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A Molecular Dynamics Approach to Nano-scale Lubrication

Abstract

A numerical approach based on Molecular Dynamics simulations was developed in the
purpose of investigating the local mechanisms of lubrication at nano-scales. The model ele-
ments were introduced and characterized in order to yield the most realistic material and inter-
facial properties of the contact. Due to their tight relationship with friction at the nanometre
scale, the energetic dissipation methods used in molecular dynamics were revisited and guide-
lines were set for choosing a correct dissipation method for a variety of operating conditions.
Moreover, a novel method combining physical relevance and simplicity was introduced for
studying heat dissipation in the high-shear regime.

The model was then employed to investigate the effects related to the molecular structure
of the surfaces and that of the confined lubricant. On one hand, for studying different tribologi-
cal surfaces, an original method was used to quantitatively measure the physical adsorption
and corrugation potentials. These properties directly influence the structuring and boundary
flow in confined films. On the other hand, the influence of lubricant molecular shape and mole-
cular mixing on the tribological performance was investigated for both wetting and non-
wetting surfaces. The simulations allowed local analysis of lubricated friction to be performed
from the molecular scale and thus a better understanding of the physical interaction between
the involved elements.

Keywords: tribology, friction, lubrication, energy dissipation, molecular dynamics.

Une Approche Dynamique Moléculaire de la Lubrification a I’'Echelle Nanométrique

Résumé

Une approche numérique basée sur des simulations Dynamique Moléculaire a été déve-
loppée dans le but d'étudier les mécanismes locaux de la lubrification a I'échelle nanométrique.
Les éléments du modele ont été présentés et caractérisés afin de reproduire les propriétés les
plus réalistes des matériaux et de l'interface du contact. En raison de leur relation étroite avec le
frottement, les méthodes de dissipation énergétique pour la dynamique moléculaire ont été
revisitées et des recommandations ont été proposées pour le choix d'une méthode correcte
adaptée aux différentes conditions opératoires. Pour le régime de fort cisaillement et donc de
forte dissipation, une nouvelle méthode mieux fondée physiquement a été developée, combi-
nant simplicité et vitesse de calcul.

Le modele a ensuite été utilisé pour étudier les effets liés a la structure moléculaire des sur-
faces et du lubrifiant confiné. Afin d’étudier différentes surfaces tribologiques, une méthode
originale a été utilisée pour mesurer quantitativement les potentiels physiques d'adsorption et
de corrugation. Ces propriétés influencent directement la stratification dans le film et son glis-
sement a l'interface solide. D’autre part, I'influence de la forme moléculaire du lubrifiant sur sa
performance tribologique a été étudiée, en solution pure et en mélange, pour les surfaces mouil-
lantes et non-mouillantes. Les simulations moléculaires ont permis une analyse locale du frot-
tement lubrifié a 1'échelle moléculaire et ainsi une meilleure compréhension des interactions
physiques entre les éléments mis en jeu.

Mots clés : tribologie, frottement, lubrification, dissipation d’énergie, dynamique moléculaire.
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Résumeé Etendu

Introduction

Le frottement est la force résistante au mouvement relatif de deux corps en contact. Sans
le frottement, nous ne serions pas en mesure d'accomplir de nombreuses taches simples
comme tenir debout et marcher, se raser, se brosser les dents, shabiller, faire du feu en frot-
tant deux batons 'un contre 1’autre, ou méme démarrer et arréter nos voitures. Une vie sans
frottement est certainement difficile a imaginer, mais une vie avec un frottement maitrisé est
sans aucun doute 1'un des buts ultimes de la technologie moderne.

Une part importante de la recherche en ingénierie vise a optimiser 1'efficacité énergé-
tique des technologies qui operent sur des sources non renouvelables d'énergie telles que les
produits électroménagers ou les dispositifs de transport. Ces produits génerent de I'énergie
mécanique sous forme de mouvement. Malheureusement, des que le mouvement apparait, le
frottement intervient. La perte d’énergie due au frottement entre les composants mécaniques
compte pour la plus grande part du total des pertes énergétiques. Ce phénomene a donc un
impact non négligeable sur les deux plans, économique et environnemental.

La lubrification vise a réduire les pertes qui sont dues au contact direct entre les corps
solides et a améliorer la longévité des composants mécaniques. Le principe est simple : en
ajoutant un lubrifiant (solide, liquide ou gaz) pour séparer les surfaces en contact, les effets
négatifs du frottement sec, tels que 1'adhérence et l'usure, peuvent étre évités. Le frottement
se produisant en présence de lubrifiant est notamment inférieur a celui produit entre les
deux mémes surfaces en contact sec. En méme temps, un compromis est recherché entre la
performance tribologique des lubrifiants et leur effet secondaire sur l'environnement.
Comme lubrifiants, les huiles minérales ont des propriétés satisfaisantes dans les applica-
tions aux vitesses, pressions et températures modérées de fonctionnement. Toutefois, dans
des conditions plus séveres, comme celles affrontées dans les processus d'usinage ou a l'inté-
rieur des moteurs a combustion interne, I'utilisation d'additifs devient indispensable pour
garantir les performances tribologiques.

La conception des lubrifiants est confrontée a des défis technologiques croissants, tels
que la réduction de la taille des systemes mécaniques afin de limiter la consommation d'huile
a des fins environnementales. Dans les systémes compacts comme les dispositifs de stockage
optique et les micromoteurs, les lubrifiants operent souvent sous confinement moléculaire.
Sur un autre plan, la présence de films trés minces de lubrifiant devient courante méme dans
des applications classiquement considérées de grande échelle comme les roulements, pour
des raisons économiques et environnementales. Dans de telles circonstances et dans les con-
ditions d'exploitation industrielle, des films nanométriques peuvent étre facilement trouvés a
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I'intérieur des mécanismes au cours du processus normal de marche ou bien pendant des
périodes critiques comme la mise en marche ou l'arrét.

Le travail présenté dans cette these porte sur la lubrification moléculaire, ot I'épaisseur
du fluide de lubrification est de seulement quelques nanometres. Dans ce genre de contact
confiné, les propriétés tribologiques des lubrifiants sont tres différentes de celles obtenues
dans des contacts de plus grandes dimensions. Elles dépendent des effets qui se produisent
aux échelles nanoscopiques d’espace et de temps et sont étroitement liées a la structure mo-
léculaire et aux interactions entre les molécules de lubrifiant et les surfaces. Une approche
numérique exploitant des simulations en dynamique moléculaire est utilisée dans cette these
pour accéder aux mécanismes locaux de la lubrification sous confinement sévere. Parmi les
effets considérés, on s’intéresse aux propriétés physiques des surfaces comme la corrugation
et I’adsorption ainsi qu’a la structure moléculaire du lubrifiant. Un autre effet de grande im-
portance concerne les mécanismes de transformation de 1’énergie mécanique en chaleur par
le frottement et sa dissipation subséquente dans le contact.

Le manuscrit commence par une revue de l'état de I'art. Les phénomenes particuliers se
produisant dans les films confinés comprennent la stratification et la solidification du film et
le glissement aux parois. La compréhension récente de ces phénomenes, grace aux tech-
niques expérimentales et numériques, offre une base solide pour l'interprétation des résultats
des simulations présentés dans le reste de la these.

Un modele numérique de la lubrification moléculaire est développé en se basant sur la
méthode de la dynamique moléculaire. Ce modele permet de modéliser un large choix de
surfaces tribologiques et de lubrifiants réalistes. Le modele est paramétré pour reproduire les
propriétés thermiques et mécaniques des surfaces, du lubrifiant ainsi que de leur interface.

La dissipation d'énergie est étroitement liée au frottement. Cette problématique essen-
tielle pour I'étude de la lubrification est donc discutée en détail. Pour différentes conditions
opératoires, des recommandations sont données pour le choix correct de la méthode de dis-
sipation de l’énergie. Pour les cas fortement cisaillés, une nouvelle méthode est également
présentée, qui permet de modéliser la dissipation de chaleur de fagon réaliste.

Le modele est ensuite exploité pour étudier plusieurs effets moléculaires se produisant
dans les films confinés. Dans un premier temps, on considere I'effet de la structure atomique
des surfaces sur la structuration et le glissement du fluide aux parois. Ensuite, on étudie la
relation entre la structure moléculaire du lubrifiant et sa performance tribologique pour les
deux cas typiques des surfaces mouillantes et non mouillantes.

Enfin, la conclusion générale récapitule les idées principales évoquées dans le manuscrit,
les principaux résultats présentés tout au long des différentes sections, et enfin des sugges-
tions pour les travaux futurs.

X



Résumé Etendu

0.1 Etat de ’art

0.1.1 Introduction

I ne fait aucun doute que 'Homme a pensé au frottement et aux moyens de le réduire
depuis tres longtemps [1, 2, 3]. En fait, les premiers systemes mécaniques (bois/pierre) datent
de 4000 ans avant J.-C. et certains ont été effectivement lubrifiés avec des graisses animales.
Dans l'histoire documentée des derniéres années, 1'étude du frottement a été limitée a la con-
ception des machines. Ce ne fut que rarement, jusqu'a récemment, un sujet tiré de fagon in-
dépendante par les chercheurs. C'est peut-étre en raison des complexités qui surgissent dues
a la nature multi-physique des mécanismes de frottement. Toutefois, avec la révolution in-
dustrielle est venu le développement des machines lourdement chargées et comportant des
liaisons mécaniques plus que jamais complexes. Elle a ainsi introduit un besoin essentiel
pour l’analyse sérieuse du frottement, de l'usure et de la lubrification. La maitrise des pertes
dues au frottement contribue non seulement a la durée de vie des éléments de machines,
mais aussi a la fiabilité et a la productivité des filieres industrielles completes.

Les premiers travaux sur le frottement lubrifié ont été réalisés par Hirn en 1847. Il a étu-
dié expérimentalement I'évolution du coefficient de frottement sous charge constante et vi-
tesse variable, dans les deux cas des contacts secs et lubrifiés. Pour le cas lubrifié, il a pu
constater que le coefficient de frottement augmente proportionnellement a la vitesse ; un
résultat rejeté par la communauté scientifique de 1'époque en raison de son apparent conflit
avec la troisieme loi de frottement (pour un coefficient de frottement constant). Ces résultats
ont cependant montré qu'une nouvelle analyse était nécessaire pour étudier les contacts en-
tierement lubrifiés.

En 1886, Reynolds a proposé sa théorie de la lubrification hydrodynamique en réduisant
les équations générales de la dynamique des fluides (équations de Navier-Stokes) au pro-
bleme de lubrification en couche mince [4]. Reynolds a discuté les origines physiques de la
pression hydrodynamique qui se développe dans des paliers lubrifiés; une constatation ex-
périmentale par Tower en 1883. Il a également expliqué que, dans certains cas de cisaillement
élevés et tandis que le lubrifiant sépare completement les surfaces, le coefficient de frotte-
ment ne devient plus proportionnel a la vitesse a cause des effets thermiques qui influencent
la résistance a I'écoulement du lubrifiant.

La théorie hydrodynamique de Reynolds a été la pierre angulaire de la plupart des re-
cherches au cours du dernier siecle. Des solutions théoriques de 1'équation de Reynolds ont
été proposées pour de nombreux systémes simples et cela a eu un grand impact sur la con-
ception des paliers et roulements. Sur le plan expérimental, un schéma récapitulatif de diffé-
rents régimes de lubrification a été proposé par Stribeck en 1902, basé sur ses expériences
approfondies sur des paliers lubrifiés. La courbe de Stribeck (Fig. 0.1) montre que le frotte-
ment dépend de la nature du lubrifiant, de la charge normale et de la vitesse. Dans des con-
ditions opératoires séveres, une transition se produit a partir de la lubrification
hydrodynamique, avec une séparation complete des surfaces et un frottement relativement
faible, a la lubrification limite ou la charge devient supportée par les aspérités en contact et
non plus par la pression hydrodynamique au sein du lubrifiant. Un régime de lubrification
mixte existe entre ces deux extrémités. Dans ce régime, la charge est supportée dans certaines
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régions par les aspérités déformées et dans d’autres régions par la pression du lubrifiant qui
sépare les surfaces en mouvement relatif.

Mixte

h~6
X

Limite Hydrodynamique (film complet)

h>>>0

YwaAAd

Coefficient de frottement

|
I
|
|
|
I
|
|
I
I
|
|
I
I
|
|
|
|

Vitesse x Viscosité
Charge

Epaisseur de film ou

Fig. 0.1 : Courbe de Stribeck illustrant les trois régimes de lubrification: limite, mixte et hy-
drodynamique. La transition entre ces régimes dépend de la viscosité du lubrifiant, de la vi-
tesse et de la charge normale. d est la valeur effective de la rugosité des surfaces.

L’étude du frottement lubrifié peut donc suivre celle du régime de lubrification concerné.
Ce dernier dépend du type d'application et des conditions opératoires. Bien que ce point de
vue de la lubrification soit largement accepté dans la communauté de tribologues, il reste
incapable de prédire méme qualitativement le frottement dans les systemes lubrifié a
l'échelle moléculaire [6]. Les particularités de tels systémes n'ont été que récemment acces-
sibles par l'expérimentation.

La lubrification moléculaire est le processus consistant a séparer deux surfaces en con-
tact par un lubrifiant dont 1'épaisseur est comparable a I'échelle moléculaire (nanometre).
Comme la plupart des surfaces dans les applications d’ingénierie classique ont des rugosités
qui s'étendent bien au-dela 1'échelle du nanometre, la lubrification moléculaire idéale existait
rarement comme mode unique de lubrification.

Aujourd'hui, la situation a changé. Des applications classiquement lubrifiées par des
films épais et complets comme les roulements sont actuellement congus pour fonctionner
avec des films beaucoup plus minces. L'épaisseur du film devient de l'ordre de seulement
quelques nanometres [9]. En outre, I'ensemble des nouvelles technologies évolue autour des
techniques de micro fabrication ou la connaissance de 1’échelle nanométrique est essentiel
[10]. Les périphériques de stockage informatique et les dispositifs micromécaniques sont des
exemples ou la tribologie des revétements et des lubrifiants confinés a 1'échelle moléculaire
représente un véritable défi pour leur optimisation et leur maintenance.

L'étude de la lubrification moléculaire a néanmoins été limitée en raison de difficultés
d'acces aux échelles caractéristiques des phénomenes moléculaires. En outre, di a la com-
plexité des effets physiques et chimiques qui interviennent, il est difficile de construire des
modeles universels pour les régimes mixtes et limites de la lubrification. Toutefois, grace a
I'évolution récente des méthodes expérimentales et de simulation pouvant désormais accé-
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der directement a 1'échelle nanométrique, il est devenu possible d'étudier de nombreuses
particularités de lubrification moléculaire. Des études expérimentales et numériques ont été
en mesure de se compléter mutuellement dans la description des phénomenes moléculaires
et donner un apercu fascinant de ce qui se produit a un lubrifiant sous confinement sévere.

0.1.2 Etudes expérimentales

Jusqu'a présent, il a été impossible d'expérimenter la lubrification moléculaire dans les
conditions réelles des applications [11]. L'échelle la plus petite de la lubrification qui est ac-
cessible est celle d'un contact entre deux aspérités. Cela a été possible grace au SFA (appareil
a force de surface) et a I’AFM (microscope a force atomique). Ces deux appareils permettent
d’étudier a l'échelle moléculaire les propriétés statiques (structurelles) et dynamiques des
films confinés entre deux aspérités [12].

Sous confinement moléculaire, il est inapproprié de considérer un film lubrifiant comme
un domaine continu et sans structure. La raison en est que les surfaces solides peuvent modi-
fier 'ordre a l'intérieur du lubrifiant conduisant a des forces structurelles lorsque elles se
rapprochent.

En 1981, Horn et Israelachvili [16], en utilisant le SFA ont trouvé que la force normale
entre deux surfaces séparées par un film tres mince est oscillatoire. Cette force varie entre
attraction et répulsion avec une périodicité égale au diametre moléculaire du liquide confiné.
Ces oscillations décroissent exponentiellement lorsque les surfaces sont éloignées. Ce phé-
nomene est dii a la structuration du film sous forme des couches paralleles aux surfaces so-
lides. Quand la séparation varie, I'énergie libre atteint des maxima et minima successifs, et la
force de surface oscille de la méme maniere.

La littérature rapporte de nombreuses études SFA pour déterminer la forces des surfaces
séparées par toutes sortes de liquides : simple polaires [16, 17, 18, 19], non polaires avec des
liaisons d’hydrogene [20], des solutions polymeres [21], etc. Les principales conclusions sont
que la force de surface est insensible a la polarité et a la température, mais est tres sensible a
la présence d'eau.

En ce qui concerne les propriétés dynamiques de lubrifiants, en 1985 Chan et Horn ont
mesuré le taux de drainage des films moléculaires des liquides Newtoniens entre des feuilles
lisses de mica [15]. Ils ont trouvé que la viscosité effective augmente dans les films de moins
de 10 nm. Cette augmentation en viscosité a aussi été observé par Van Alsten et Granick en
1988 [13] quand la séparation des surface devient plus petite que la longueur de la molécule
du fluide confiné. En outre, une forte dépendance de la viscosité de la pression a été signalée.
Quand l'épaisseur devient inférieure a 3 couches moléculaires, une transition réversible vers
a un état solide est observée. Cet état est caractérisé par une réponse élastique du film au
cisaillement.

Enfin, il est fréquent de trouver expérimentalement que les fluides confinés a I'échelle
moléculaire glissent aux parois si ils sont forcés au-dela d’une contrainte limite [34-38]. Ce
glissement dépend a la fois a la structure moléculaire [34] et de la morphologie de la surface
[36, 37]. Les longues molécules ont plus tendance a glisser aux parois que les plus courtes.
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L'état de la surface est également un facteur crucial car les fluides ne glissent pas pres des
surfaces irrégulieres [37]. Dans d'autres travaux [31], il est montré que le glissement diminue
quand 1'épaisseur du film augmente, justifiant ainsi la condition de non glissement dans les
films confinés mais a 1'échelle macroscopique.

Néanmoins, il existe un autre aspect du glissement aux parois lorsque les films sont con-
finés a I’échelle moléculaire. Dans certains cas, les couches fluides peuvent adhérer aux sur-
faces comme cela a été montré par Chan et Horn [15]. Des couches fluides stagnantes a
proximité de chaque surface ont été observées dans des films confinés d’épaisseur comprise
entre 10 et 50 nm. Le débat reste donc ouvert sur le sujet de I'écoulement a l'interface, en par-
ticulier pour les systemes de taille moléculaire.

0.1.3 Etudes numériques

Des études numériques ont été menées pour interpréter et méme parfois pour prédire
les propriétés des films confinés. La majorité de ces études est fondée sur les méthodes de la
mécanique moléculaire : Monte Carlo (MC) et Dynamique Moléculaire (DM).

Les premiéres simulations [45, 46, 47] ont montré qu'un liquide, adsorbé sur une surface,
a une structure trés particuliere. Les molécules du liquide forment plusieurs couches tres
bien définies. La densité du fluide a travers le film oscille en fonction de la distance a la sur-
face. En cas de confinement entre deux surfaces, un nombre entier de couches est formé dans
la direction parallele a la surface [49]. Lorsque les deux surfaces s’approchent, le film est
compressé jusqu'a ce qu'une couche complete soit évincée. En conséquence, la force entre les
surfaces est oscillante et change entre répulsion et attraction.

