower pressure [9, [I1], 12, 10]. The difference in 0., be-
tween chain lengths decreases with increasing shear rate,
such that they are very similar at the highest shear rate
studied (= 1019s71). It is important to note that tribolog-
ical experiments [19] [71] and engineering components [46]
operate at lower shear rates than those accessible through
NEMD simulations [2]. Thus a larger increase in o,, with
increasing chain length can be expected under these lower
shear rates than was observed here. All of the systems
undergo shear thinning under the conditions studied, as
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Figure 8: Shear stress, 0, as a function of the applied pressure, 0.,
on the outer layer of atoms in the top and bottom surfaces during
steady state sliding. Lines represent linear fits to Derjaguin form of
the Amontons-Coulomb friction law.
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Figure 9: Shear stress, 0., versus logarithmic shear rate, 4, during
steady state sliding. Error bars, calculated from the standard devi-
ation between the trajectory time-averages, are omitted for clarity,
but are of a similar size to the symbols.



shown by the reduction in the effective viscosity, 1. ¢, with
increasing shear rate (shown in Appendix) 28] [13], G3].

Generally, 0., increases linearly with logarithmic shear
rate in Figure [0} as is commonly observed for lubricants
in macroscopic EHL friction experiments [} 19]. Simi-
lar behaviour has also been reported in previous NEMD
simulations of thin (6 molecular layers) Cqg films between
polymer-like surfaces at low pressure (10 MPa) [12]. In
Figure [0} the slope of the increase in o, with shear rate
generally decreases with increasing pressure. This has also
been observed in NEMD simulations of both linear [63] and
branched [19] alkanes under similar conditions.
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Figure 10: Friction coefficient p as a function of logarithmic shear
rate, ¥, during steady state sliding.

Figure and Figure show the change in p (from
gradients of linear fits in Figure[§]) and o¢ (from intercepts
of linear fits in Figure [8) with logarithmic shear rate. Un-
like branched alkane films [I9], most of the n-alkanes show
a finite og in Figure suggesting some adhesion at the
solid-liquid interface [68]. Non-zero values of oy have also
been obtained from previous NEMD simulations and ex-
periments of a range of confined fluids [72] 67, [68], [73], 24].
Figure shows that o( increases approximately linearly
with logarithmic shear rate for all of the n-alkanes studied,
in agreement with previous simulations of atomic fluids at
high shear rate [(2]. In Figure og is larger for longer
n-alkanes, as observed in previous NEMD simulations of
n-alkanes (Ca0-Cigo) [(3]. For short n-alkanes at low shear
rate, a negative o is extrapolated from Figure [8) which
was also noted from previous NEMD simulations of atomic
fluids [72] and Ci¢ [67].

In Figure[I0] p increases linearly with logarithmic shear
rate at low pressure (0.5 GPa) for all of the n-alkanes stud-
ied. At higher pressure (1.0-1.5 GPa), p still increases
with shear rate for Ci4, but with a shallower slope. Con-
sequently, at high shear rates, u is higher at low pres-
sure than at high pressure; an observation that is consis-
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Figure 11: Derjaguin offset, og, versus logarithmic shear rate, 7,
during steady state sliding.

tent with previous NEMD simulations of Cig [63]. For
longer alkanes (C50-Cgp), @ becomes insensitive to shear
rate at high pressure, in line with Coulomb’s law for dry
friction [67]. The transition to this behaviour, above the
limiting shear stress (LSS), has been observed for several
fluids in macroscopic friction experiments [74]. It has also
been observed for bulky cyclic alkane molecules in NEMD
simulations [I9] [20]. Similar behaviour has also been re-
ported in previous NEMD simulations of thin Cgy films
between polymer-like surfaces at low pressure (10 MPa)
which showed boundary slip [12].

The LSS has been linked to a range of effects, includ-
ing the glass transition [20] and changes in the flow be-
haviour [19, 21]. As discussed above, non-linear flow per-
sists into the steady state for some of the systems and
conditions studied here (Figure E[) For example, bound-
ary slip occurs at high pressure and shear rate for Cgg
(Figure [7), which has been shown to reduce p [12]. More-
over, Cgp also shows CL at low shear rate in Figure [7]
whereas shorter n-alkanes remain Couette-like. Interest-
ingly, Cgo reaches the LSS in Figure at high pressure
(1.5 GPa) while C;4 does not. Since all of the n-alkanes ap-
pear glassy (or even crystalline) in Figure [5] these results
further support a link between the LSS and non-linear flow
behaviour [19] 21].