Des simulations par la dynamique moléculaire ont montré qu'en plus de la structuration
normale, un ordre epitaxial (dans le plan) est présent a l'intérieur des couches [55]. Cet ordre
dépend de deux facteurs essentiels : la force d'interaction surface-fluide et de la commensu-
rabilité des densités des solides et liquides. La commensurabilité pourrait étre définie comme
le registre entre les topologies de deux surfaces en contact, quelle que soit les phases concer-
nées. Elle est maximale lorsque les topologies de surface sont similaires.

La nature moléculaire du liquide a également une influence notable sur la structuration
des milieux confinés. Bien que les oscillations de la densité sont encore percues dans le cas de
longues molécules tels que les alcanes et les polymeres [56, 57], la stratification est plus
douce et se dissipe plus vite que dans les fluides composés de molécules sphériques. Finale-
ment, le branchement moléculaire influence également le phénomene de stratification [60, 61,
62]. Les molécules linéaires s’organisent en couches mieux définies que dans le cas de molé-
cules ramifiées.

Quant aux propriétés dynamiques des films confinés, il s’avere que la viscosité effective
augmente avec le confinement, en accord avec les expériences [51, 54]. Elle oscille également
avec l'épaisseur du film d'une maniere analogue a la force de surface et la période de
I'oscillation est fonction du diametre moléculaire [54].

A pression constante, la viscosité augmente de plusieurs ordres de grandeur lorsque
'épaisseur est réduite [53, 66, 67]. Dans les molécules sphériques, cette augmentation de la
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viscosité est due a la cristallisation du film [66]. Dans les molécules longues, elle est due a
I’établissement de ponts entre les surfaces [67].

A épaisseur constante, la viscosité augmente significativement avec la pression parce
que le fluide est amené dans un état plus proche de la transition vitreuse. En outre, a des
taux de cisaillement accessibles a la simulation, les liquides se montrent tres amincissants
(shear-thinning) et la viscosité apparente suit une loi de puissance quasi universelle [11, 66,
68, 65]. Une viscosité constante se manifeste aux taux de cisaillement faibles. Cette viscosité
constante est supérieure a la valeur Newtonienne du fluide non confiné. Quand I'épaisseur
du film diminue, ou lorsque la pression augmente, ce plateau de viscosité constante est dé-
placé vers des taux de cisaillement plus faibles et il atteint des valeurs tres importantes [66].

Enfin, la structure des surfaces [63, 65, 64, 71] et leur dynamique [72] influencent égale-
ment la viscosité effective des films confinés. En frustrant la structuration dans le fluide,
'effet du confinement sur la viscosité devient moins prononcé a proximité des surfaces ru-
gueuses [64, 63].

Parmi les effets moléculaires les plus intéressants observés dans les simulations de films
confinés on trouve ceux qui se manifestent a I'interface écoulement - solide. En raison de leur
caractere local, il a été difficile d’explorer ces phénomenes directement par l'expérience. Ils
sont pourtant cruciaux pour la bonne compréhension et l'interprétation de la dynamique des
films confinés. Les facteurs qui influencent I'écoulement a l'interface sont nombreux et va-
rient selon la nature chimique du liquide et celle des surfaces, les interactions entre les deux,
la morphologie de la surface, les conditions opératoires et, bien sfir, I'épaisseur du film con-
finé.

Des les premieres simulations [51, 53] employant des surfaces lisses, un glissement aux
parois a toujours été observé. Toutefois, lorsque des surfaces structurées ont été employées,
un phénomene inverse d’adhérence a la surface a été remarqué [52]. Le glissement augmente
aussi avec la longueur des chaines moléculaires. Plusieurs études portant sur des alcanes
détecte le glissement pour une variété de forces d'interaction [11, 68, 65]. Quant aux molé-
cules ramifi€es, leur structure joue un role important dans l'augmentation du glissement a
l'interface [62]. Pres des surfaces souples et rugueuses, ou lorsque la température augmente,
le glissement est réduit. D'autre part, lorsque le taux de cisaillement augmente, le glissement
augmente.

0.1.4 Conclusion

Bien que les conditions de l'expérimentation et de la simulation des films confinés a
I’échelle moléculaire soient différentes, les simulations ont permis de comprendre de nom-
breux effets a l'origine des observations expérimentales. L’oscillation des forces de surfaces,
la structuration du film, I'augmentation de la viscosité, la solidification du fluide et le glis-
sement a l'interface représentent des phénomenes qui ont été observés dans les expériences
et retrouvés dans les simulations. En accédant aux détails des effets locaux, les simulations
ont permis d'identifier les vrais facteurs responsables de ces phénomenes. Cette procédure
est souvent compliquée, voire impossible, a accomplir par les méthodes expérimentales exis-
tantes.
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La connaissance de tous les effets reportés dans ce chapitre fournit une base pour com-
prendre la problématique de la lubrification a 1’échelle moléculaire. Dans la section suivante,
les détails de la conception d'un modele de simulation moléculaire dans un cadre thermody-
namique bien défini sont présentés.

0.2 Conception du modéle

0.2.1 Introduction

En général, la modélisation numérique des problemes physiques est basée sur les théo-
ries fondamentales et les équations associ€es. En lubrification hydrodynamique, par exemple,
la modélisation est basée sur la théorie de Reynolds. Toutefois, une telle modélisation conti-
nue n'est pas pertinente pour le cas de la lubrification moléculaire, a cause de l'aspect dis-
continu. La définition des grandeurs thermodynamiques est tres délicate dans de tels
systemes et devient encore plus complexe dans des conditions de non équilibre du cisaille-
ment. Heureusement, les modeles numériques qui incluent une description moléculaire ex-
plicite sont capables de détecter de nombreux effets a 1'échelle locale de la lubrification
moléculaire.

La dynamique moléculaire est une méthode de simulation moléculaire de type détermi-
niste. Les trajectoires de toutes les molécules dans un systeme peuvent étre prédites avec
précision en utilisant les potentiels d’interactions inter et intra moléculaires.

0.2.2 Méthode de la Dynamique Moléculaire

La dynamique moléculaire est basée sur l'application des équations de mouvement de
Newton sur tous les atomes qui interagissent dans le systeme moléculaire. La force agissant
sur chaque atome est déterminée comme le gradient de 1'énergie potentielle des interactions
avec les atomes voisins. L’accélération peut éventuellement étre calculée a partir des équa-
tions du mouvement.

La connaissance des trajectoires atomiques au cours du temps nécessite la résolution de
I'équation différentielle du mouvement. L’approche standard consiste a utiliser des mé-
thodes de différences finies. Etant donné que les positions et la dynamique (vitesses, accélé-
rations, etc.) de tous les atomes sont connues a un instant donné, ces propriétés apres un
court pas de temps peuvent étre déduites avec précision. Les équations différentielles du
mouvement de tous les atomes sont donc résolues a chaque pas de temps. Le choix du pas de
temps a ainsi une influence directe sur l'exactitude de l'intégration. L’algorithme d'intégra-
tion principalement utilisé pour résoudre les équations du mouvement et utilisé dans cette
these est celui de Verlet.

A Téchelle de la modélisation moléculaire, un systeme de seulement quelques nano-
metres de large dans chaque direction peut étre explicitement considéré. Il est donc hors de
question de modéliser un contact dans son ensemble avec les zones d’entrée et sortie. Le
modele de lubrification moléculaire construit pour cette these se compose d'un lubrifiant
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confiné entre deux surfaces comme montré dans la Fig. 0.2. Des conditions périodiques aux
limites en x et y permettent au modele élémentaire de se répéter a I'infini dans ces directions.

dz i Surface

Az

h

dz i Surface

Fig. 0.2 : Schéma du modéle de lubrification moléculaire. La boite de simulation est délimitée
par des lignes noires en gras. Les extensions en gris représentent les copies de la boite de si-
mulation obtenues en appliquant les conditions périodiques.

Les éléments qui constituent le modele sont étudiés de maniere indépendante. Ces élé-
ments comprennent les surfaces solides, le lubrifiant confiné, et les interfaces entre les deux.
Apres cette étape, les éléments sont réunis dans la configuration de la Fig. 0.2 pour construire
le modele complet de lubrification moléculaire.

0.2.3 Eléments du modele

Bien que l'intérét principal du modéle de lubrification soit de reproduire le comporte-
ment du lubrifiant, il est important d'avoir un modele suffisamment représentatif pour les
surfaces. Le modeéle qui sera utilisé est basé sur des surfaces cristallines structurées avec la
réplication la plus réaliste possible des propriétés mécaniques et thermiques. A cet effet, des
simulations moléculaires ont été menées pour calculer la conductivité thermique et le coeffi-
cient d’élasticité. Les parametres optimaux des interactions entre les atomes solides ont été
déterminés pour reproduire au mieux les valeurs expérimentales.

Le processus de modélisation d'un lubrifiant liquide présente trois complications par
rapport a celui des surfaces solides. D'abord et contrairement a la structure bien ordonnée
(cristalline) dans les solides, il n'y a pas d’ordre global dans un liquide. Deuxiemement, les
molécules du lubrifiant sont en mesure de se déplacer les unes par rapport aux autres. Troi-
siemement, les chaines moléculaires sont flexibles, et donc toutes sortes de d’élongation et
rotations des liaisons doivent étre prises en compte. L'architecture moléculaire d'un liquide
est représentée schématiquement dans la Fig. 0.3.
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Torsion

Tension

Flexion

Fig. 0.3 : Schéma montrant les trois types d'interactions intermoléculaires utilisé pour modé-
liser la flexibilité des molécules de lubrifiant.

Pour les modeles d'interaction, les propriétés thermiques et dynamiques ont été déter-
minées pour des molécules d’alcanes de différentes tailles. Il s’est avéré que les modeles ex-
plicites et grossiers donnent généralement des prédictions acceptables de ces propriétés pour
les courtes molécules. Pour les longues molécules, les résultats sont moins précis en compa-
raison des données expérimentales, mais restent dans le méme ordre de grandeur.

Enfin, les interactions a l'interface déterminent comment les surfaces influencent la struc-
ture du lubrifiant confiné. En outre, ces interactions permettent aux surfaces de transmettre
la compression et le cisaillement au lubrifiant. Les interactions entre la surface et le lubrifiant
sont généralement modélisées en utilisant un potentiel de Lennard Jones. Dans cette these,
les parametres du modele ont été ajustés pour reproduire les données expérimentales
d’énergie d'adsorption moléculaire des surfaces [87, 88].

0.2.4 Initialisation et échantillonnage

Le modele de la lubrification moléculaire est construit a partir des trois éléments consti-
tutifs décrits précédemment : les surfaces, le lubrifiant, et de leur interface. Un apercu d'un
modele avec des surfaces d'or qui confinent 2,4 nm de pentane comme lubrifiant est donné
dans la Fig. 0.4.

Surfaces de l'or

1 nm

e,

g b A eE
2 T
e
a
fervee | 2,4 nm

—_—
4 —~ -

JJJJJJJJJJ

-
oouioe | 1Tnm

y

Fig. 0.4 : Apercu du modele complet de lubrification moléculaire comprenant des surface d'or
et un film lubrifiant de pentane d'une épaisseur de 2,4 nm. Les zones ombrées correspondent
aux copies du systeme par les frontiéres périodiques.
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Le lubrifiant est comprimé en appliquant une charge unidirectionnelle normale a la sur-
face. Sous charge constante, 1'épaisseur du film présente des oscillations amorties avec le
temps. Quand le systeme atteint 1'équilibre, les surfaces sont mises en mouvement relatif a
vitesses constantes, égales mais opposées.

Enfin, il est important d'analyser l'influence de I'échantillonnage spatial et temporel sur
le résultat des simulations moléculaires. L’échantillonnage spatial est lié a la taille du do-
maine dans les directions x et y, ou les conditions périodiques sont appliquées.
L’échantillonnage temporel dépend du choix du pas de temps ainsi que de la durée totale de
la simulation.

En effectuant des simulations avec des surfaces de différentes dimensions, il s’est avéré
que, dans certains cas, un échantillon plus large est nécessaire pour éliminer les erreurs sta-
tistiques. Ainsi un plus grand domaine est réellement nécessaire pour simuler de longues
chaines moléculaires et/ou de faibles vitesses de glissement.

Quant a I'échantillonnage temporel, le pas de temps doit étre suffisamment petit pour
que I'hypothese que toutes les forces d'interaction sont constantes entre deux pas reste va-
lable et donc I’énergie totale du systeme reste constante. Néanmoins, il y a un intérét évident
dans l'utilisation de grands pas de temps car cela permet d’étudier des phénomenes sur une
plus longue période de temps. Une valeur optimale de 1 fs a été choisie pour assurer la stabi-
lité et la précision de l'intégration temporelle.

Enfin, il est difficile d'établir une recommandation unique pour le choix de la durée to-
tale simulée. Plus la durée d'échantillonnage est longue, plus précises sont les statistiques
recueillies. De plus, si le systeme est de grande taille une durée plus courte serait suffisante.
Toutefois, dans tous les cas la durée de simulation doit étre supérieure a I'échelle de temps
du phénomene a étudier. Par exemple, dans le modele de lubrification moléculaire présenté
précédemment, la simulation devra étre plus longue que le temps nécessaire pour atteindre
I'état stationnaire de cisaillement du systéme.

0.2.5 Conclusion

Apres une breve présentation de la méthode de simulation choisie, un modele de lubrifi-
cation moléculaire a été congu et développé élément par élément. Chaque élément a été étu-
dié séparément et paramétré afin d'obtenir des propriétés réalistes des matériaux et des
interactions a l'interface. Les éléments ont finalement été assemblés pour produire un modele
de lubrification moléculaire. Ce modele a ensuite été testé et il a permis de reproduire de
nombreuses tendances trouvées dans la littérature, sous des conditions statiques et dyna-
miques.

Des problématiques liées a 1'échantillonnage spatial et temporel ont aussi été traitées.
Cela a permis de faire différents choix de parametres numériques du modele pour assurer la
stabilité et la précision des simulations ainsi que la pertinence des statistiques déterminées a
partir de I'échelle moléculaire, pour différentes conditions de fonctionnement.

Dans le but de modéliser la lubrification moléculaire, 1'un des points faibles de cet outil
numeérique est la méthode de dissipation de la chaleur. L'énergie mécanique, injectée en con-
tinu dans le systeme par compression et cisaillement, est transformée en chaleur. La chaleur

Xviii



H. Berro, Ph.D. thesis, INSA de Lyon 2010

est ensuite transférée par conduction et convection a l'intérieur du lubrifiant, a travers l'inter-
face, et jusqu’aux surfaces ou elle est dissipée. Si la méthode de dissipation employée n'est
pas réaliste, la température du lubrifiant peut augmenter de facon non physique. Cela in-
fluence a son tour la dynamique du lubrifiant et peut donner des résultats incorrects sur le
frottement.

I est donc essentiel de modéliser de facon appropriée la dissipation de la chaleur en par-
ticulier dans les études de frottement. Le chapitre suivant est consacré a la résolution de cette
problématique pour les problemes de lubrification moléculaire.

0.3 Du frottement aux mécanismes de dissipation d’énergie

Un modele numérique de lubrification moléculaire a été construit et caractérisé. Dans ce
modele, toutes les interactions qui gouvernent 1'évolution du systéeme avec le temps sont
conservatives. L'énergie mécanique supplémentaire apportée par la pression et le glissement
appliqués aux surfaces ne peut étre dissipée que sous forme de chaleur. Pour une étude de
type lubrification, la dissipation d'énergie est un facteur clé qui doit étre soigneusement ma-
nipulé car la réponse de l'interface est par nature tres dépendante de la température locale.
La présente section est donc consacrée a 1'étude de l'influence de la méthode de dissipation
d’énergie sur l'état thermodynamique du film confiné et sur le frottement global pour diffé-
rentes conditions opératoires. Un nouveau modele de dissipation d'énergie dédié¢ aux simu-
lations sous cisaillement élevé est présenté. Ce modele prend en compte un transfert de
chaleur réaliste du lubrifiant confiné vers les surfaces.

Pour des systemes simples et homogenes, tels que les solides et liquides de taille ma-
croscopique, la température peut étre controlée en utilisant I'un des nombreux algorithmes
existants. Toutefois, dans le cas des films confinés, certains problemes peuvent survenir en
raison de la nature non homogene du systeme [96]. Cette non-homogénéité est due principa-
lement a l'interface solide / liquide et se manifeste sous la forme de fluctuations de la densité
a travers le film. Le probleme devient encore plus compliqué en présence de cisaillement. La
chaleur générée par effet visqueux doit étre évacuée hors du contact, sinon la température
augmente indéfiniment. Plusieurs transformations énergétiques se produisent donc dans le
contact et les champs caractéristiques de température et de vitesse ne peuvent étre capturés
que si les molécules de lubrifiant sont libres de toute contrainte thermique directe [97]. La
chaleur supplémentaire doit donc étre dissipée au niveau des surfaces [97].

Afin de mieux comprendre les différentes transformations énergétiques survenant a I'in-
térieur du film lubrifiant, 1'équilibre énergétique dans des conditions de lubrification limite
est étudié dans la section suivante. Cette analyse sera utilisée pour démontrer qu'il existe une
relation étroite entre la dissipation d'énergie, le thermostat et la force de frottement dans le
contact.

0.3.1 Bilan énergétique

Depuis son application sous forme mécanique, I'énergie subit trois étapes essentielles :
I'absorption, la transformation, et enfin la dissipation. L'énergie est ajoutée au systeme par
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compression et mouvement relatif des surfaces. La différence de quantité de mouvement
entre les deux surfaces se diffuse a l'intérieur du lubrifiant cisaillé qui absorbe cette énergie
mécanique. L'énergie est ensuite transformée sous forme thermique, la chaleur visqueuse
générée a l'intérieur du film cisaillé. L’augmentation de la température a l'intérieur du film
lubrifiant crée un gradient avec la température controlée des surfaces. Il en résulte un flux de
chaleur par conduction et convection vers les surfaces o I'énergie est enfin dissipée.

Au cours de la simulation, a la fin de la phase transitoire qui se produit en début de ci-
saillement, un équilibre est établi entre les énergies entrantes et sortantes du contact. L'ap-
port d'énergie mécanique est completement dissipé par les thermostats des surfaces. C'est le
début de 1'état stationnaire de cisaillement. L'épaisseur moyen du film est également cons-
tante et donc la puissance générée par la compression est nulle. Le rdle du film lubrifiant est
d'absorber I'énergie mécanique de cisaillement, la transformer en chaleur, et enfin transpor-
ter cette derniere vers les surfaces. La boucle énergétique « surfaces — lubrifiant — surfaces »
continue sans cesse une fois I'état stationnaire de cisaillement atteint.

Il y a deux scénarios possibles pour décrire la relation de cause a effet entre 1'énergie
dissipée et le frottement dans le contact :

1. L'énergie dissipée est la conséquence des forces de frottement. Indépendamment des pa-
rametres numériques du thermostat, 1'énergie dissipée dépend uniquement des conditions
opératoires.

2. Le frottement mesuré est la conséquence de la dissipation d'énergie. Par exemple, numéri-
quement si le thermostat est réglé pour extraire rapidement de 1'énergie, la température du
lubrifiant n’augmente pas assez. En conséquence, la résistance a 1'écoulement ainsi que le
frottement augmentent significativement.

Afin de pouvoir répondre a ce paradoxe, différentes méthodes de dissipation sont comparés.

0.3.2 Algorithmes de thermostat

La méthode de dissipation classique utilisée dans des simulations de films confinés sous
cisaillement est le thermostat des parois glissantes (SBT). Dans cette méthode, la température
de chaque surface solide est maintenue fixe et aucune contrainte thermique n’est appliquée
au lubrifiant. Cette méthode a été employée par plusieurs auteurs [96, 97, 65, 94] pour substi-
tuer les thermostats homogenes utilisés auparavant et qui contrdle directement la tempéra-
ture du lubrifiant. Néanmoins, il est intéressant de voir si les différentes implémentations de
cette méthode peuvent avoir un effet sur le frottement obtenu pour les mémes conditions
opératrices du contact. Dans cette section, trois algorithmes ont été testés: le « velocity-
rescaling », le thermostat « Nosé-Hoover », et le thermostat « Langevin ».

Les résultats des simulations avec ces trois algorithmes montrent une influence impor-
tante sur I'augmentation de température a l'intérieur du lubrifiant ainsi que sur le frottement.
Les thermostats tres dissipatifs atténuent 'augmentation de température ce qui augmente la
force nécessaire pour cisailler le lubrifiant.
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0.3.3 Début de I’échauffement

La littérature rapporte que les méthodes de thermostat ne deviennent influentes que
dans le régime de cisaillement o1 I'échauffement est en fait susceptible de se produire a I'in-
térieur du lubrifiant [97, 65]. On constate de plus qu'il y a un taux de cisaillement critique a
partir duquel le lubrifiant commence a s’échauffer [3]. Le systeme étudié ici est plus com-
plexe que les systemes de la littérature. Il est donc nécessaire de déterminer, pour ce systeme
particulier, le taux de cisaillement critique qui correspond au début de I'échauffement du
lubrifiant.

Des simulations ont donc été menées avec des vitesses variables des surfaces. Une large
gamme de taux de cisaillement a donc été étudiée. L'augmentation de température a l'inté-
rieur du lubrifiant en fonction du taux de cisaillement apparent est donnée en Fig. 0.5. Pour
des taux de cisaillement inférieur a 6x10° s, aucun échauffement n’a pu étre détecté et, au-
dela, le lubrifiant commence a chauffer significativement.
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Fig. 0.5 : Augmentation de la température du lubrifiant en fonction du taux de cisaillement
apparent.

0.3.4 Méthodes avancées de dissipation

Dans la méthode du thermostat des parois glissantes (SBT), la température des surfaces
est constante et choisie égale a la température ambiante (en dehors du contact). Ainsi, pour
tout flux de chaleur généré dans le contact, il n'y a pas de gradient de température dans les
solides. Cela équivaut a supposer que ces derniers ont des conductivités et capacités ther-
miques infinies. En réalité, de telles propriétés n’existent pas. De plus, les flux de chaleur
générés pouvant atteindre des valeurs de I'ordre du GW/m?, on peut prédire par un modele
analytique une augmentation significative de la température des parois pendant 1'échelle de
temps des simulations.

Il est donc tres important de modéliser avec précision la dissipation par conduction non
seulement a l'intérieur du lubrifiant, mais aussi a travers les surfaces solides lorsque les con-
ditions opératoires sont séveres. Il est particulierement important de permettre a la tempéra-
ture de surface de s’accommoder naturellement de 1'échauffement du lubrifiant. Deux
méthodes avancées de dissipation sont présentées et comparées. La premiere est la méthode
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des molécules fantomes [113] et la seconde est appelée VBT (variable boundary tempera-
ture) : c’est une nouvelle méthode basée sur la mise a jour réguliere de la température des
surfaces en fonction du flux de chaleur sortant du contact.

L'aspect le plus important en comparant les deux méthodes avancées est que la tempéra-
ture de surface augmente lorsque le lubrifiant s’échauffe. L'augmentation de la température
de surface avec les deux méthodes est du méme ordre de grandeur. En fait, la contrainte de
cisaillement totale et donc le frottement sont également tres proches (voir Tableau 0.1).

B L. Augmentation de température (K) Contrainte de cisaillement
Méthode de dissipation Surface Lubrifiant (MPa)
SBT 0 57,8 65,4
Molécules fantdmes 32,1 84,7 60,6
VBT 30,5 82,3 60,8

Tableau 0.1 : Augmentation de température, dans les surfaces et a I'intérieur du film lubri-
fiant, et la contrainte de cisaillement apparente obtenues dans les simulations avec les diffé-
rentes méthodes de dissipation d’énergie.

La méthode VBT présente cependant trois avantages par rapport a la méthode des molé-
cules fantomes. D'abord, elle ne nécessite pas d’ajouter des atomes (degrés de liberté) sup-
plémentaires a l'intérieur du systeme. Deuxiemement, elle est plus facile a mettre en ceuvre
surtout si la structure cristalline des surfaces est complexe, ce qui est souvent vérifié dans le
cas des surfaces tribologiques réelles. Troisiemement, dans la méthode des molé-
cules fantdmes un solide semi-infini est modélisé avec une température constante alors que
dans la méthode de VBT, une telle hypothese n'est plus nécessaire. La conduction de la cha-
leur hors du contact est donc traitée de fagon plus physique et réaliste.

0.3.5 Conclusion

Les résultats de cette section ont prouvé que la méthode de dissipation de la chaleur
employée peut quantitativement influencer le frottement. Cela est premierement dii au fait
que, si les surfaces dissipent la chaleur plus rapidement, le lubrifiant s’échauffe moins et sa
viscosité effective est plus élevée. Le deuxieme point évoqué dans la section 0.3.1, qui in-
dique le frottement est influencé par la méthode de dissipation d’énergie semble étre plus
persuasif.

Toutefois, il a aussi été montré que I'échauffement du lubrifiant n’est significatif que si
un taux de cisaillement critique est dépassé. Ainsi, si le taux de cisaillement est faible, la mé-
thode de dissipation n'a aucune influence sur les propriétés du film lubrifiant et le frottement
dans le contact. Dans ce régime, le frottement est indépendant de la méthode de dissipation
et le premier scénario de section 0.3.1 est valide.

Le frottement dans les simulations moléculaires n'est pas le résultat direct de la méthode
numérique de dissipation mais il n'est pas toujours indépendant de cette derniere. Dans des
conditions de contact séveres, les méthodes employées pour la dissipation d'énergie com-
mencent a intervenir. Dans ce cas, deux méthodes avancées ont été présentées pour per-
mettre une modélisation physique de la conduction de chaleur a travers les surfaces.
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Basé sur ces conclusions, le modele de lubrification moléculaire est ensuite employé
dans le régime de faible cisaillement (au sens de I'insignifiance de la dissipation thermique)
pour étudier l'influence de la structure moléculaire des surfaces et du lubrifiant sur
I’écoulement a I'interface et le frottement. Les conditions opératoires simulées sont proches
de celles trouvées dans les applications réelles ou la vitesse de glissement des surfaces et
I'épaisseur du film sont respectivement de 1'ordre de 10 m/s et 4 nm.

0.4 Adsorption et corrugation des surfaces

Des expériences ont montré que, dans les géométries confinées, la structure et la dyna-
mique des lubrifiants sont fortement influencées par la nature des surfaces [15, 16]. La struc-
ture bien organisée des surfaces solides se transmet, a travers les interactions interfaciales, a
I'ensemble des "vallées" du potentiel physique que les molécules du lubrifiant sont suscep-
tibles d’occuper [55, 100]. Toute surface, qu’elle soit géométriquement lisse ou rugueuse, se
manifeste par une sorte d’empreinte qui peut interagir physiquement avec les couches voi-
sines de lubrifiant.

Le potentiel d'interaction des surfaces avec le lubrifiant est une combinaison de deux
effets : le potentiel d'adsorption et le potentiel de corrugation [101]. L’adsorption augmente
avec la densité atomique et 1'énergie de surface [55]. Les molécules de lubrifiant sont plus
attirées par les surfaces ayant un potentiel d'adsorption élevé et, en conséquence, une couche
dense de lubrifiant se forme pres de chaque surface. Le potentiel de corrugation, d'autre part,
dépend des variations du potentiel d’interaction physique dans le plan de l'interface. Ces
variations sont dues a la densité et la structure cristalline des surfaces [55, 87]. Par analogie
avec l'exemple d'une empreinte dans le sable, le potentiel de corrugation représente la forme
de I'empreinte alors que le potentiel d'adsorption représente la profondeur dont celle-ci est
repoussée dans le sable.

Avec des surfaces modeles, il est possible de modifier tout parametre pour changer 1'ad-
sorption et la corrugation [55]. Par exemple, augmenter la densité atomique de la surface
donne une plus forte adsorption mais une plus faible corrugation. Dans les problemes réels
de lubrification moléculaire, les matériaux de surface tels que les oxydes sont amorphes. Ils
peuvent étre constitués de deux ou plusieurs types d'atomes et ont des structures cristallines
assez complexes. Les méthodes classiques d’analyse qui s'appliquent aux surfaces modeles
deviennent inefficaces, car de nombreux facteurs entrent en jeu. Il n'y a pas de fagon claire
dans la littérature pour combiner tous ces facteurs dans des parametres représentatifs et
comparables pour caractériser les différents types de surface.

Une méthode simple est donc proposée dans la section suivante afin de comparer les
propriétés de cinq surfaces composées de différents matériaux. Ces surfaces seront ensuite
utilisées pour confiner un film lubrifiant dans des conditions de lubrification moléculaire.
Les effets moléculaires dans le film seront analysés en fonction des propriétés d’adsorption
et corrugation des surfaces.
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0.4.1 Caractérisation physique des surfaces

Une méthode de caractérisation est développée pour permettre de caractériser les poten-
tiels d'adsorption et de corrugation de différentes surfaces. Le principe est le suivant : un
ensemble d’atomes « balayeurs » sont positionnés a une élévation (d) au-dessus de la surface
en question, comme illustré dans la Fig. 0.6. Ces atomes sont uniformément répartis et
s'étendent sur toute la dimension x de la surface. L'énergie potentielle, venant des interac-
tions avec les atomes de la surface, est alors enregistrée a chaque instant pendant que les
atomes «balayeurs » se déplacent selon la direction y. Les données acquises permettent
d’établir un balayage précis de I'énergie d'interaction de la surface.

Fig. 0.6 : Schéma explicatif de la méthode de balayage pour effectuer la caractérisation phy-
sique d’une surface d'or Au (100).

Par exemple, une vue de dessus d'une surface modele est donnée dans la Fig. 0.7. L'ana-
lyse révele la présence de vallées d'énergie potentielle périodiquement répétée. Ces sites sont
ceux que les atomes de lubrifiant occuperont préférentiellement.
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Fig. 0.7 : Apercu dans le plan d'une surface d’or Au (111) avec son potentiel déterminé par la
méthode de balayage montrée en Fig. 0.6.
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Le parametre d'adsorptiore ( aas) est déterminé comme la moyenne de I'énergie
d’interaction L] effective sur toute la surface. Le parametre de corrugatian ( cr) en unité
d'énergie est I'écart moyen entre 1'énergie d'interaction et I'adsorption moyenne (€ads).

La procédure a été appliquée a cinq types de surfaces. Les parametres d'adsorption et de
corrugation sont comparés dans la Fig. 0.8. Les résultats montrent que les surfaces ont des
potentiels d’adsorption et de corrugation tres différents. Une telle observation n'aurait pas
été simple sans la méthode de caractérisation.
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Fig. 0.8 : Parametres d’adsorption et de corrugation de cinq surfaces déterminés par la mé-
thode de caractérisation décrite en Fig. 0.6.

Afin d’étudier la relation entre les résultats du balayage, les potentiels physiques
d’adsorption et de corrugation, et les propriétés des films confinés, ces cinq surfaces ont été
mises dans des conditions de lubrification moléculaire pour confiner le méme film nanomé-
trique d’hexadecane.

0.4.2 Simulation du cisaillement

Les simulations ont été réalisées sur un systeme comprenant un film d’hexadécane de
4nm d’épaisseur confiné entre les cinq surfaces caractérisées précédemment. Une pression
constante de 500 MPa a été appliquée et les surfaces ont été déplacées dans des directions
opposées a une vitesse constante de 10 m/s : le taux de cisaillement apparent est donc de
5x10°s. Selon les conclusions de la section précédente, aucun échauffement n’est censé se
produire dans ces conditions. Ainsi, un thermostat (SBT) avec une implémentation Langevin
a été utilisé pour maintenir la température des surfaces a 300 K.

Le résultat de ces simulations montre que la nature des surfaces est un facteur essentiel
qui influence la structuration dans le film lubrifiant. Cette structuration est significativement
amplifiée par le potentiel d’adsorption et faiblement atténuée par la corrugation. Quant au
glissement interfacial, le potentiel de corrugation se présente comme un facteur dominant. Le
lubrifiant ne glisse pas en présence de surfaces corruguées (Fig. 0.9).

XXV



Résumé Etendu

10 ©0 -
A Au(111) OO@AA
O Fe(100) OQZADD
<&
5* *CHO gAADD** 7
- Qb‘ezog %%ém\i**
S ¥
lug <& Au(100) @ D%
g Or A o l
~ gl é%
8 % 0o aB0
@ w* .0 A0
5+ A AOO |
ooa OO
AA@gO
-10 <\>© ! ! ! ! i
0 10 20 30 40 50
“(A)
Fig. 0.9 : Profils de vitesses a travers un film d’hexadécane confiné entre cinq différents types

de surface.

Les molécules d’hexadécane glissent plus facilement a proximité de surfaces ayant des
faibles potentiels de corrugation. La raison en est que, dans de tels cas, le potentiel d'interac-
tion varie peu a travers la surface. Les atomes du lubrifiant sont ainsi facilement en mesure
d’échapper aux « vallées » du potentiel et de circuler librement. Lorsque les surfaces sont
corruguées, elles présentent un grand nombre de « vallées » de potentiel. Les molécules du
lubrifiant trouvent presque toujours des positions d'équilibre dans ces sites et se déplacent
ainsi a la vitesse des surfaces.

Quant au frottement, la contrainte de cisaillement apparente la plus importante est trou-
vée pour la surface de Fe20:s et la plus faible pour CuO. En considérant les résultats de carac-
térisation de la Fig. 0.8, il est clair que les surfaces corruguées engendrent un frottement plus
élevé. Ceci est principalement dii au glissement faible du lubrifiant pres de ces surfaces.

0.4.3 Conclusion

La méthode de caractérisation a été appliquée a cinq surfaces réalistes avec des diffé-
rentes densités, structures cristallines, et parametres de l'interaction. Les résultats ont montré
que certaines surfaces peuvent avoir un fort potentiel d'adsorption avec une faible corruga-
tion et vice-versa.

Ces surfaces ont ensuite été employées dans des simulations de lubrification moléculaire
avec un film nanométrique d’hexadécane. Le résultat des simulations a montré des proprié-
tés structurelles et dynamiques différentes pour chacune des surfaces. Etant donné que les
analyses de surface étaient disponibles, les facteurs qui influencent ces propriétés ont pu étre
identifiés.

Pour les conditions opératoires étudiées, le potentiel d'adsorption de la surface s’est ave-
ré étre un facteur dominant qui amplifie la densité de la couche de fluide située pres de la
surface. Quant a I"écoulement interfacial, le glissement lubrifiant/surface est fortement in-
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fluencé par la corrugation. Les molécules de lubrifiant peuvent bien glisser sur une surface a
fort potentiel d’adsorption si elle présente une faible corrugation.

Enfin, en terme de frottement, il a été constaté que la corrugation est le facteur le plus
influant grace a sa relation étroite avec le glissement aux parois et donc finalement avec la
mouillabilité des surfaces. La derniere section de ce résumé étendu traite des effets de la
structure moléculaire du lubrifiant sur le frottement, en fonction de la mouillabilité des sur-
faces.

0.5 Effet de la structure moléculaire du lubrifiant et de la
mouillabilité des surfaces

Les lubrifiants réels sont des mélanges de différents composants chimiques. Leur visco-
sité est liée a la forme de leurs molécules constitutives et a leurs interactions. Les molécules
ramifiées et celles composées de longues chaines ont souvent des viscosités plus élevées que
les molécules a courtes chaines linéaires. Dans les problémes classiques de lubrification, les
coefficients intrinseques de transport sont souvent suffisants pour expliquer la relation entre
le frottement et la structure moléculaire des lubrifiants.

Cependant, cette relation devient bien plus complexe dans des géométries confinées a
I’échelle moléculaire. La notion de viscosité est totalement insuffisante pour expliquer le frot-
tement a cette échelle [101]. En raison de la petite taille du domaine, les interactions entre les
surfaces et le lubrifiant jouent en effet un role essentiel. Ces interactions dépendent autant
des propriétés des surfaces que de la forme et de la nature des molécules du lubrifiant.

Les lubrifiants commerciaux sont des mélanges de différents types de composants chi-
miques tels que les huiles minérales, additifs anti-usure et additifs de friction, anti-oxydants,
détergents, etc. Les molécules constitutives peuvent étre saturées avec des chaines linéaires
ou ramifiées, mais peuvent aussi étre polaires et présenter des interactions physico-
chimiques avec les surfaces. Contrairement a la section précédente, ot I'hexadécane a été le
seul fluide considéré, dans ce chapitre les effets de la forme et de la nature moléculaire du
lubrifiant vis-a-vis de surfaces de différentes caractéristiques de mouillage sont étudiés. Il est
essentiel de comprendre ces effets afin d’améliorer la capacité prédictive dans la conception
des lubrifiants pour des applications entierement ou partiellement concernées par la lubrifi-
cation moléculaire.

0.5.1 Effet de la longueur de la chaine moléculaire

La longueur des molécules d'un lubrifiant est un facteur crucial pour déterminer ses
performances tribologiques en régime moléculaire [103]. Les molécules courtes ont généra-
lement des viscosités faibles, mais en confinement sévere elles peuvent plus facilement at-
teindre un état d'ordre élevé (état solide ou vitreux) que les molécules plus longues [61].

Cinq types de molécules d’alcanes, saturées et linéaires, de différentes longueurs de
chaine ont été étudiés dans des conditions de lubrification moléculaire. Les simulations ont
montré d’abord que le phénomene de stratification est plus prononcé pour les molécules
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courtes. Pour les molécules longues on montre un alignement parallele a la direction de ci-
saillement. En outre, la proportion de molécules contenues dans chaque couche peut varier
et devenir élevée. Par exemple avec du tétracosane (C32), dans la premiere couche pres de la
surface, 44% des molécules forment des ponts vers la deuxieme couche, comparé a seule-
ment 15% avec du pentane (C5). La formation de ponts (bridging) est représentative de la
cohésion interne du fluide qui est également liée a sa résistance a 1'écoulement (viscosité)
[103].

Les profils de vitesse a travers chacun des cinq films lubrifiants sont donnés dans la Fig.
0.10. Pour la surface non mouillante (CuO), un glissement aux parois se produit dans tous les
cas, mais il augmente significativement avec la longueur de chaine (Fig. 0.10-a). Ces effets ne
sont pas observés avec la surface mouillante (Fe20s).
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Fig. 0.10 : Profils de vitesses a travers cinq films de différentes longueurs de chaines molécu-
laire, pour deux types de surfaces : CuO (non-mouillante) et Fe2Os (mouillante).