Severe EHL conditions can lead to large temperature
rises within the fluid film as well as at the sliding sur-
faces [1]. Figure shows the change in average film
temperature (details in Appendix) with logarithmic shear
rate. At the lowest shear rate studied, the temperature in
the fluid region is the same as the thermostatted surfaces
(353K). As predicted by the Archard equation for flash
temperature rise [75], there is a linear increase in temper-



ature with increasing sliding velocity (inset in Figure .
The temperature rise is rather insensitive to chain length
and pressure in the ranges studied. Under similar condi-
tions, AT is larger than in previous NEMD simulations
of thinner n-alkane films [76] [63]. Moreover, the ‘critical
shear rate’ at which a detectable AT occurs is lower than
in these simulations. This is intuitive because in thicker
films, heat generated by the shearing process must travel
further before it can be dissipated through the thermostat-
ted surfaces. Indeed, the Archard equation predicts a lin-
ear increase in temperature rise with film thickness [75].
The same trend has been observed in recent NEMD simu-
lations of branched and cyclic alkanes [21].
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Figure 12: Average temperature rise of the fluid region, AT, as a
function of logarithmic shear rate, 4. Inset shows the same data
versus linear sliding velocity, vs. Error bars, calculated from the
standard deviation between the trajectory time-averages, are omitted
for clarity, but are of a similar size to the symbols.

The n-alkane films become more liquid-like at high
shear rates, as shown by the reduction in (R?%,) (Figure
and (S5*) (Figure ), and long-ranged order (Figure ).
However, even at the highest shear rate and lowest pres-
sure studied here, Figure[5|suggests that all of the n-alkane
films remain glassy. This is in agreement with previous
NEMD simulations in which only softening rather than
melting was observed even at very high temperature (900
K) [13]. The increase of the temperature at high shear
rate will decrease the fluid viscosity and also reduce fric-
tion. Since the temperature rise increases with increasing
shear rate, it might be expected that the LSS behaviour
observed for Cgg at 1.5 GPa could be due to shear heat-
ing. However, in Figure[9] the friction coefficient does not
increase with shear rate for Cgy even at low shear rate
where there is a negligible AT in Figure Therefore
the LSS behaviour observed for Cgp in Figure [0] cannot be
attributed purely to shear heating [76] 21].

4. Conclusions

In this study, the behaviour of n-alkane films confined
(> 16 molecular layers) and sheared between atomically-
smooth hematite surfaces under EHL conditions has been
investigated using NEMD simulations. The effect of the
n-alkane chain length (C16-Cgp), pressure (0.5-1.5 GPa),
and shear rate (10°-10!° s71) on the chain extension and
orientation, film structure and flow, and friction have been
studied. An accurate all-atom force-field was used to en-
sure that the viscosity was close to that expected experi-
mentally.

Starting from ordered chains, a heat-quench cycle was
used to equilibrate the systems by monitoring the end-
to-end distance and radius of gyration. It was also en-
sured that the chains moved at least their own size via
the mean square displacement. When shear was applied,
the end-to-end distance, segmental orientation, and fric-
tion were monitored to determine when a nonequilibrium
steady state had been reached. The results show that
reaching a steady state in m-alkane films depends on the
sliding distance rather than the sliding time, in agreement
with previous experiments and NEMD simulations.

At high pressure, the films show more layering and or-
dering in the mass density profiles and RDFs respectively,
suggesting that they become more solid-like. Conversely,
at higher shear rates, the chains become less elongated,
aligned, layered, and ordered; indicating the films become
more liquid-like as the fluid film temperature rise increases.
Longer n-alkanes are generally more solid-like, in accor-
dance with their higher melting points.

For short n-alkanes, the flow remains mostly Couette-
like, but some boundary slip occurs at the highest pressure
and shear rate studied. Conversely, long n-alkanes con-
sistently show non-linear flow. At low shear rate, long n-
alkanes show central localization, whereby only the middle
region of the fluid is sheared. At high shear rate, boundary
slip is observed for long n-alkanes, with much larger slip
lengths compared to short n-alkanes.

For all of the systems and conditions studied, the shear
stress increases linearly with increasing pressure. How-
ever, most linear extrapolations of the shear stress to zero
pressure showed finite intercepts, suggesting some adhe-
sion. Longer chains, with higher viscosity give higher shear
stress, particularly at low shear rates where the films are
more solid-like. The shear stress is more sensitive to pres-
sure than to chain length in the ranges studied.