En raison d’une cohésion interne, entre les couches du fluide, bien plus forte que la co-
hésion vis-a-vis des surfaces non-mouillantes, les molécules longues glissent aux parois.
Lorsque la cohésion interne est faible, comme dans le cas des molécules courtes, les couches
adsorbées préferent suivre le mouvement des surfaces et un faible glissement est observé.

Quant au frottement, le glissement qui se produit pres des surfaces non-mouillantes et
qui augmente avec la longueur de chaine contrebalance 'augmentation de la viscosité. Cela
conduit a une stabilisation du frottement pour les longues chaines. Par contre, en I'absence
de glissement pres des surfaces mouillantes, le frottement augmente globalement avec la
longueur de chaine en raison de I'augmentation naturelle de la viscosité avec de telles molé-
cules.

0.5.2 Effet de la ramification de la chaine moléculaire

Au dela de la longueur de la chaine moléculaire du lubrifiant, le degré de ramification
est un autre facteur relié a la forme moléculaire et qui influe sur les propriétés de lubrifica-
tion moléculaire. Entre molécules linéaires et ramifiées, ces dernieres ont généralement des
viscosités plus élevées. Sous confinement sévere cependant, 1'inverse a pu étre observé expé-

XXVIiii



H. Berro, Ph.D. thesis, INSA de Lyon 2010

rimentalement [23]. Par ailleurs, des simulations moléculaires ont montré que la ramification
peut influencer les propriétés locales des films, comme leur structuration en couches [105] et
le glissement aux parois [62].

Afin d'étudier l'effet de la ramification des molécules sur la structure et la dynamique
des films confinés, des simulations moléculaires ont été réalisées sur deux types de films de
décane composés respectivement de molécules linéaires et de molécules ramifiées.

Les résultats montrent d’abord que la densité de la premiere couche du lubrifiant pres
de la surface n'est pas influencée par la ramification. Toutefois, une atténuation de la structu-
ration est constatée dans le film de décane ramifié. En raison de leur cohésion interne forte,
les molécules ramifiées sont effectivement moins influencées par les interactions de surface
et retrouvent un comportement macroscopique (bulk) a une distance assez proche de la sur-
face.

En ce qui concerne l'ordre tangentiel, les molécules linéaires forment tres peu de pont
entre les couches. Dans le cas des molécules ramifiées, une grande proportion de molécules
forme des ponts entre les couches internes. La cohésion interne du film lubrifiant est donc
plus forte que dans le cas des molécules linéaires.

Quant a I'écoulement a 1'interface, on observe I"absence de glissement pour les deux mo-
lécules dans le cas des surfaces mouillantes. Cependant, une influence remarquable de la
ramification sur les profils de vitesse peut étre observée avec la surface non-mouillante. Le
glissement aux parois est significativement plus important dans le cas des molécules rami-
fiées. Dans ce cas, la cohésion interne est devenue plus forte que la cohésion avec la surface
ce qui explique l'existence d'un glissement tres important.
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Fig. 0.11 : Profils de vitesse a travers des films composés des molécules linéaires et ramifiés
de décane, confinés entre des surfaces de CuO et Fe20s.

La ramification augmente la cohésion interne du fluide, la viscosité et entraine un frot-
tement significativement élevé pour le cas des surfaces mouillantes. Dans le cas des surfaces
non-mouillantes, le glissement aux parois joue un rdle important pour limiter 'augmentation
de frottement. Dans la limite des conditions opératoires considérées, le frottement est tou-
jours plus élevé pour les molécules ramifiées.
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0.5.3 Mélanges de lubrifiants non-polaires

Le plus simple des lubrifiants commerciaux est un mélange d'’hydrocarbures saturés de
différentes structures moléculaires. La forme des molécules influence la performance tribo-
logique autant dans les conditions de large séparation que dans le cas de séparations molécu-
laires. Dans ce dernier cas, la réponse tribologique dépend également de la nature des
surfaces.

Dans cette section, un lubrifiant composé d’'un mélange de longues et courtes chaines
d'alcanes (50% d’hexadécane et 50 % de méthane) a été considéré. Un film de 4 nm d'épais-
seur de ce mélange est confiné entre les deux types de surfaces, mouillantes et non-
mouillantes. Un apercu de la configuration initiale du systeme est donné dans la Fig. 0.12.
Les différentes molécules du mélange sont initialement réparties de fagon homogene dans
tout le domaine du modele.
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Fig. 0.12 : Apercu d’un film de 4 nm d’épaisseur constitué d'un mélange méthane-
hexadécane : (a) état initial (b) au cours de cisaillement. Les molécules de méthane sont re-
présentées en jaune tandis que celles d’hexadécane sont représentées en noir et blanc.

Au cours du cisaillement, un phénomene tres intéressant de ségrégation moléculaire se
produit dans le film. Les longues molécules d’hexadécane (couleurs noir et blanc) migrent
vers la surface tandis que les courtes molécules de méthane restent au centre du film.

Les profils de vitesse a travers le mélange confiné sont représentés dans la Fig. 0.13. Du
fait qu’il y a souvent un lien étroit entre la structure du film et son écoulement a 'interface,
ils sont comparés aux profils obtenus avec des solutions pures de ses molécules constitutives
(hexadécane et le méthane).
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Fig. 0.13 : Profils de vitesses pour des films d'hexadécane, de méthane, et de leur mélange
entre des surfaces de CuO et Fez0s.

Avec la surface mouillante, le profil de vitesses du mélange coincide avec ceux obtenus
avec 'hexadécane et le méthane purs. Toutefois, avec la surface non-mouillante, on constate
I"absence de glissement dans le cas du mélange (fig. 5.13-a).

En raison de I'hétérogénéité du domaine (Fig. 0.12), les molécules d’hexadécane mas-
quent la morphologie lisse de la surface non-mouillante pour les couches internes du lubri-
fiant qui sont composées principalement de méthane. En outre, la cohésion entre les
molécules de méthane et la couche dense d’hexadécane est assez faible pour que cette der-
niere préfere coller aux surfaces. Le glissement aux parois disparait completement.

La majorité des molécules situées au centre du film est constitué de méthane (de faible
viscosité), le frottement est ainsi remarquablement plus faible dans le cas du mélange que
dans le cas de la solution pure d’hexadécane.

0.5.4 Mélanges de lubrifiants polaires

Les additifs anti-usure sont des composés chimiques qui sont fréquemment ajoutés pour
améliorer les performances des huiles. Ces additifs protegent les surfaces par des processus
d'adsorption physique ou chimique. Les couches protectrices réduisent considérablement le
frottement et I'usure et améliorent la durée de vie des éléments mécaniques.

Le ZDDP (Zinc dialkyl-dithio-phosphate) est un exemple représentatif d'un additif anti-
usure classique utilisé dans les huiles commerciales pour moteurs a combustion interne [108].
En dépit de ses excellentes propriétés anti-usure, cet additif est connu pour produire un frot-
tement plus important dans les conditions de la lubrification mixte [108]. Des études expéri-
mentales récentes [109] ont montré que 1'ajout de 5% de concentration en masse de ZDDP a
une solution d’huile de base d’hexadécane donne environ 40% d'augmentation de frottement
par rapport a I'hexadécane pur. En utilisant la simulation dynamique moléculaire, cette sec-
tion vise a identifier les principales raisons de ce comportement dans des conditions de con-
finement moléculaire.
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Dans la configuration moléculaire initiale (Fig. 0.14), les molécules de ZDDP sont posi-
tionnés au centre du film. Cependant, des que le cisaillement commence, les molécules de
ZDDP s’orientent vers les surfaces d'oxyde de Fer. Cela se produit avec les deux types de
surfaces mouillantes et non-mouillantes. Des apercus du systeme au cours du cisaillement
sont donnés dans la Fig. 0.14 pour le cas des surfaces non-mouillantes.

t

Fig. 0.14 : Apercus du systéme moléculaire au cours du cisaillement dans le cas des surfaces
non-mouillantes de I'oxyde de fer. Les molécules de ZDDP sont en couleur tandis que les
molécules d’hexadécane sont représentées en noir et blanc.

Ce phénomene peut s'expliquer par la nature polaire des molécules de ZDDP. Les
charges atomiques interagissent par des forces électrostatiques avec les surfaces oxydées. En
revanche, les molécules saturées d’hexadécane ne présentent pas de telles interactions a
longue distance avec les surfaces. De plus, le cisaillement joue un rdle encourageant de ce
phénomene car elle provoque un alignement des molécules de lubrifiant.

Les profils de vitesse dans les films d’hexadécane et le mélange d’hexadécane et de
ZDDP sont donnés dans la Fig. 0.15. Avec la surface mouillante, les profils de vitesse avec et
sans ZDDP sont tres proches, avec une absence du glissement aux parois. Dans le cas des
surfaces non-mouillantes, la présence de ZDDP produit une atténuation significative du glis-
sement par rapport au cas de I'hexadécane pur.
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Fig. 0.15 : Profils de vitesses a travers des films d’hexadécane pur et d"'un mélange
d’hexadécane et de ZDDP. Le taux de cisaillement apparent dans toutes les simulations est
de 6,9 x 10° s-1.

La réduction du glissement est due a la migration moléculaire du ZDDP. Quand les mo-
lécules de ZDDP sont adsorbées a la surface (Fig. 0.14), la corrugation effective des surfaces
est augmentée. Cela améliore le transfert d'énergie cinétique vers le film d’hexadécane.

La présence de ZDDP augmente la valeur du taux de cisaillement moyen dans le centre
du film. Ceci provoque une augmentation du frottement dans le cas du mélange par rapport
au cas de I'hexadécane pur.

0.5.5 Conclusion

Le frottement dans les films confinés a 1’échelle moléculaire est influencé autant par les
propriétés de surface que par la nature moléculaire du film lubrifiant. Dans les films consti-
tués d’un seul type de molécules, I'augmentation de la longueur de chaine moléculaire et la
ramification atténuent le phénomene de structuration moléculaire a travers le film lubrifiant.
La cohésion interne du lubrifiant devient aussi plus forte. Dans le cas des surfaces mouil-
lantes, la longueur moléculaire et le degré de ramification influencent le frottement via la
variation de la viscosité. Cependant pres des surfaces non-mouillantes, la cohésion interne
des molécules longues et ramifiées peut devenir plus forte que leur cohésion avec les sur-
faces. Il en résulte un glissement plus important pres des parois et une atténuation marquée
du frottement.

Dans les mélanges de molécules saturées de longues et courtes chaines, le film devient
hétérogene sous cisaillement. Les molécules longues se rapprochent des surfaces tandis que
la partie centrale du film reste occupée par les molécules courtes. En raison de la faible visco-
sité des molécules courtes, une faible résistance a I’écoulement est observée dans le cas du
mélange comparé a la solution composée de molécules longues.

Enfin, un mélange d’hexadécane et ZDDP, représentatif de lubrifiants commerciaux, a
été étudié dans les conditions de la lubrification moléculaire. En accord avec les expériences,
la présence de ZDDP a entrainé une augmentation de frottement par rapport a 1'hexadécane
pur. La migration moléculaire et I'adsorption physique des molécules de ZDDP sur les sur-
faces sont a I’origine de ce phénomene. Lorsque ces molécules sont collées aux surfaces, elles
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réduisent considérablement le glissement qui se produit naturellement avec de I'hexadécane
pur. Il en résulte une augmentation globale du taux de cisaillement moyen au centre du film
qui est cisaillé a un taux plus élevé et finalement, un frottement plus élevé est obtenu, en ac-
cord avec les résultats expérimentaux.

Conclusion générale et perspectives

Dans cette these, une approche numérique basée sur des simulations de dynamique mo-
léculaire a été développée dans le but d'étudier les mécanismes locaux de la lubrification a
I"échelle nanométrique. Les éléments du modele ont été explicitement caractérisés de fagon a
reproduire les propriétés des matériaux et un comportement interfacial du systeme molécu-
laire les plus réalistes

Une attention particuliere a été accordée a la méthodologie de dissipation de la chaleur
dans les simulations, notamment en raison de sa relation avec le frottement. Les mécanismes
de transformation et de dissipation d'énergie dans les films confinés ont été étudiés en détail.
Lorsque les surfaces glissent a une vitesse modérée, 1'énergie mécanique est totalement ad-
sorbée par le lubrifiant, convertie en chaleur et complétement dissipée par le thermostat. En
conséquence, la température globale reste constante. Toutefois, quand un taux de cisaille-
ment critique est dépassé, le systeme commence a s’échauffer et, a partir de ce point, une
méthode appropriée de dissipation d’énergie devient nécessaire.

Des méthodes avancées ont été comparées dans le régime d’échauffement et les résultats
ont montré que si les surfaces sont autorisées a s’échautffer, elles s’adaptent plus naturelle-
ment a l'augmentation de la température du lubrifiant. Une nouvelle méthode pour appli-
quer des conditions aux limites thermiques originales a été introduite a cet effet. Le principe
est que la température des surfaces peut étre mise a jour lors de la simulation, selon le flux
de chaleur provenant du contact.

Le modele moléculaire et les conclusions acquises sur les effets thermiques ont été mis
en application afin d'étudier différents effets se produisant a 1'échelle nanoscopique et qui
donnent sa particularité a la lubrification moléculaire.

Premiérement, l'influence de la nature des surfaces sur le frottement a été considérée.
Une nouvelle procédure a été développée pour caractériser des surfaces réalistes avec deux
parametres qui représentent les potentiels physiques d'adsorption et de corrugation. Les si-
mulations ont montré qu'un film de lubrifiant présente des propriétés structurales et dyna-
miques différentes selon le type de surfaces entre lesquelles il est confiné. Le phénomene de
structuration devient plus prononcé pres des surfaces caractérisées par un potentiel d'ad-
sorption élevé. D'autre part, les variations du potentiel d'interaction (corrugation) influen-
cent le glissement du lubrifiant par rapport aux parois. La résistance des molécules du
lubrifiant au mouvement relatif des surfaces, qui donne le frottement du contact, s’est avérée
essentiellement dépendante de la condition de glissement (mouillabilité). Dans le cas des
surfaces de faible corrugation (surfaces non mouillantes), le lubrifiant glisse aux parois et le
film devient effectivement cisaillé a un taux de cisaillement inférieur au taux apparent. Il en
résulte un plus faible coefficient de frottement.
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Deuxiemement, l'influence de la structure moléculaire du lubrifiant sur les propriétés
tribologiques du contact a été étudiée pour des surfaces mouillantes et non-mouillantes.
L’influence de différents parametres a été examinée : la longueur de chaine, le degré de rami-
fication, le mélange de lubrifiants non-polaires et, enfin, le mélange de fluides polaires. Les
simulations ont montré que la longueur de chaine influence considérablement le glissement
aux parois. Les longues molécules glissent plus facilement a I'interface solide. Cela pourrait
s'expliquer par la forte cohésion interne qui est due a la formation de ponts (liaisons) entre
les couches consécutives au travers du film lubrifiant. En dépit de leur viscosité supérieure,
les films lubrifiants constitués de longues molécules ne génerent pas de frottement nettement
supérieur a celui obtenu avec des molécules plus courtes dans le cas de surfaces non-
mouillantes, en raison du phénomeéne de glissement. D'autre part, avec des surfaces mouil-
lantes, puisque aucun glissement ne se produit, le frottement augmente naturellement avec
la longueur de chaine en raison de la viscosité qui croit également. La présence de ramifica-
tions a les mémes conséquences que I'augmentation de la longueur des chaines moléculaires.
Du fait de leur viscosité élevée, les molécules ramifiées génerent un frottement plus impor-
tant que les molécules linéaires. Par contre, elles montrent un glissement plus prononcé aux
parois en raison de leur forte cohésion interne, ce qui limite 'augmentation de frottement.

Dans les films lubrifiants constitués d’un mélange des molécules saturées de différentes
longueurs de chaine, le cisaillement provoque une ségrégation moléculaire. Les longues mo-
lécules se rapprochent des surfaces tandis que les molécules plus courtes restent au centre du
film. Cette structuration hétérogene influence les propriétés d'écoulement et donc le frotte-
ment du mélange confiné. D'une part le glissement, présent dans le cas des solutions pures,
disparait completement méme en présence de surfaces non-mouillantes. Par ailleurs la partie
centrale du film est principalement constituée de molécules courtes, donc de faible viscosité.
En conséquence, le coefficient de frottement mesuré pour le mélange est relativement faible.

Enfin, un mélange modele d'un lubrifiant commercial, comprenant de 1’hexadécane
comme huile de base et du ZDDP comme additif anti-usure a été étudié. La nature des sur-
faces, la composition du lubrifiant et les conditions de la simulation ont été choisies pour étre
représentatives d'une application industrielle. Les simulations ont montré que les molécules
polaires de I’additif sont attirées par les surfaces oxydées ou elles se trouvent finalement ad-
sorbées. A l'interface des surfaces non-mouillantes, cette migration provoque une atténua-
tion complete du glissement aux parois. Par ailleurs elle entraine une augmentation du taux
de cisaillement effectif au centre du film. Les simulations ont montré que le frottement mesu-
ré était plus élevé en présence de ZDDP, comme observé lors des expériences de référence
réalisées dans des conditions similaires.

Il existe de nombreuses possibilités d’utilisation du modele développé dans ce travail
pour étudier un large choix de structures de surfaces et de types de lubrifiants. Des études
plus approfondies sur l'influence de la forme moléculaire et la polarité du lubrifiant a proxi-
mité de surfaces réalistes peuvent étre entreprises pour généraliser les effets présentés dans
cette these. En outre, en étudiant de nouveaux modeles de surfaces, il pourrait étre intéres-
sant de déduire des lois globales qui rapportent, depuis 1'échelle moléculaire, le glissement
lubrifiant/surface au potentiel d'adsorption des surfaces. Ces lois pourraient étre intégrées
dans des simulations a grande échelle comme en élastohydrodynamique, pour prendre
compte du glissement interfacial qui joue un role important a I'échelle nanométrique.
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Bien que les effets moléculaires présentés dans ce mémoire aient été établis pour un
nombre limité de conditions opératoires, ils pourraient également étre étudiés dans des con-
ditions plus séveres de vitesse, pression, température et confinement. Pour accéder a ces ré-
gimes de cisaillement élevé, les méthodes appropriées de dissipation énergétique
développées dans cette these constitueraient une base solide.

Il serait également intéressant d'étudier l'effet de la rugosité réelle (géométrique) des
surfaces sur la structure et la dynamique des lubrifiants confinés. Ce travail serait complé-
mentaire de celui entrepris dans cette these sur les effets de la corrugation physique. Dans la
configuration surfaces rugueuses, le modele moléculaire pourrait étre utilisé pour simuler les
conditions conduisant a la perte du contact fluide solide (rupture de lubrification). A partir
de I'analyse de ces simulations, il serait envisageable de fournir des indications sur les pro-
priétés souhaitables des lubrifiants dédiés aux conditions de fonctionnement séveres telles
que celles rencontrées dans les régimes de lubrification mixte ou limite.
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Nomenclature

Roman symbols

dz
Ey
Eads
E;

Eout
E(t)

fi
F.,F;,F,

[Kcal.mol'rd 2]

dimensionless
dimensionless
[A]
[A]

dimensionless

[A]
[Kcal.mol ]
[Kcal.mol_l]

[Kcal.mol_l]

[Kcal.mol_l]
[Kcal.mol_l]
[Kcal.mol_l]

[Kcal.mol_l]

[mN]

[Kcalmol 1. A7)

[nN]
[A]

Distance between unit cells in a lattice along the first principle
axis.

Atomic acceleration at instant t.

Distance between unit cells in a lattice along the third prin-
ciple axis.

Half of the angular spring constant in molecular bending inte-
ractions.

Bridging coefficient.
Lindemann criterion.
Distance to the nearest atom.
Scan elevation.

Reduced average distance of the ZDDP molecules from the
film centre.

Surface thickness in the molecular model.

Total initial energy of the system.

Per-molecule lubricant adsorption energy on solid surfaces.
Input mechanical energy by surface sliding and normal load-
ing.

Total kinetic energy of the molecular system

Output (dissipated) energy by the thermostat.

Total energy of the system at instant t.

Embedded energy function depending on the electron densi-
ty.

Total force acting on atom “i”.

Conservative, friction, and random forces in Langevin ther-
mostat.

Total resistive force to the constant velocity surface sliding.

Thickness of the confined film (on the z-dimension).



Nomenclature

K

Ky
kg
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[J.s7Y

[Kcal.mol 'A%

[GPa]

[JK™]

[A]

[A]

fam] [Kg]

[amu]

[amu]
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
[Kg.m.s™!]
[Kg.m.s™!]

[e7]
[Kcal.mol ']

Plank angular constant

Half of the spring constant in the Harmonic bonds interaction
model.

Bulk modulus.

Boltzmann constant.

Bond-length at a given instant.
Equilibrium bond-length.
Atomic/molecular mass.

Mass of a single lubricant molecule.
Mass of atom “i”.

Number of carbons in alkane molecules.

Index of temperature update.

Total number of atoms in the system.

Total number of constraints.

Number of degrees of freedom in the molecular system.
Number of scanning atoms in the surface scan procedure.
Number of snapshots taken during a surface scan.

Total linear momentum transferred in NEMD simulations.
Linear momentum of atom i.

Atomic charge.

Exchanged heat in the NEMD simulations.

Thermal inertia (mass) of the Nosé-Hoover heat bath.
Distance between two interacting atoms.

Atomic position at instant t.

i
1.

Position vector of atom
Acceleration vector of atom “i”.
Surface area normal to the heat transfer direction (z).

Added degree of freedom in Nosé-Hoover extended system
method.

Time.

Temperature calculated in layers normal to the heat transfer
direction.

Target temperature.
Instantaneous kinetic temperature.

Initial temperature of the molecular system.



v(t)
Vangle
Vbond

‘/torsion—X

[Kcal.mol_l]
dimensionless
[m.s™

[Afs]
[Kcal.mol_l]
[Kcal.mol_l]

[Kcal.mol_l]

[Kcal.mol_l]
[Kcal.mol_l]
[Kcal.mol_l]

dimensionless

[A]
[A]

Greek symbols

Qaq

¥ ,"Yapp
Ye

;yeff

ot

At

Temperature of the wall (surface) in direct interaction with the
confined film.

Surroundings temperature, far from the contact.

Fluid shear velocity calculated in normal layers to the momen-
ta transfer.

Total potential energy due to the intermolecular interactions
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Introduction

Friction is the resistive force to the relative motion of two bodies in contact. Without friction,
we would not be able to accomplish many simple tasks like starting and stopping our cars,
standing and walking on the ground, shaving, brushing our teeth, wearing clothes or mak-
ing fire by rubbing two wooden sticks together. A life without friction is certainly hard to
imagine, but a life with controlled friction is undoubtedly one of the ultimate goals of mod-
ern technology.

A significant portion of research aims to optimize the energetic efficiencies of everyday
technology products that operate on non-renewable sources of energy such as household
items, robots and transportation devices. Many of these products generate mechanical ener-
gy by motion. Unfortunately, whenever there is motion, there is friction. Friction losses be-
tween mechanical components account to the largest portion of the total energetic losses.
Friction thus has a non-negligible economical as well as environmental impact.

Lubrication technology aims to reduce the losses which are due to direct solid-solid con-
tact and to improve the longevity of mechanical components. The principle is simple: by
adding a lubricant (solid, liquid, or gas) that separates any two contacting surfaces, the nega-
tive effects of dry sliding such as surface adhesion and wear can be avoided. Friction be-
tween the surfaces and a lubricant is notably lower than between the two surfaces in dry
contact. At the same time, a compromise is made between the tribological performance of
lubricants and their environmental side-effects. As lubricants, organic oils have satisfactory
performance in applications with moderate velocities, pressures, and operating temperatures.
However, under more severe conditions like those encountered in machining processes or
inside internal-combustion engines, the use of additives becomes indispensable for improv-
ing the tribological performance.

Modern lubricant design is facing increasing technological challenges such as compo-
nent downsizing and limiting the oil consumption for environmental purposes. In com-
pacted systems such as optical storage devices and micro motors, lubricants are often found
operating under molecular scale confinements. On another level, there is an increasing de-
mand for using very thin lubricant films, even in larger scale applications such as rolling-
element bearings, for both environmental and economical factors. In such circumstances and
under current industrial operating conditions, nano-meter films can be easily found in con-
tact sub-regions either during the normal running process or during critical periods like start
up and shutdown.

The work presented in this thesis deals with molecular lubrication problems where the
lubricating fluid is only a few nanometers thick. In such confined contacts, the tribological
properties of lubricants are very different than those in large separations. They depend on
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effects occurring over nano scales of time and space and are closely related to the molecular
structure and interactions between lubricant molecules and the bounding surfaces. A numer-
ical approach using Molecular Dynamics simulations is used throughout this thesis for ac-
cessing the local mechanisms of lubrication under severe confinement. Among the
considered effects are those of the surface physical properties of corrugation and adsorption
with respect to the lubricant molecular structure. Another effect of importance concerns the
transformation of mechanical energy into heat and its subsequent dissipation.

The presented research begins with a review on the state of the art (Chapter 1) on the
structural and dynamic properties of confined liquids sheared between two solid substrates.
The experimental and numerical works from the literature are presented in separate sections.
Particular phenomena occurring in confined films are presented including film structuring,
solidification and boundary slip. This review on the state of the art offers a strong foundation
for interpreting the simulation results presented in the following chapters.

In Chapter 2, a numerical MD model of molecular lubrication is developed which allows
a wide choice of realistic tribological surfaces and lubricants to be modeled. The model is
parameterized to give realistic thermal and mechanical properties of the surfaces, the lubri-
cant as well as their interface.

Energy dissipation in the model which is closely related to the friction is discussed in
details in Chapter 3. For different operating conditions, guidelines are given in this chapter
for employing the correct energetic dissipation method. For highly sheared cases, a novel
method is also presented which allows physical and representative heat dissipation from the
contact to be modeled.

The molecular model is then employed for investigating several molecular effects occur-
ring in confined lubricant films. In Chapter 4, the effect of surface atomic structure is studied
by comparing how the same lubricant behaves when confined between five different realistic
surface materials. The structural and dynamic behaviors of the confined lubricant are ex-
plained according to the surface properties of physical adsorption and corrugation. Finally,
in Chapter 5, the relationship between the lubricant molecular structure and its tribological
performance is investigated for the two typical cases of wetting and non-wetting surfaces.
Lubricants of different chain lengths and branching degrees are studied in pure solutions as
well as in mixtures.

The general conclusion and prospects part of this manuscript recapitulates the main
ideas of the conducted research, the main results presented throughout the different chapters,
and finally suggestions for future work.
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1. State of the art

Friction is a reaction force which hampers or resists the relative motion of two bodies in con-
tact. It is directly related to the normal reaction force with a coefficient, given experimentally,
called the friction coefficient. Dry friction between machine elements results in material wear,
fatigue, elastic/plastic deformations, and surface adhesion with the generated heat in the
contact. Intermolecular friction also occurs inside fluids giving rise to the notion of viscosity.

When a third body (solid, liquid, or gas) separates the two principle bodies in motion, it
can gently accommodate their velocity difference resulting in reduced friction and wear. This
is the phenomenon of lubrication. Tribology, the science of friction, lubrication, and wear, is
without doubt a multidisciplinary science as it is often related to material and thermal
sciences, rheology and fluid dynamics, as well as surface chemistry. When it comes to the
nano-scale limit, tribology becomes involved with molecular scale mechanics and quantum
physics.

1.1 Tribology: historical review

There is no doubt that Man thought about friction and the means of reducing it a very long
time ago [1, 2, 3]. In fact, the first wood/stone mechanical systems date to earlier than 4000
B.C. and some of these systems were actually lubricated using animal fat. In recent docu-
mented history, the study of friction was limited to machinery design. It was only rarely,
until recently, a subject taken independently by researchers. This is perhaps due to the com-
plexities that arise due to the multiphysics nature of the friction mechanisms. However, with
the industrial revolution came the development of heavy loaded machinery that incorporate
complex mechanical couplings, contacts, and relative motions. It thus brought an essential
need for a serious analysis of the friction, wear and lubrication phenomena. The control of
frictional losses contributes not only to the longer lifespan of single machine elements but
also the reliability and productivity of complete industrial chains.

Leonardo da Vinci is known to be one of the fathers of modern tribology. Although his
manuscripts were lost for a quarter of a millennium, it is established that he was the first to
quantify friction forces and introduce the notion of friction coefficient (first law of friction).
In his work on dry friction, he showed that the apparent surface of contact between two
moving bodies has no influence on the friction force (second law of friction, Fig. 1.1). He stu-
died several related topics such as wear and its mechanisms, the design of lubrication sys-
tems, gears, screw-jacks, and rolling-element bearings. His work shows an incredible
procession to the existing knowledge and technology of his era.
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Fig. 1.1: A schematic of Leonardo da Vinci’s experiment which he used to prove that the fric-
tion force is independent of the apparent area of contact.

Amontons was among the pioneers to put standards in friction science as he redisco-
vered the two da Vinci friction laws [1]. He was succeeded by others to perform dry contact
experiments between different materials in order to study the heat generation and solid ad-
hesion as well as to analyze the effect of surface roughness on friction. However, the very
first theoretical approach to the problem was by Euler in 1750 in two papers in which he de-
fined the concept of friction and the friction angle; concepts which are still considered nowa-
days in many engineering applications. He also differentiated between static and dynamic
friction and represented surface roughness as pyramid models.

During the industrial revolution, Coulomb conducted several experiments in order to
identify the parameters which influence friction in sliding and rolling conditions. Among
these parameters are the material nature, fluid lubrication, apparent area of the contact, load-
ing pressure, and finally the relaxation time of the contacting surfaces prior to experiment.
His experiments were able to confirm Amontons laws and to show in addition that the fric-
tion coefficient depends on the surface roughness. He also showed that, in many cases, the
dynamic friction coefficient does not vary with the sliding velocity; this was later attributed
to him as the third law of friction.

The first significant work on lubricated friction was carried out by Hirn in 1847 [1]. He
studied experimentally the evolution of the friction coefficient under constant load but vari-
able velocity in both dry and lubricated contacts. In lubricated contacts, he found that the
friction coefficient is unstable for low velocities. When velocity is increased, friction becomes
stable and then decreases until it reaches a minimum. At constant temperature, the friction
coefficient then increases proportional to the velocity. Due to their apparent conflict with
Coulomb’s third law of friction (for a constant friction coefficient with velocity) Hirn’s results
were rejected and were not published until 1854. These results however showed that a novel
analysis of the dynamic friction in fully lubricated contacts was needed and that the three
friction laws for dry contacts were no longer applicable.

Theoretical formulation of the fluid dynamics equations was established by the mathe-
matician Navier in 1822. Navier based his equations on Euler’s previous work and intro-
duced the viscosity (flow resistance) into the fluid dynamics equations. These equations are
referred to as the Navier-Stokes equations; Stokes being the first to solve them for simple
cases. In 1886, Reynolds proposed the theory of hydrodynamic lubrication by reducing the
general Navier-Stokes equations for a thin full film lubrication problem [4]. Reynolds dis-
cussed the physical origins of hydrodynamic pressure which develops in lubricated journal
bearings; an experimental finding by Tower in 1883. He also explained that in some cases of
high shearing, while a lubricant still completely separates the sliding surfaces, the friction
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coefficient becomes no longer proportional to the velocity due to thermal effects that influ-
ence the flow resistance of the lubricant.

Considerable research on dry friction was carried out throughout the twentieth century.
The friction results of Coulomb are still widely applied for studying dry contacts [1]. In 1938,
Holm observed that plastic deformation of the asperities between contacting surfaces gives
rise to the formation of junctions. Friction represents the force needed for shearing these
junctions. Such a view is called the adhesion theory of friction. In the same context, Bowden
and Tabor introduced in 1950 the notion of real contact area. It represents the total surface
area of the plastically deformed summits which effectively bear the contact load. The real
contact area, much smaller than the apparent ones, depends on the applied load and can be
directly related to the friction coefficient.

As for fluid-lubricated contacts, Reynolds theory of hydrodynamic lubrication has been
the cornerstone for most research over the last century. Theoretical solutions of the Reynolds
equation were proposed for many simple lubricated systems and this had a big impact on
bearings design. A recapitulative friction diagram which distinguishes three lubrication re-
gimes was first proposed by Stribeck in 1902, based on his extensive experiments on lubri-
cated journal bearings. The Stribeck diagram (Fig. 1.2) illustrates that the friction depends on
the nature of the lubricant, the normal load, and the velocity. Under severe operating condi-
tions, a transition occurs from hydrodynamic lubrication with full contact separation and
relatively low friction to boundary lubrication where the load is carried by the contacting
asperities and no longer by the hydrodynamic pressure of the lubricant. An intermediate
mixed lubrication regime exists between these two extremities. In this regime, the load is
distributed in some regions to deformed asperities as in dry contacts and in other regions to
the confined lubricant which separates the interacting surfaces.

Boundary Full-film

h>>>0
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Velocity x Viscosity
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Fig. 1.2 : Stribeck friction diagram illustrating the three lubrication regimes: boundary,
mixed, and full-film lubrication. The transition between these regimes depends on the lubri-
cant viscosity, velocity, and the normal load. d is the surface roughness rms. (based on [5])
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The research in lubricated friction can thus be classified according to the concerned lu-
brication regime which depends on the foreseen application. A detailed review on all of the
work done in these areas is well beyond the scope of this section. Nevertheless, some gene-
ralities on the dominant lubrication mechanisms in each of the three regimes will be pre-
sented briefly. In the third section of this chapter, the transition is presented from the classic
point of view given by the Stribeck diagram to the particular case of molecularly confined
lubrication where the essential part of this thesis is set to contribute.

1.2 Lubrication regimes

The classification of lubrication regimes in this section is based on the classical view as origi-
nally demonstrated by the Stribeck diagram and experimental master curves [5]. Although
this view of lubrication is widely accepted in the tribology community, it may still have some
discrepancies while predicting friction in lubricated systems of molecular-scale confinement
[6]. These particular aspects have only been recently accessible through experimentation and
more details about them will be given in section 1.3. For the time being, the presented classi-
fication in this section is thus based on a global description of friction mechanisms in a lubri-
cated contact problem with no special consideration of molecular scale effects.

1.2.1 Full film lubrication

The full film lubrication regime corresponds to the case where a continuous lubricant film
separates the sliding bodies. If the formed lubricant film is sufficiently thick, the bodies do
not contact each other directly. As a result, wear hardly occurs, and the load is carried out
completely by the hydrodynamic pressure of the lubricant film. The frictional force is thus
low and can be attributed to the viscosity of the lubricant. If the lubricant is Newtonian,
meaning that its viscosity does not change with shear, the friction increases linearly with the
shear rate. This ideal lubrication process is called Hydrodynamic Lubrication and generally
occurs in low pressure contacts such as journal bearings where the contacting surfaces are
conforming.

The equations describing this lubrication regime are derived from the basic equations of
fluid dynamics with the assumptions of Reynolds hydrodynamic lubrication theory [4]. The
general equations are reduced by considering the particular geometry of typical lubricant
thin films (small thickness relative to the lateral extent). Moreover, the lubricant fluid is typi-
cally considered to be incompressible, Newtonian, and does not slip with respect to the
bounding bodies.

Nevertheless, in many cases, the contact load may cause surface deformation. This oc-
curs for example in rolling-element bearings or human and animal joints where elastic de-
formations take place. The elevated contact pressure may also influence the lubricant density
and viscosity. When these phenomena occur, the system is said to operate in the Elasto-
Hydrodynamic Lubrication (EHL) mode. This lubrication mode is thus characterized by
quite elevated contact pressures which result in large elastic deformations of the contacting
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bodies with respect to the film thickness in addition to important piezo-viscous effects inside
the film.

The understanding of EHL mode is thus more complicated than hydrodynamic lubrica-
tion due to the multi-physics nature of the problem. An appropriate coupling is necessary
between Reynolds equation giving the film thickness and classical structural mechanics equ-
ation giving the solid deformations. The problem becomes more complicated at high shear
rates where viscous heating occurs inside the lubricant. Additional temperature-viscosity
and temperature-density relationships need to be employed and thermal diffusion must be
explicitly modeled inside the lubricant film and out of the bounding bodies in order to accu-
rately describe the energy dissipation.

For these reasons, EHL is still an open subject for scientific research. The solutions of
EHL problems are often given by using numerical methods that couple (fully or partially) as
many physics as possible. The purpose is to have the best agreement with experimental re-
sults and eventually permit improved designs of EHL industrial applications such as rolling-
contact bearings, gears, cam-tappets, etc.

1.2.2 Mixed lubrication

From the hydrodynamic lubrication regime, when the Stribeck parameter (abscissa of Fig.
1.2) is lowered by increasing the load or decreasing the velocity, friction decreases gently
until it reaches a minimum point (Fig. 1.2). At this point, the lubricant film becomes so thin
that the surfaces, no matter how “smooth” they are, start interacting at the asperity level. In
consequence, the friction increases as the number of asperity interactions increases. The load
is thus carried in part by the interacting asperities and another part by the lubricant hydro-
dynamic pressure. Friction represents thus the force needed for shearing the lubricant and
the formed junctions between micro-asperities

Machine elements that normally operate in full film lubrication often experience mixed
lubrication during start-up and stopping [7]. The tribological performance of lubricants in
this regime depends essentially on the ability of forming load-bearing layers (tribo-layers)
that protect surfaces from direct contact, adhesion, and wear. A careful choice of the base oil
and additives is thus necessary for lubricating machine elements which operate completely
or partially under mixed lubrication.

1.2.3 Boundary lubrication

When complete lubricant film rupture occurs, a boundary regime is established that depends
uniquely on the nature of the interacting surfaces and their respective roughness. Thin load
bearing layers from the lubricant are formed either by tribo-chemical reactions which are
triggered by the temperature and pressure increase or by physical adsorption (Fig. 1.3). The
load is carried only by the surface asperities and the effect of lubricant hydrodynamic pres-
sure is completely lost. In this boundary regime, friction is independent of the load, velocity
and lubricant viscosity. It is similar to dry kinetic friction and the ratio of tangential traction
force to normal load is almost constant (Fig. 1.2).



H.Berro, Ph.D. thesis, INSA de Lyon 2010

Fig. 1.3: A schematic showing the interface between relatively moving bodies in boundary
lubrication conditions. Although a high friction occurs, the thin adsorption layers of boun-
dary additives can still protect the surfaces from seizure and wear in ideal dry friction scena-
rios. [8]

1.3 Molecular lubrication

Molecular lubrication is the process which involves separating two relatively moving surfac-
es by a lubricant whose thickness is comparable to the molecular (nanometer) scale. Since
most surfaces in engineering applications have roughness that extends well beyond the na-
nometer scale, ideal molecular lubrication hardly exists as a unique lubrication mode and is
often present in sub-regions of mixed or boundary lubricated contacts. In these regions, a
particular behavior emerges for molecularly confined films between interacting asperities.
This has been classically conveyed by Hardy and Bowden models (Fig. 1.3) for boundary
lubrication where a physically or chemically adsorbed lubricant monolayer was thought to
play a tribological role in the severe confinement conditions [3].