At low pressure, the friction coefficient increases lin-
early with logarithmic shear rate, as is commonly observed
for lubricants in experiments and simulations. For short
n-alkanes, the slope of this increase becomes shallower as
the pressure increases. For longer n-alkanes, the friction
coefficient becomes insensitive to shear rate at high pres-
sure, suggesting that the LSS was reached. A detailed
study of the fluid properties reveals that a combination of
non-linear flow and shear heating are responsible for this
behaviour for the systems and conditions studied here.



The results of this study suggest that n-alkanes can [13]
show deviations from the commonly assumed flow and fric-
tion behaviour at high pressure and shear rate. These de-
viations are generally larger for longer n-alkanes, which
have higher viscosity and melting points.
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Appendix A. Definitions

Appendiz A.1. Segmental Orientation

(S3) describes the orientation of the chemical bonds in
terms of the second Legendre polynomial [47]:

3 <cos2 a> -1
- 9
where « is the angle between a chain segment and a refer-
ence axis. In practice, <0052 a> is calculated using;:

(S2) (A.1)

1 Nbonads r?j A 2
— l

b

ij

(cos® o) = (A.2)

Y
bonds b—1

in which Npongs is the total number of bonds, rgj is the
difference between the positions of the two atoms that form
the bond b, and 7 is the direction of the main axis.

In this study, the changes of the orientation in the slid-
ing direction are monitored, through the segmental orien-
tation with respect to = projected in the xz plane: (S5Y).
Note that, by definition, if all the molecules are paral-
lel to the shearing direction (S3%) = 1; if all the chains
are perpendicular to the surfaces (S3*) = —0.5; and if the
chains are oriented at 45°, or if they are randomly oriented
(5%%) = 0.25

Appendiz A.2. End-to-end distance

<the> is the mean square of the magnitude of the vec-
tor that points from one end of a chain to the other end.
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For a system containing several chains, the mean square
end-to-end distance, <R§te>, is given by the following equa-
tion [40]:

(Reie) = <(1“1 - I“N)2> (A.3)

where, for each chain, N is the number of atoms and r; is
the position vector of atom 3.

Appendiz A.3. Radius of gyration

<R§> is the mean squared distance of each atom in the
n-alkane chain from its centre of mass, as defined in the
following equation[40]:

N 2
s (2L (o= reoml))
<Rg> = N

where, for each chain, IV is the number of atoms, r; is the
position vector of atom i and reom is the centre of mass.

(A4)

Appendiz A.4. Mean squared displacement

The MSD of an atom is a measure of the deviation
between its current and its initial position. The MSD is
usually averaged over the number of atoms (N) and its
slope when plotted over time can be used to quantify the
diffusion coefficient [4I]. The MSD can be defined as:

N

1 2
MSD = =3 (ri (t) = r: (0))

i=1

(A.5)

where r; (t) is a vector containing the coordinates of atom
¢ at time ¢.

Appendiz A.5. Average film temperature

As common in NEMD simulations, the temperature of
the lubricant is calculated via the kinetic energy of the
atoms but excluding the velocity component in the direc-
tion of sliding (z) to avoid contributions that are not re-
lated to the thermal vibration of the atoms [I7]. The mea-
surements are block-averaged every 100 fs, the AT values
shown in Figure [12] are the time-averaged values from the
final 1ns of the sliding phase.

Appendix B. Equilibration

Figure[B.13|shows the different stages of the simulation
procedure employed here. Starting from an artificially or-
dered chains, the a heat-quench cycle is used to equilibrate
the system, followed by compression and shear. Further
details regarding the equilibration are shown below.

The change in <the> and <R3> for Cq4, C39 and Cgg
at 2000 K are presented on the main part of Figures
and For the case of Cgo, which has lower diffusivity,
these two quantities reach a steady state after approxi-
mately 2 x 105 steps (0.2ns). The insets of the figures
show the evolution of the same quantities after reducing
the temperature to 353 K; after 1 x 107 steps (10ns), both



Figure B.13: Steps of the simulation procedure: a) System generation, b) equilibration, c) compression, d) shear. The orange atoms represent
iron (Fe), red oxygen (O), gray carbon (C), and white hydrogen (H).
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Figure B.14: Mean square end-to-end distance, <R§te>, during the
equilibration stage for the three considered alkane lengths: Cig, Csg
and Cgog. The main plot shows the initial equilibration at 2000 K;
the inset the continuation at 353 K.
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Figure B.15: Mean square radius of gyration, <R§>, during the equi-
libration stage for the three considered alkane lengths: Cig, C3p and
Cgo. The main plot shows the initial equilibration at 2000 K; the
inset the continuation at 353 K.