Nowadays, the picture has changed. Classically full-film lubricated applications such as
rolling element bearings are currently designed to employ thinner films. The predicted film
thickness can be in the order of magnitude of only a few nanometers [9]. Moreover, whole
new technologies have evolved around novel micro-fabrication techniques where the know-
ledge of the nano-scale is essential [10]. Information storage devices and micro-mechanical
devices are examples where the tribology of coatings and lubricants in molecular confine-
ment represents a real challenge for optimization and maintenance.

The study of molecular lubrication has nevertheless been limited due to difficulties in
accessing the local time and length scales of molecular phenomena. Moreover, the complexi-
ty of the intervening physical and chemical effects makes it hard to construct universally
representative models for the mixed and boundary lubrication regimes. However, thanks to
recent developments of experimental and simulation methods that can access the molecular
scale, it has become possible to investigate many of the particularities of molecular lubrica-
tion. Experimental and numerical studies were able to complement each other in describing
molecular phenomena and giving intriguing insights about what occurs to a lubricant in mo-
lecular confinement.

The review on the state of the art is organized as follows. Experimental and numerical
studies are considered in separate sections. Each section begins with a brief introduction on
the methods employed for studying molecularly confined films. Subsequent results are then
classified into three categories: structural properties, nano-rheology, and boundary flow.
These effects being unique for molecular lubrication, the experimental and numerical results
are compared in the conclusion at the end of this chapter.
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1.3.1 Experimental work

Until now, it has been impossible to experimentally investigate molecular lubrication under
the conditions of real engineering applications [11]. The smallest accessible lubrication scale
is that of a single asperity contact. This has been possible thanks to the SFA (surface forces
apparatus) and the AFM (atomic force microscope). These two experimental apparatus have
undergone several modifications to allow the study of structural and dynamic properties of
molecularly confined films between two contacting asperities [12]. In both apparatus, a care-
ful calibration is needed for interpreting deflections and displacements (by optical or capa-
citance methods) into the equivalent normal and tangential forces [10, 12].

In the SFA, asperity contact is achieved by using a crossed cylinder set-up [12]. The cy-
linders are traditionally identical, of about one centimeter radius, made of silica, and are
covered by molecularly smooth mica sheets. Although using mica is very common in SFA, a
thin layer of any material can be deposited [12]. In an SFA experiment, the surfaces are
pressed together using sensitive motors for coarse control and piezo crystals for molecular
scale control. The surface separation and the area of the circular contact are measured with a
resolution of about an Angstrom [10, 12, 13] using optical (transparent mediums) or capaci-
tive methods [14] (opaque mediums). A spring is used to measure the normal force between
the surfaces; it gives a force-measuring resolution in the range of 10 nN. The SFA set-up can
be completely immersed in a lubricant or any controlled environment. This technique was
improved by Israelachvili in 1986 to allow relative motions of the surfaces to be applied and
lateral deformations, friction forces and effective viscosity of molecularly confined films to be
measured with precision [12, 13, 15].

The AFM set-up is very similar to that of the SFA except that the forces are measured
between a small tip and a sample surface instead of two macroscopic surfaces [10]. There is a
large choice of material for the tip and cantilever which holds it and the tip radius can range
from one atom to a micrometer [12], smaller tips being more interesting. In the range of
commonly used tip sizes (10-100 nm), the adhesion forces can be in the order of 0.1-1 nN [12].
For that reason, high sensitivity micron-sized sensors have been specifically developed for
the AFM, allowing 0.01 nm accuracy in cantilever deflection measurements for determining
forces. Nevertheless, this technique has the disadvantage that the absolute separation be-
tween the tip and the surface and the real tip geometry is not exactly known since the tip can
deform elastically or plastically during a measurement [12]. AFMs can operate in various
environments but the signals need to be accurately calibrated to yield forces [10]. This tech-
nique has been extended to measure the lateral (friction) force and is sometimes referred to
as the FFM (friction force microscope) [10].

1.3.1.1 Structuring and solvation force

Under molecular confinement, it is inappropriate to consider lubricant films as a structure-
less continuum. The reason is that solid surfaces can modify the ordering inside the lubricant
leading to structural forces when the two solids approach.

In 1981 Horn and Israelachvili [16] pioneered the SFA studies between two molecularly
smooth mica surfaces that were separated by a molecular liquid film. In measurements with
OMCTS fluid (Octamethylcyclotetrasiloxane, a non polar quasi-spherical molecule of a di-
ameter that is approximately 0.9 nm), the normal (solvation) force is oscillatory as surfaces

10
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are approached, varying between attraction and repulsion and with a periodicity that is
equal to the molecular diameter of OMCTS (Fig. 1.4). The oscillations decay exponentially
and within 6-10 molecular diameters, they almost vanish. Temperature has little effect on the
solvation forces. The chemical properties of the surfaces and the liquid were shown, however,
to quantitatively influence these forces. The presence of water in particular results in a de-
crease of oscillations to the limit where the forces become always attractive. The absolute
value of the adhesion force increases about 7 times in the presence of water.
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Fig. 1.4: SFA experimental results of surface forces between curved mica surfaces separated
by an OMCTS liquid. The red dotted segments correspond to unstable regions encountered
when the surfaces are approached, characterized by abrupt jumps between two stable posi-
tions (blue continuous segments) (Results of Horn and Israelachvili [16])

The surface force oscillation and its relationship with the liquid molecular diameter were
explained by the phenomenon of liquid molecules being packed up into layers between the
smooth solid surfaces [16]. As the separation is varied, the free energy has successive max-
ima and minima, and the surface force oscillates in the same manner.

The literature reports many SFA studies for determining the solvation forces between
mica surfaces that are separated by all kinds of liquids: simple polar [16, 17, 18, 19], non-
polar [20], hydrogen bonding, polymer solutions [21], and others. The main conclusions are
that the short-range oscillatory solvation force is insensitive to polarity or temperature, but is
very sensitive to the presence of water.

Liquid alkanes of different molecular weights show identical solvation force oscillations
with a periodicity that is equal to a molecular width (0.4 nm) [19]. The molecular length hav-

11
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ing no detectable effect, this indicates that simple alkanes are aligned parallel to the surfaces
(unlike the classical Bowden model of Fig. 1.3). Furthermore, only 6 minima in the oscillatory
force with alkanes can be detected by the SFA compared to 9-10 minima for spherical mole-
cules (Fig. 1.4). This means that with alkane chains, the phenomenon of layering becomes
undetectable beyond 3 molecular diameters from each surface.

Finally, in polymers, the force oscillations also exist but they can extend to separations
that exceed the polymer radius of gyration [21].

1.3.1.2 Nano-rheology

In addition to the structural effects presented previously, dynamic properties of lubricants
are also strongly influenced by the level of confinement.

In 1985, Chan and Horn used the SFA to measure the drainage rates of molecularly con-
fined films of saturated Newtonian liquids between smooth mica sheets [15]. It was found
that Reynolds hydrodynamic theory of lubrication accurately predicts the drainage rate
down to a separation of about 50nm with no apparent change in bulk viscosity. From 50nm
down to 10nm, a steady viscosity enhancement can be measured and can be empirically ac-
counted for by considering an immobile thickness of about two molecular diameters from
each surface. Below 10 nm, when the surfaces are moved together, abrupt jumps of one mo-
lecular diameter are recorded. Since the liquid molecules are organized in layers parallel to
the surfaces [16], surfaces can only approach one another by squeezing out a complete liquid
layer. This molecular phenomenon results in a significant enhancement in the apparent vis-

cosity.

The first tribological experiment done using the SFA in the sense that the surfaces un-
derwent oscillatory motions creating shear was done by Van Alsten and Granick in 1988 [13].
The dynamic response of hexadecane film to oscillatory shear was reported as a dynamic
apparent viscosity. A remarkable viscosity enhancement was found when hexadecane was in
a restricted geometry (Fig. 1.5). The viscosity increase was more important at separations
thinner than the molecular length of the molecule (= 1.8nm). In confined geometry, the film
thickness is quantized to integral multiples of 0.4nm, the molecular width of hexadecane in
accordance with previous equilibrium studies with hexadecane and other alkanes [19].

When pressure is increased, the surfaces approach in abrupt jumps corresponding to the
squeezing of full hexadecane layer (Fig. 1.5). As for the dynamic response of confined hex-
adecane, a large dependence of the dynamic viscosity on the pressure was reported. As
shown in Fig. 1.5 at constant surface separation of 0.8nm (8A), a slight pressure increase from
6 to 14 MPa results in an enormous increase of viscosity (up to 4 orders of magnitude). This
important pressure dependence of viscosity at constant thicknesses was also seen in larger
separations up to 2.4nm i.e. 6 molecular layers.
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Fig. 1.5: The apparent dynamic viscosity of confined hexadecane as a function of the applied
pressure. Numbers signify the thickness in Angstroms. The oscillations amplitude is 200 A
(squares) and 1000 A (circles). [13]

At high pressures, a reversible transition to a solid like state was observed in liquids of
different natures and molecular forms [13]. This state is characterized by an elastic response
of the confined film to shear. Sliding can only be initiated if a critical shear stress is surpassed.
The solid-like response was seen in confined films of less than 3 molecular layers.

Viscosity enhancement in molecularly confined films was also found by Israelachvili et
al. using a modified SFA that allows measuring the shear force, velocity, as well as any later-
al deformations of the surfaces [22]. When only one or two liquid molecular layers separate
the surfaces in relative motion, the measured effective shear viscosity was 5-7 orders of mag-
nitude higher than the bulk value. Moreover, such confined films exhibit solid-like behavior
that can be characterized by a yield point and non dependence of the shear stress on the
shear rate. A solid-like response to shear (stick-slip motion) is observed in the case of spheri-
cal molecules, and the average shear stress is quantized with the number of layers. The lower
the number of layers, the higher is the shear stress.

The transition from liquid-like to solid-like behavior in confined films was investigated
by Gee et al. [23]. A liquid-like dynamic behavior was detected for film thicknesses greater
than 5 molecular diameters. At smaller thicknesses, when the surfaces are moved solid-like
behavior was instantly seen in short and spherical molecules. In contrast, with long molecu-
lar chains a liquid-like behavior persisted and it was only after a certain time of shearing that
a solid-like response evolved. By shear, preferential molecular alignment is influenced in the
film which encourages the formation of organized solid-like structures. Molecules with a
high level of branching have low tendency to solidify in confinement.
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Fig. 1.6: Frictional force of 2-methyloctadecane. In the beginning of shear, the film is liquid
like (empty circles) and the friction coefficient is about 0.25. After some sliding, the film
changes to a solid-like state accompanied by stick-slip; the friction coefficient increases to
0.35. (Results of Gee et al. [23])

The transition from liquid to solid-like response is accompanied with an increase in the
frictional force as shown in Fig. 1.6. Film solidification is encouraged if the walls have strong
interactions and if they are in registry (commensurate). When the film solidifies, it pins the
walls together (sticking phase). In order for the sliding to occur, the films flows plastically
and eventually melts (slipping phase) before solidifying again when the walls become in
registry again (next cycle sticking). These solid-liquid transitions that occur in solid-like films
are responsible of the observed stick-slip motions. When the sliding velocity is higher than a
critical value stick-slip vanishes and a smooth sliding regime is found. Smooth sliding is also
seen when the film is contaminated by another molecule.

In confined films of sufficient thicknesses to exhibit liquid-like behavior, Dhinojwala et
al. [24] found that a stick-slip motion occurs when the film is deformed faster than its intrin-
sic relaxation time, this is different from the stick-slip in solid-like films. Granick et al. [25,
26] observed viscosity decay with the shearing velocity in these kinds of films (Fig. 1.7). The
decay follows a power law of ef = 7~ " with n found experimentally to be in the range of
0.5 — 1[25, 26, 27]. Luengo et al. [28] found that at sufficiently high shear rates, the viscosity
joins again the bulk Newtonian viscosity plateau as shown in Fig. 1.8.
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Fig. 1.8: Effective viscosity as a function of shear rate for a polybutadiene at 4 different
thicknesses. Open data points were obtained by oscillatory shear and closed points denoted
as “Tribological Results” were obtained by constant shear velocity. (Results of Luengo et al.
[28])

1.3.1.3 Friction curves

The use of master curves for representing complex behavior of systems is a common trade in
all fields of science. In classical lubrication problems, the Stribeck curve (Fig. 1.2) is used to
predict the evolution tendencies of friction in terms of the bulk lubricant viscosity, the ap-
plied load and velocity. In molecular lubrication, the frictional behavior depends on different
factors. For example, an inverse proportionality exists between friction and the (bulk) viscos-
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ity of lubricants when they are in molecular confinement [29]. Viscous lubricants usually
have irregular molecular structures. In molecular confinement conditions, the irregular mo-
lecular structure allows the lubricants to remain liquid-like, giving lower resistance to sliding
compared to symmetrical molecules which can solidify. In order to explain the tendencies in
the tribological properties of molecularly confined lubricants, friction curves based on mole-
cular-scale findings on the shear resistance of fluids in confinement are needed.

Luengo et al. [30] proposed nano-rheology and friction maps that compile the SFA expe-
rimental results by different researchers. Nano-rheology maps are important in describing
the flow resistance of lubricants in moderate to large thicknesses where they exhibit liquid-
like behavior. In severe confinement (boundary regime), the film solidifies and sliding only
occurs if a film-characteristic yield stress is surpassed (static friction Fs).

The effective viscosity of the confined film and the friction force are given in Fig. 1.9 as a
function of the shear rate and the sliding velocity respectively. Each curve corresponds to a
constant applied load and film thickness. Three classes of rheological behavior to shear can
be distinguished according to Fig. 1.9-a. In “thick” films which correspond to very low load-
ing force in the experiments, the lubricant properties are identical to the bulk. Note that films
referred to as “thick” are of a few nanometers thickness and can be found in heavily loaded
elastohydrodynamic contacts. The notion of zero-load for these films is thus only an SFA
property notion but the thickness notion is global. In these films, the viscosity is Newtonian
over a wide range but undergoes shear thinning at high shear rates (green part of the figure).
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Fig. 1.9: Proposed generalized log-log scale (a) viscosity-shear rate and (b) friction-velocity
maps for molecularly confined films deduced from experimental measurements by Luengo,
Israelachvili, and Granick [30]. The curves in each figure correspond to constant load (L) (and
constant film thickness (D)) evolutions. Fs and Fx represent static and kinetic friction forces
when the film solidifies in the boundary regime.

In films of intermediate thickness (between 2 and 10 molecular diameters) obtained with
relatively higher loads, a Newtonian regime is still observed but at very small shear rates.
The viscosity here is many orders of magnitude larger than the bulk one and increases with
confinement. From this point when the shear rate is increased beyond a limiting value Ymin,
viscosity drops with a power-law dependence on the shear rate of 7. =7 ", where
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n = 0.5 — 1. The viscosity continues to decrease until it joins the bulk Newtonian plateau at

’ymax-

The third class of behavior emerges in boundary films (very small thicknesses at high
loads). The effective viscosity is high and the film response to shear continues to be Newto-
nian with the condition that the shear rate is extremely low. The transition to high velocity in
such films is discontinuous and is of stick-slip nature involving repeated cycles of solidifica-
tion and melting.

Fig. 1.9-b illustrates the influence of molecular confinement on a frictional force-velocity
diagram. For Newtonian fluids lubricating under hydrodynamic full film conditions, a linear
equation relates friction to velocity at constant loading (see Stribeck curve Fig. 1.2). In analo-
gy, the two Newtonian plateaus of Fig. 1.9-a are translated into linear friction-velocity rela-
tionships in two regimes. The first is for all thicknesses but at very small velocities and the
second corresponds to the bulk for small loads (large thicknesses) denoted by EHD on Fig.
1.9-b. The slope of these lines depends on the value of the viscosity. In thick films at high
velocities, the film undergoes a limiting shear stress response.

In solidified boundary films occurring at the highest loads and smallest film thickness,
friction passes by a maximum value F (static friction) and then it drops to Fi (kinetic fric-
tion), remaining constant with the sliding velocity. In intermediate films, the non Newtonian
behavior between the two plateaus is conveyed by a gentle continuous decrease in the initial
slope of the force-velocity curves. When the Deborah number De = 1, the applied shear rate
is higher than the inverse of the fluid intrinsic relaxation time and in Fig. 1.9 the frictional
force is maximum. The film becomes solid like [24] with a constant kinetic friction whatever
the velocity.

1.3.1.4 Boundary flow

The knowledge of boundary conditions such as boundary velocity is essential in solving lu-
brication problems. Near a stationary boundary, a fluid is classically supposed be, also, sta-
tionary. This supposition has intrigued the likes of Maxwell, Helmholtz, and Thompson [31]
who argued against the universal validity of the no-slip boundary condition that has neither
a rigorous theoretical proof nor compelling argument. The topic of boundary slip still rouses
great interest especially due to its practical implications in the domains of polymer
processing and lubrication which involve fluid flow in molecularly small dimensions [32].

The first to experimentally show and measure boundary slip was Mooney in 1931 [33].
In his capillary viscometer experiments, Mooney found that the flow curves in non-
Newtonian fluids can depend on the diameter of the capillary dies once the applied stress
exceeds a critical value. Fluid slipping at the capillary boundaries can only explain the intri-
guing change in the flow curves.

Many other workers have investigated the slip problematic (for reviews, see [34, 35, 36]).
It is experimentally common to find that in capillary or parallel-plate viscometer setups, con-
fined fluids slip near the boundaries if they are forced beyond a critical stress [37, 38]. In
these experiments, slip is detected when the slope of the flow curve changes i.e. the stress
transmitted from the fluid to the boundary changes slope (with respect to the strain rate) as
shown in Fig. 1.10. This behavior is seen at relatively small shear rates (10° — 10°s™") and thus
is different than shear thinning at high shear rates which usually occurs while the fluid still
sticks to the surface.
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Fig. 1.10: Apparent flow curve for a polyethylene polymer at 190 °C and 220 °C in a 1 mm di-
ameter and 20 L/D capillary. The change in slope of the apparent stress is indicative of the
slip at the capillary boundaries. (Results of Ramamurthy [37])

Slip in these systems was found to depend on the molecular structure [34] as well as on
the surface morphology [36, 37]. Long molecules have high tendencies to slip past walls
compared to short ones. The state of the surfaces is also a crucial factor as fluids do not slip
past surfaces with gross irregularities [37]. In other work involving a Quartz-crystal oscilla-
tor setup with molecularly thin films [31] on gold substrates, slip length was found to de-
crease with the film thickness, justifying thus the no-slip boundary condition in macroscopic
scale films.

Migler et al. presented in 1993 the first direct measurements of the local velocity of a
sheared polymer at a solid interface [39]. As shown in Fig. 1.11 for weak solid-polymer inte-
ractions, a strong slip is detected at high velocity of shearing. In strongly interacting surface-
polymers, slip was found to be strongly reduced. Other experimental work showed that slip
is also reduced by pressure and boundary roughness [35]. Zhu and Granick showed that
even wetting fluids can experience slip if the surfaces are smooth enough [40]. Slip occurs
when at the fluid is sheared beyond a critical shear rate, suggesting that in molecularly thin
films boundary slip can occur for moderate sliding velocities.
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Fig. 1.11: Slip velocity (vs) of polydimethylsiloxane (PDMS) on silanated silica surfaces as a
function of the top surface velocity (v). (Results of Migler et al. [39])

Nevertheless, there is another side to the story of boundary flow when films are con-
fined to molecular scales. In some cases, fluid layers can be stuck to the bounding surfaces
and this was shown in early SFA drainage experiments by Chan and Horn [15]. Stagnant
fluid layers near each surface were seen in confined films between 10 and 50 nm. The debate
remains open in the subject of interfacial flow, especially for molecularly confined systems.

In conclusion to the state of art on the experimental work on molecular lubrication,
many interesting properties of confined lubricants have been evoked in the literature. Con-
finement greatly influences the structure and homogeneity of lubricant films. The dynamic
properties are also significantly influenced, often leading to increased stress and friction.
However, a local phenomenon of boundary slip seems to emerge in confined films. Wall
slippage is thought to be the way to controlling friction in molecularly confined films [35].

In parallel with and sometimes leading experiments, numerical studies have been con-
ducted to interpret and predict many of the properties of confined films. Most of these stu-
dies were based on Molecular Dynamics and Monte Carlo simulation methods. The most
significant numerical work in the literature related to confined films is reviewed in the next
section.

1.3.2 Numerical work

Molecular simulations have greatly evolved during the last 30 years. Over this period, many
of the fluid properties, in the bulk as well as near interfaces were investigated by simulation
[41], providing information at scales hardly accessible to experiments. As will be conveyed in
this section of the state of the art, in molecular lubrication problems, simulations predicted
many of the properties of confined films years before the development of experimental tech-
niques capable of providing results at the same scale.
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Simulations are characterized by their low cost yet good predictive ability and the possi-
bility to access the local information in very small systems [42]. The resemblance between
molecular simulations and constitutive (ab-initio) physical principles gives them their pre-
dictive ability. Simulations play two essential roles side by side with experiment. In unex-
plored systems, molecular simulations can orient experiment to the conditions where
interesting phenomena are susceptible to occur. In such a situation, experiment aims to vali-
date what is observed by simulations. On the other hand in systems that are already ex-
plored by experiments, simulations can be employed to complete the understanding of the
occurring phenomena from the tiniest scale and not uniquely from integrated effects seen at
the whole scale of experiments.

Molecular simulations have, nevertheless, a general limitation related to the processing
and data handling speed of computers. This unfortunately impacts one or more of the three
essential properties of simulations: system size, simulation duration, and size of the smallest
element in the model. Fortunately, simulation algorithms have not ceased developing for
giving realistic models while reducing the computational costs [43].

The most commonly used simulation methods are briefly introduced in the next section.
In the remaining part of this chapter, the most significant simulation work in molecular lu-
brication is presented.

1.3.2.1 Simulation methods

Monte-Carlo (MC) and Molecular Dynamics (MD) are the simulation methods most com-
monly employed for studying confined films in molecular lubrication. These methods are
based on a classical definition of the system Hamiltonian [41]. In other words, the energy is
defined as the sum of kinetic and potential energies of the atoms modeled as point masses on
the center of their nuclei. The kinetic energy, representing the atomic vibrations, depends
essentially on the temperature while the potential energy depends on the atomic configura-
tion and on the set of inter-atomic interaction laws which constitute a force-field.

Monte Carlo is a stochastic molecular simulation method classically used to determine
the equilibrium properties and configuration of molecular systems in precise thermodynam-
ic ensembles. Starting from an atomic configuration, the method uses random steps for mov-
ing atoms around the domain. Steps are accepted or rejected according to the change they
produce in the potential energy. Since forces are not explicitly calculated on all atoms, MC is
relatively economic in terms of calculation time and can be used to simulate relatively large
systems. Moreover, it is convenient when systems are only defined by an energy prescription
or when there is incertitude in the inputs. However, there is no notion of time in classical
MG; it neglects dynamics which is a major drawback for simulating flow.

Molecular Dynamics is a deterministic molecular simulation method based on applying
Newton’s equations of motion on all atoms in a molecular system. At each iteration (time
step), forces on all atoms are calculated explicitly and atomic accelerations are computed.
Then, by numerical integration, the new positions and velocities of all atoms are determined.
Since time is included explicitly, the atomic motions in MD are realistic provided the interac-
tions are properly chosen. More details on the Molecular Dynamics simulation method are
presented in Chapter 2, dedicated to MD modeling for molecular lubrication.
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In what follows, a review on the simulation literature related to confined films and lu-
bricants is presented. The review is classified in three categories: structural effects and solva-
tion forces, nano-rheology, and boundary flow.

1.3.2.2 Structural effects and solvation forces

Since the late 1970’s, a considerable attention was dedicated to the understanding of the
structure and adsorption of fluids near solid surfaces and a few analytical theories were pro-
posed in this regards [44]. However, a major contribution to this subject was through mole-
cular simulation [45, 46, 47].

When an ideal mono-atomic (Lennard Jones) fluid is adsorbed onto a model surface (po-
tential field [48]), it forms more than one well-defined layer [45, 46, 47]. The fluid density
across the adsorbed film oscillates with the distance from the surface. In molecularly con-
fined films, a discrete number of layers are formed parallel to the surfaces [49]. As shown in
Fig. 1.12, across films of different thicknesses the density oscillates with maximum values
located near the solid interface. When two surfaces are moved together, the film is com-
pressed until a complete layer (due to the structural effects) is squeezed out. In consequence,
the surface solvation force is oscillatory and changes between repulsion and attraction [49].

« E h=20
y\x

p(z) -

o 2 a1 s oz
Fig. 1.12: Density profiles of a L] model liquid (mono-atomic) confined at a thickness “h” be-

tween two FCC (100) surfaces represented as a potential field acting on the liquid atoms. The

film thickness is given in Lennard Jones reduced units (Results of Snook and van Megen
[49D

In ideal L] fluids, the effects of fluid structuring, notably on the diffusion properties and
solvation force, extend to about ten molecular diameters [50]. In thicker films, the diffusion
coefficient becomes very close to the bulk value and the solvation force equals the pressure.
Shearing the confined film has no effect on the equilibrium structure [51, 52, 53, 54].
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MD simulations showed also that an epitaxial (in-plane) order is present inside the
formed layers in confined L] films between crystalline surfaces [55]. The epitaxial ordering
depends on two essential factors: the surface-fluid interaction strength and the commensura-
bility of the solid and fluid densities. The commensurability could be defined as the registry
between the topologies of two contacting surfaces (whatever the phase). It is maximal when
the surface topologies are similar and can be interlocked together.

As shown in Fig. 1.13, when the surface-fluid interactions are strong a high level of epi-
taxial ordering is induced in the fluid. The first fluid layer crystallizes and the ordering may
extend to the third fluid layer if the solid and the fluid have equal densities. If the densities
are not equal, the first fluid layer no longer crystallizes but instead becomes highly ordered
and commensurate with the surface. Fig. 1.14 shows an example of such a high-order com-
mensurate structure [55]. In this case, in-plane order does not extend deep inside the fluid.
When the surface-fluid interactions are weak, the fluid does not crystallize and in-plane or-
der is limited to the layer adjacent to the solid surface (Fig. 1.13).

solid atoms

unit cell

weak solid-fluid interaction

equal solid and different solid and

strong solid-fluid interaction

equal solid and different solid and

liquid densities liquid densities liquid densities liquid densities

1st layer

2nd layer

3rd layer

Fig. 1.13: Atomic probability distribution functions, parallel to a lattice unit cell of the solid,
for the first three fluid layers adjacent to the surfaces. These functions are given for different
surface interaction strengths and density commensurability between the solid and the fluid.
The solid unit cell is represented in the top of figure, where atoms are disposed in the cor-
ners and the center of the cell. (Results of Thompson and Robbins [55])
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Fig. 1.14: XY plane projections (parallel to the surface) of the positions of the atoms of the
surface (open squares) and those of the adjacent fluid layer (closed circles). Although in this
case the solid and fluid densities are not equal, the atomic configuration of surface-adjacent
fluid layer is commensurate with the surface structure. (Results of Thompson and Robbins
[55])
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The molecular nature of the fluid has also significant influence on the structuring in con-
fined geometries. Although density oscillations are still seen in long molecules such as al-
kanes and polymers [56, 57], the layering is softer and decays faster than in ideal L] fluids.

In polymer fluids, the bulk structure is perturbed and the molecular chains are flattened
near the solid interface [56, 58]. The interfacial region extends to about twice the segment
diameter [58]. Away from the surfaces, the bulk structure is gradually recovered and bulk
properties are found at a distance comparable to the polymer radius of gyration [56, 58].

Similar effects are seen in alkanes of ten to twenty monomers [59, 57]. Molecules in the
interfacial region are flattened and are preferentially oriented parallel to the surfaces. The
characteristic layer thickness is about 0.4 nm corresponding to the molecular width of an
alkane chain (see Fig. 1.15). Layering disappears in linear alkanes at a distance comparable to
the molecular length.

Molecular branching also influences the confined structuring [60, 61, 62]. As shown in
Fig. 1.15, linear molecules show sharper layering than branched ones. The solvation force is
also significantly influenced by branching [61]. As shown in Fig. 1.16, in linear and spherical
fluids the oscillation of solvation forces is pronounced and exhibits attractive and repulsive
regions. In branched molecules, on the other hand, the density oscillations are less pro-
nounced, the forces are overall repulsive (positive) and are generally stronger than in
straight chain and spherical molecules.
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Fig. 1.15: Comparison between the density profiles of a linear alkane (n-decane) and a
chained alkane (4-propyl-heptate) confined between fictional surfaces at 188.91 MPa. (Re-
sults of Padilla [60])
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Fig. 1.16: Equilibrium solvation forces as a function of the film thickness computed for a
simple mono-atomic LJ fluid, linear chain (n-hexadecane) and a branched alkane (squalane).
(Results of Gao et al. [61])

Finally, the surface corrugation has an effect on the structure of the confined fluid [63, 64,
65]. It is seen that the layering is frustrated near rough surfaces compared to molecularly
smooth ones.

This inhomogeneous nature of confined films, characterized by oscillating densities has
certainly an impact on the dynamics of these films. A review on the dynamics of confined
films is presented in the next section.

1.3.2.3 Nano-rheology

Equilibrium molecular simulations showed much of the inhomogeneities of confined
films. The earliest work on the dynamics of confined films is based on the hypothesis that the
inhomogeneous confined film can be considered as a set of homogeneous layers [51]. Each
layer has its own density and eventually, its local viscosity. This is the basis of the local aver-
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age density model (LADM) which gave very satisfactory results in predicting the flow in
moderately confined ideal fluids (Fig. 1.17). However, this model fails to predict many
properties of confined films especially the enhanced viscosities in very confined geometries
where the densities only cannot explain the local dynamic properties of films [53].
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Fig. 1.17: Density (a) and velocity (b) profiles of a confined L] fluid between structureless
surfaces. (Results of Bitsanis et al. [51])

Since the dynamics of confined fluids are influenced by factors that are not always in-
trinsic to the fluid, it is basically inappropriate to define a global “viscosity” within the tradi-
tional rheological notion of the term. However, a flow resistance, in viscosity units,
determined as the ratio of the shear stress to the shear rate gives an idea on the global dy-
namics of confined film and can also be compared to experiment [51, 54]. Most work on the
nano-rheology of confined films reports this value as the effective shear viscosity.

The effective shear viscosity of a confined spherical fluid increases with confinement [51,
54]. As shown in Fig. 1.18, it also oscillates with the film thickness in an analogous manner to
the solvation force where the period is equal to the molecular diameter [54].
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Fig. 1.18: Flow resistance (effective viscosity) in a confined film of a L] fluid between struc-
tured surfaces as a function of the film thickness. (Results of Somers and Davis [54])
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At constant pressure, the effective viscosity increases by several orders of magnitude
when the thickness is reduced (Fig. 1.19-a) [53, 66, 67]. In spherical molecules, this viscosity
enhancement is due to the crystallization of the film [66]. In long molecules, the viscosity
enhancement is due the formation of crystalline bridges between the approaching surfaces
[67].

At constant thickness, the effective viscosity increases significantly with pressure as the
fluid is pushed closer to a glassy phase transition (Fig. 1.19-b) . Moreover, at shear rates ac-
cessible to simulation (10? — 10" s7), fluids can be highly thinning. A universal viscosity-
shear rate power law of p o< 7" with n = [0.5,1] is observed for different pressures and
thicknesses [11, 66, 68, 65]. A constant viscosity manifesting a linear shear stress-rate rela-
tionship is seen at low shear rates. The constant viscosity is higher than the Newtonian bulk
value. When the film is thinner or when the pressure is increased, the constant-viscosity pla-
teau is displaced to extremely low shear rates. The viscosity is expected to be orders of mag-
nitude larger than the bulk [66].
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Fig. 1.19: Variation of the effective viscosity, of a fluid with a linear chain of n=6, with the
shear rate: (a) at constant pressure but variable thickness (number of layers); (b) at a constant
thickness but variable pressure. The dashed lines have slopes of -2/3. (Results of Thompson
et al. [66])

Beyond a critical pressure, a glassy phase is seen in confined fluids [66]. Glass transition
is accompanied by a significant decrease in the diffusion coefficient representing the atomic
mobility (Fig. 1.20) and an increase in the effective viscosity and relaxation times [61, 66, 69].
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In commensurate spherical films, this transition occurs within film thicknesses smaller
than 5-6 molecular diameters [61]. Upon shearing, the glassy film has a linear elastic re-
sponse (the stress increases linearly with strain). The dynamic response becomes highly non-
linear when a critical (yield) stress is attained beyond which the film yields to shearing [61,
69]. If the shearing is stopped prior to the yield point [61], the deformed film maintains the
stress; this is the signature of a solid-like behavior.

The critical pressure of glass transition decreases with the chain length. Thus, an ideal L]
fluid may exhibit glass transition at a pressure where a fluid of a longer chain is still disor-
dered (fluid like). Branched and flexible molecules are also more resistant to solidification
and are seen fluid-like even in severe conditions of confinement and pressure [62, 70].
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Fig. 1.20: Variation of the diffusion coefficient as a function of the normal pressure in 2 layer
thin films. Squares: mono-atomic fluid (n=1), triangles: 6 monomers linear chain (n=6), stars:
diffusion in the bulk for n=6 fluid. (Results of Thompson et al. [66])

Finally, the surface structure [63, 65, 64, 71] and dynamics [72] also influence the effec-
tive viscosity of confined films. By frustrating the ordering of the neighboring fluid, the ef-
fects of confinement on the effective viscosity are less pronounced near rough surfaces [64,
63]. In consequence, the film remains fluid-like.

1.3.2.4 Boundary flow

Among the most interesting molecular effects seen in simulations of confined films are
those on boundary flow. Due to their localized nature, boundary flow effects are usually dif-
ficult to access directly by experiment. They are yet crucial for the correct understanding and
interpretation of the dynamics of confined films.

Three boundary flow patterns can be seen in confined films: slip, no-slip, and locking.
Factors that influence the boundary flow are numerous and vary from the chemical nature of
the fluid, that of the surfaces, the interactions between the two, surface morphology, operat-
ing conditions, and of course the level of confinement.

The first factor which influences the boundary flow in molecular simulations is the sur-
face corrugation. In early simulations [51, 53] which employed ideal fluid molecules and
smooth potential fields [48] to represent the solid surfaces, boundary slip was always ob-
served. However when structured surfaces were employed, the opposite phenomenon of
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fluid locking to the surfaces was seen [52]. A comparison of the velocity profiles obtained
with smooth and structured surfaces is given in Fig. 1.21. The slip observed with smooth
surfaces is completely attenuated with structured ones. When the film thickness is larger
than 8 molecular diameters, a no-slip boundary condition is re-established for both cases.

Vg Vs

0.9 -0.3 0.3 0.9 '-3.5 -1.75 0 1.75 3.5

Fig. 1.21: Density and velocity profiles of sheared L] films in nano confinement. Solid lines
and circles correspond to structured surfaces and dotted lines with square symbols corres-
pond to smooth surface models. vx and vs are the fluid streaming and the surface sliding ve-
locities respectively. h is the film thickness and o is the L] distance parameter. (Results of
Heinbuch and Fischer [52])

In ideal L] fluids, the commensurability of fluid molecules with the surfaces is important
in predicting the boundary flow [55]. As shown in Fig. 1.22, commensurate fluids show a no-
slip boundary condition even for low solid-fluid interaction strengths. In the case of strong
interactions, a state of locking can be observed in such films where more than one fluid layer
moves at the same speed as the surface [52, 55]. On the other hand, incommensurate fluids
slip at the solid boundary for low interaction strength. In the case of strong interactions, the
first fluid layer crystallizes and is locked to the surface, but slip occurs inside the fluid from
the second layer and on.

Slip increases with the length of the molecular chains. Several studies involving alkanes
detected slip for a variety of interaction strengths [11, 68, 65]. As for branched molecules,
branching plays an important role in increasing the slip [62].
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Fig. 1.22: Velocity profiles across ideal L] films confined between structured surfaces for dif-
ferent surface-fluid interaction strengths. Closed squares: incommensurate solid and fluid
densities. Empty squares: commensurate solid and fluid densities. (Results of Thompson and
Robbins [55])

Among several other factors that influence slip are the surface flexibility [73], roughness
[64, 63], temperature [52], forcing level [52, 73, 74]. In flexible or rough surfaces, or when the
temperature is increased, slip is reduced. On the other hand, when the forcing level (such as
the shear rate) is increased, slip also increases.

Conclusion

Although the conditions of experiment and simulation of molecularly confined films are dif-
ferent, simulations have allowed many of the molecular effects behind the experimental ob-
servations to be understood. Oscillatory solvation forces and viscosities, film solidification,
viscosity thinning, and boundary slip are phenomena that have been seen in experiments
and simulations. By accessing the underlying local effects behind any global observation,
simulations studied ranges of parameters in order to identify which are responsible of the
phenomenon. This procedure is often complicated if not impossible to do in experiments.

The knowledge of all the effects reviewed in this chapter provides an indispensable basis
to understand the simplest problem in molecular lubrication. In the next chapter, the details
of constructing a molecular simulation model within a well-defined thermodynamic frame-
work are presented.
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2. Numerical Model of Molecular
Lubrication

Introduction

A numerical model is used to represent a “non-numerical” problem in mathematical terms.
When the problem of interest is of a physical nature, modeling is based on the underlying
fundamental theories and governing equations. In full lubrication for instance, modeling is
based on Reynolds hydrodynamic lubrication theory and energy equations. Modeling work
involves determining a set of numerically resolvable relationships whose results are approx-
imations of the accurate physical solution to the problem.

In molecular lubrication however, continuum-type modeling is irrelevant due to the
discontinuity of the domain. The definition of thermodynamic quantities is very delicate in
such systems and becomes even more complicated in non-equilibrium conditions of shearing.
Fortunately, numerical models with an explicit molecular description can detect many of the
local scale effects behind the mechanisms of molecular lubrication.