(R2,.) and (R2) have reached their equilibrium values for
the n-alkanes considered.

The last criterion, is based on the fact that systems
of long n-alkanes can present deformation on short length
scales that can only be relaxed after the molecules have
moved at least their own length [41]. In order to verify
this, the mean squared displacement (MSD) for the indi-
vidual atoms (MSD,tom) and for the centre of mass of the
n-alkane chains (MSDy,01ec) were followed during equili-
bration.

Figure [B:16] shows the MSD,tom and MSD polec for the
three different systems. The main plot shows the evolu-
tion at 2000K and the inset show the change at 353 K.
Note that because the molecules are first introduced into
the system in an artificially ordered fashion (see Figure
, the diffusivity of the longer chains is initially higher
than that of the shorter chains. If we take the length of
a Cgo chain to be ~ 74 A (the angle between the C-C
bonds is 109.5° and the C-C distance equal to 1.54 A), the
molecules move their own size after ~ 3 x 106 to 4 x 106
steps (3ns to 4ns). Using a conservative approach, the
systems are all equilibrated for 1 x 107 steps (10ns). The
insets show the evolution after the temperature has been
decreased; here, as expected, the slope of the MSD.tom
and MSDyoec curves is much shallower than at higher
temperatures.
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Figure B.16: Mean squared displacement (MSD) during the equi-
libration stage for the three considered alkane lengths: Cig, Csg
and Cgo. The main plot shows the initial equilibration at 2000 K;
the inset the continuation at 353 K. The full circles represent the
mean squared displacement per atom (MSDatom) while the empty
squares the mean squared displacement per centre of mass of chain
(MSDmolec)'

Appendix C. Transient Velocity Profiles

A representative example of initial deviations from Cou-
ette flow at the onset of sliding is shown for Czg, 1.0 GPa
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and 50 ms~! in Figure Most systems eventually de-
velop Couette-like profiles, but non-linear flow persists into
the steady state for some of the systems and conditions
studied (Figure [7)).

Figure C.17: Velocity profiles along x at three different times during
the transient state of the simulation. Results are presented for the
case of C3g, 1.0 GPa and 50ms—!.

Appendix D. Effective Viscosity

The effective viscosity of the lubricant, nefs = (052) /
(%) B]. The shear rate was calculated as the ratio of the
sliding velocity and the thickness of the fluid region once
a nonequilibrium steady state was reached.

Figure shows the change in 7. s with logarithmic
shear rate for all the systems studied. As already seen
by many other authors, increasing the shear rate results
in a reduced n.¢¢, showing that thin films exhibit shear
thinning under the high shear rates studied [28] [13] [63].
Only the shortest chain (Cy6) at the lowest pressure (0.5
GPa) is close to reaching the Newtonian plateau at the
lowest shear rate studied 10? s~1.

Figure D.18: Effective viscosity, 1., as a function of the shear rate,
¥, measured after reaching steady state. Error bars, calculated from
the standard deviation between the trajectory time-averages, are
omitted for clarity, but are of a similar size to the symbols.

Appendix E. Spatial Segmental Orientation

The profiles of the segmental orientation per bond S3?
are calculated from a block-average after the system reaches
equilibrium a steady state. The values are averaged along
the z-coordinate using bins of 1 A. The results Figure
show that the molecular layers close to the surfaces are al-
most perfectly aligned with the sliding direction (S3% ~
0.8), in agreement with previous simulations [9, [49]. Fur-
ther into the films there are oscillations in S5* which cor-
respond to the density oscillations in Figure [7]

Figure E.19: Profile of the segmental orientation, S37%, as a func-
tion of the z coordinate during steady state sliding for two chain
lengths: C16 and Cgp. a) 0.5 GPa, 10ms~!, b) 0.5 GPa, 100ms™!,
c) 1.5GPa, 10ms~! and d) 1.5GPa, 100ms~!



Large-scale (up to 50,000 atoms, 250 ns) nonequilibrium molecular dynamics simulations
performed to investigate n-alkane behaviour under extreme conditions

Longer n-alkanes show stronger layering and more long-range order, suggesting more solid-
like films

Longer n-alkanes give higher shear stress but a weaker shear rate dependence

This behaviour can be partially attributed to both shear-induced melting and non-linear flow