Molecular dynamics is a deterministic molecular simulation method. The trajectories of
all molecules in a system, due to all molecular interactions, can be accurately predicted. This
chapter begins with an introduction on the principle of this simulation method. The remain-
ing part of the chapter presents a step-by-step model construction and validation plan for
realistic surfaces and lubricants in the purpose of investigating molecular lubrication.

2.1 Molecular dynamics method

The history of molecular dynamics is not so short. Before becoming a “numerical” technique,
the thought of simulating matter by gelatin balls goes back to 1936 [41]. In the late fifties,
Alder and Wainwright launched the idea of molecular dynamics as a numerical simulation
method. They worked on solving Newton’s classical equations of motions for a small set of
molecules modeled as hard spheres. Rahman, in 1964, was the first to employ the method
with a continuous potential (Lennard Jones) between molecules. Since forces change all the
time, he introduced a step by step integration procedure to approximate the molecular trajec-
tories [41].

Originally employed to investigate phase transitions and interfacial behavior, molecular
dynamics also found its application in physics, physical chemistry, material sciences, bio-
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chemistry, and biophysics since the late seventies. Currently, molecular dynamics is em-
ployed in all domains where molecular scale effects play a role.

2.1.1 Principle

Molecular dynamics is based on applying Newton’s equations of motion on all interacting
atoms in the molecular system. For an atom 1 with a position vector r; and interacting with a
potential energy V, one defines:

1) fi=-V,V
(22) TZ = fz/mz

The force f; acting on each atom is thus determined as the gradient of the potential ener-
gy from the interactions with all neighboring atoms. The acceleration vector 7; can eventually
be calculated from Newton’s equations of motion (Eq. (2.2)).

2.1.2 Integration methods

Knowledge of atomic trajectories during time requires solving the differential equation of
motion (2.2). The standard way is by using finite difference methods.

Given that the positions and dynamics (velocities, accelerations, etc.) of all atoms are
known at time ¢, the same information can be calculated att? + ¢t with sufficient accuracy.
The differential equations of motion of all atoms are solved on a step by step basis. The
choice of the time step 0t has direct influence on the accuracy of the integration. ¢ must be
significantly smaller than the typical time needed by a molecule to travel its own length [41].
The choice of 6t also depends on the integration algorithm. The most commonly used inte-
gration scheme for the equations of motion, the Verlet algorithm, is presented in the next
section.

2.1.2.1 The Verlet algorithm

The Verlet algorithm gives a direct solution to the equation of motion [41]. The atomic posi-
tion r(t), acceleration a(t)/ and position r(t — 0t) at the previous step are used to calculate the

atomic position for the next step:
(2.3) r(t+6t) = 2r(t) — r(t — 6t) + dt%a(t)

This algorithm is easy to implement, time reversible, and doesn’t require any velocity to
calculate the trajectory. The positions are exact except for errors of order dt*. However when
the velocity is needed, for example to calculate the kinetic energy, it can only be defined as:
_r(t+6t) —r(t —dt)

B 26t

(2.4) v(t)

The velocity v(t) can thus only be computed if the position 7(t 4 t) at the next step is
known. Moreover, velocities are subject to errors of order §¢2. Modifications to the original
algorithm were proposed in order to minimize the velocity errors and improve the overall
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stability. Among the most famous modifications are the leap-frog and velocity Verlet algo-
rithms.

2.1.2.2 Other algorithms

There are several other integration algorithms that were proposed and used [41]. Although
the calculation accuracy could be improved, the new algorithms were often heavier than the
Verlet algorithms in terms of calculation time. The Verlet algorithms require the least num-
ber of stored variables in the memory to determine the trajectory. For example, the Gear pre-
dictor-corrector algorithm “guesses” (predicts) the new position from existing information
(positions, velocities, accelerations, and jerks) from previous steps. Then, knowing the exact
acceleration from Newton’s equation, a correction term can be deduced and applied to the
previously guessed values. Another interesting algorithm was proposed by Toxvaerd in 1982
[75]. The integration takes into account the motion of neighboring atoms and achieves better
energy conservation than the Verlet algorithm. However, it remains three times slower.

2.1.3 Initial conditions

In molecular dynamics, the initial state of the system is usually not yet characteristic for the
desired equilibrium. The evolution towards equilibrium can last a few nanoseconds. Assum-
ing N the number of atoms in a simulation, solving 3N second order differential equations of
motion normally requires 6N initial conditions. In practice, these initial conditions can be
chosen as the sets of initial positions (3N) and velocities (3N) of all atoms.

It is preferable to initially position the atoms in a state that is not far from equilibrium.
This helps in reducing the time needed for equilibration. However, this is often a hard task to
accomplish as not all properties of the equilibrium state are known. In common practice,
atoms in crystalline solids are placed on the lattice positions whereas in liquids they are ran-
domly dispersed. Before simulation, a potential energy minimization process can be run to
avoid having large interactions at the beginning of the simulations.

As for the initial velocities, they can be sampled from a Maxwell-Boltzmann distribution
corresponding to the initial temperature g of the system with a uniform direction distribu-
tion of vectors. Each velocity component is sampled from a Gaussian distribution of zero
mean and a standard deviation of /kTo/m;, kg and m; being the Boltzmann constant and
atomic mass respectively. Finally, the set of initial velocities are corrected to make sure that
no initial momentum is given to the system.

2.2 Construction of the molecular lubrication model

2.2.1 Model overview

At the scale of molecular modeling, an explicit system of only a few nanometers wide on
each dimension can be simulated. It is thus out of question to molecularly simulate a whole
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contact with inlet and outlet conditions. The molecular lubrication model used in this thesis
consists of a surface-lubricant-surface configuration as shown in of Fig. 2.1. Periodic boun-
dary conditions in x and y allow the elementary model to be repeated along these dimen-
sions. This hypothesis is necessary to ensure the continuity of the model and its integrity and
can be justified by the infinitely small z-dimension of the lubricant film compared to the oth-
er two dimensions. This model represents a small region in a real macroscopic contact, for
example between two interacting asperities.

Due to computational limitations, only a small thickness dz of each surface can be consi-
dered. The lubricant film is modeled with its real thickness /» and extends infinitely in x and
y with the periodic boundary conditions.
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Fig. 2.1: A schematic of the molecular lubrication model. The simulated box is bounded by
bold black lines. Grey line extensions represent the copies of the simulation box due to the
periodic boundary conditions.

The lubrication model is constructed and characterized in two separate sections. In the
model construction section, the elements which constitute the model are studied indepen-
dently. These elements include the solid surfaces (gold or ferric oxide), the confined lubricant
(pentane or hexadecane), and the interface between the two. After this step, the elements are
put together in the configuration of Fig. 2.1 to form the molecular lubrication model.

The model is then characterized under static and dynamic conditions. In static condi-
tions, the surfaces are stationary and the focus is on the structural properties of the confined
lubricant. In dynamic conditions, the surfaces are moved in opposite directions while press-
ing on the lubricant. As a result, characteristic fields develop across the film (density, veloci-
ty and temperature). These effects are studied in this chapter for an example system of gold
(Au) surfaces confining an n-pentane lubricant model (Cs H12).
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2.2.2 Solid surfaces

Although the main interest of the lubrication model is in replicating the lubricant beha-
vior, it is important to have an adequately representative model for the surfaces. Examples
from the literature [52, 55] show that structureless and smooth surface models fail in captur-
ing the real effects on the lubricant due to confinement. The model which will be used is
based on crystalline structured surfaces with, as much as possible, realistic replication of the
mechanical and thermal properties. Details of the construction of the surface model and its
characterization are the object of this section.

2.2.2.1 Crystalline structure and interactions

In modeling crystalline surfaces, atoms are disposed on the equilibrium lattice positions.
This corresponds to FCC and Corundum crystals for gold (Au) and ferric-oxide (Fe203) re-
spectively. Details on the crystalline structures of these two materials are given in Table 2.1
and a snapshot the unit cell in Fig. 2.2. Gold has been chosen as a model type surface that
was widely studied in the literature whereas ferric-oxide is more representative of a real tri-
bological surface. The introduction of dislocations in the crystals is possible. However, the
tiny size of the systems (only a few cubic nanometers) and the nature of the problem being
studied (confined lubrication) make this an unnecessary complication.

Compound Lattice structure Lattice constants Primitive cell
Gold (Au) Face-centred cubic (FCC) a=4.0782 A FCC

Ferric-oxide Corundum a = 5.029 A; c=13.730 A rhombohedral
(Fey03) 2o = 0.3056; zp. = 0.10534

Table 2.1: Lattice structure of the crystalline surface models. The constants for gold are from
ref. [76] and those for ferric-oxide are from ref.[77]

Gold Ferric-oxide

Fig. 2.2: Snapshot of the unit cells of gold and ferric-oxide crystals.

In order to construct a surface model from these unit cells, a lattice orientation should
also be defined. The orientation influences the surface density and eventually its potential
corrugation. The reader is advised to consult the interface modeling section of this chapter
and Chapter 4 about the effect of surface potential corrugation on friction in confined lubri-
cation problems.
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After the solid atoms are disposed on their lattice structure, the laws of their interactions
must be defined. Three interaction models from the literature were considered: harmonic
bonds (HB) [41], Lennard Jones (L]) [41], and the embedded-atom method (EAM) [78].

In the harmonic bonds model, each atom in the surface is connected by unbreakable
bonds to its neighboring atoms within a defined cut-off distance. This insures the integrity of
the surfaces during the studied interval. In the equilibrium lattice configuration, the force
between any two atoms is zero. When the bonds are stretched or compressed, the force be-
tween the atoms is equivalent to a harmonic spring model. If /is the distance between two
connected atoms and /o is the equilibrium bond length, then the interaction potential energy

V(uB) is given as:
(2.5) Viup) = K(I - lp)?

K is half the spring stiffness. The knowledge of this parameter is usually not straight-
forward. A few guidelines, however, can help in this choice such as the Debye frequency and
Lindemann melting criterion for solids. The Debye frequency represents the maximum fre-
quency of vibration in a crystal. Since this frequency is proportional to the spring stiffness, a
maximum limit can be set for the choice of K. On the other hand, Lindemann criterion gives
the maximum mean square displacement (< du? >)of atoms from their equilibrium lattice
positions before melting takes place, this is given by the equation:

5 2
2.6) % < with ¢ ~0.18 — 0.25 [79]
In this equation, d is the distance to the nearest atom and 7. is a universal coefficient that
is independent of the lattice. Considering ¢, = 0.18, by isothermal equilibrium simulations a
minimum value for K that satisfies the Lindemann criterion of Eq. (2.6) is calculated. The

results for the Debye and Lindemann criteria are given in Table 2.2.

Compound Debye frequency Minimum K Maximum K
(rd.s™) (Kcal.mol™".A %) (Kcal.mol™".A %)
Gold (Au) 2.160 x 103 8 x 1073 109.8
Ferric-oxide 5.021 x 1013 3 281.2
(Feg 03)

Table 2.2: Guidelines for the choice of the spring stiffness in the harmonic bond model for
gold and ferric-oxide solids. The minimum K is determined with Lindemann criterion at 400
K. The maximum K is calculated from the Debye frequency determined from the material
properties of gold [76] and ferric-oxide [80].

The range of which satisfies the two criteria remains quite large for both surface types.
Additional criteria based on the thermal and mechanical properties of the modeled surfaces
will be introduced in the next section which will allow a more precise choice of K.

The Lennard-Jones (L]) potential is used to model the electrostatic attraction (Van der
Waals) and repulsion (Pauli) forces between atoms. Within a predefined cut-off distance 7,
an atom interacts with a neighboring atom at a distance r according to the potential V(1,j):

(2.7) Vivy) = 4e {(%)m _ (5)6} r<re

r
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€ is the L] energy and depends on the nature of the interacting atoms. On the other hand,
if the interacting atoms are of the same nature, then o is their atomic diameter. When the
atoms approach to a closer distance than 260, their electronic clouds superpose and a repul-
sion force is produced Fig. 2.3. For two interacting atoms of different nature, €¢ and o can be
concluded using mixing rules from the individual interaction parameters for each atom. Lo-
rentz-Berthelot rules are most widely used and are given as [41]:

OAA +O
(2.8) €AB = V/€AA €BB and OAB = %

ViLy

Il Il Il
o 2V 20 30

Fig. 2.3: The Lennard-Jones model for inter-atomic showing repulsion (Pauli’s forces) and at-
traction (Van der Waals forces) at short and large distances respectively.

Finally, the EAM potential models, in addition to the nucleic pair-wise interactions (¢”*),
an embedded energy function (F')is considered which depends on the electron density (pe)
from the surrounding atoms. The EAM potential is widely used to model metals and metal

alloys. The interaction energy V(zawm) on atom i is given as:

1 w
(29) Vigam) = F Zpe(rij) +t3 Z " (rij)
J#i J#i
The EAM interaction parameters are often given in tables and can be found for common-
ly used metals. For gold, the parameters were taken from ref. [78]. However, no EAM poten-
tial parameters were found for the ferric-oxide crystal.

Employing harmonic bonds has the advantage that, throughout a simulation, each atom
has a fixed number of neighbors. L] and EAM models require a regular neighbor list update
to be determined for each atom. Fig. 2.4 shows a comparison between these three interaction
models in terms of calculation time needed to simulate 10ps on a single processor. The re-
sults show that the calculations using harmonic bonds model are about 10 times faster than
EAM, and 5 times faster the L] model.
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Fig. 2.4: Calculation time, in seconds, for a system of 2560 gold atoms in FCC configuration at
constant volume and temperature. Simulations are done with a single processor and for a to-
tal simulated time of 10 ps.

The calculation speed is not the only criteria for the choice of the interaction model.
Thermal and mechanical properties of the surfaces should be representative of the real mat-
ter. As will be conveyed in the next section, these properties depend on the values chosen for
the interaction parameters.

2.2.2.2 Thermal and mechanical properties

Molecular simulations were run in order to characterize the thermal and mechanical
properties of solids modeled by each of the three interaction models. The investigated ther-
mal property is the conductivity and the mechanical property is the bulk modulus. In a mo-
lecular lubrication problem when the fluid is sheared, heat is generated and must be
dissipated properly through the surfaces. A well defined thermal conductivity helps in re-
producing the real phenomenon of heat conduction. The bulk modulus represents the re-
sponse, by volume change, due to a homogeneous pressure. This property was chosen
because it is independent of the lattice orientation, unlike the shear or Young modulus which
would depend on the relative orientation between the lattice and the applied stress.

In order to calculate the thermal conductivity (A), a reversible non-equilibrium simula-
tion was run according to the Muller-Plathe method [81]. This method is based on conti-
nuously exchanging heat () between two layers at a known rate, giving the heat flux (¢**). A
temperature gradient, perpendicular to the planes, develops which represents the natural
response to the heat exchange (see Fig. 2.5). The ratio of the heat flux to the temperature gra-
dient gives the thermal conductivity:

o 1 8Q - ¢ex

In this equation, S is the surface area and z is the normal direction to the planes where
heat is exchanged.
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Fig. 2.5: The non-equilibrium simulation method for determining the thermal conductivity.
Heat is exchanged at a known rate from the center of the box to its sides as explained by the
arrows. The system response is through a linear temperature profile. The dotted box
represents the periodic boundary conditions.

In order to determine the bulk modulus (Kjp), simulations were conducted on a bulk sys-
tem (periodic in three dimensions) within a constant temperature, constant pressure (NPT)
thermodynamic ensemble (for more details on the statistical thermodynamic ensembles,
please check refs. [41, 82, 43]). A small isotropic pressure change (0P)produces a volume
change (0V') as shown in Fig. 2.6. The bulk modulus is then calculated by the equation:

(2.11) Ko= -V

- -
.......

Fig. 2.6: A schematic showing the method of calculation of the bulk modulus (Ko). From a
small isotropic pressure increase, a change in volume is induced which depends only on the
bulk modulus.
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Fig. 2.7: Variation of the thermal conductivity (A) and the bulk modulus (Ko) of gold (a) and
ferric oxide (b) solids as a function of half the spring stiffness in the HB model. Simulations
were run at 300K temperature and 1 atm pressure. Horizontal dashed lines correspond to the
results from reference experiments at the same conditions.

For the harmonic bonds model, the results for the thermal conductivity and the bulk
modulus for gold are given in Fig. 2.7-a as a function of half the spring stiffness /. It can be
seen that by increasing I, both the measured conductivity and bulk modulus increase.
However, the thermal conductivity is two orders of magnitude below the experimental value
for gold of 317 W.m™".K~![76]. This difference is due to the deficiency of simulations in
modeling conduction through electrons, which has the largest contribution to the thermal
conductivity in metals. What is modeled and measured here is only the heat transferred by
atomic vibrations (phonons). As for the bulk modulus, the ex%oerimental value of 172.37 GPa
is closely approached for a value of K of 20 Kcal.mol '.A™". This value also satisfies the
guidelines summarized in Table 2.2 and is considered optimal value for modeling gold sur-
faces using the harmonic model.

For ferric oxide, the results are given in Fig. 2.7-b. In a similar manner, the conductivity
and bulk modulus increase with K but the conductivity reaches a maximum value for
K > 100 Kcal.mol~".A % This saturation in the conductivity can be explained by through the
mechanisms of heat transfer by atomic motion on one hand and by inter-atomic interactions
on the other. When the springs become very stiff, the transfer through atomic interactions
increases. However, the atoms become locked on their equilibrium positions producing a
counter effect to the conductivity enhancement by the first mechanism. An optimal value of
K = 50 gives the best agreement with the experimental results from refs. [80] and [83].

The same tests were done with the Lennard-Jones and EAM models but only for the case
of gold. For the L] model, the interaction parameters from ref.[84] (e = 529.28 K and
o = 2.655 A) were considered as a reference and € was varied over a wide range. The results
in Fig. 2.8 show that the thermal conductivity and bulk modulus increase with €. The conduc-
tivity with both models is still two orders of magnitude smaller than the experimental value.
The bulk modulus is also smaller than the experimental value for the L] and EAM parame-
ters found in the literature. However, an optimal value for € between 1000 and 3000 can give
a satisfactory bulk modulus but with small conductivity.
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Fig. 2.8: Variation of the thermal conductivity (1) and the bulk modulus (Ko) of gold as a
function of Lennard-Jones interaction energy (¢). Arrows indicate the results obtained with
the Embedded-Atom method. Horizontal dashed lines correspond to the results from refer-
ence experiments [76, 80, 83].

As a conclusion, employing L] and EAM models does not show an improvement in the
mechanical and thermal properties of the model. The use of harmonic bonds remains more
interesting due to the small calculation time compared to the other models. Table 2.3 sum-
marizes the retained interaction parameters for gold and ferric oxide as well as their corres-
ponding mechanical and thermal properties.

Compound Bonding cut-off K (optimal) A Alexp) Ko Ko(exp)
(A) (Kcal.mol_l.fii?) (Wm LK™ (Wm™ ' K™ (GPa) (GPa)
Gold (Au) 4.08 20 1.77 £ 0.35 317 2102408 1724
Ferric-oxide 3.63 50 6.58 + 1.60 17.25 231.2+4.1 206.6
(F€203)

Table 2.3: Summary on the optimal spring stiffness K for gold and ferric oxide models. The
corresponding thermal and mechanical properties are compared to experimental values.

2.2.3 Lubricant

The modeling process of a liquid lubricant has three complications compared to that of solid
surfaces. First and unlike the well ordered crystalline structure in solids, there is no global
ordering inside a liquid. Second, lubricants are able to flow and their molecules are thus able
to move past one another during a simulation. Third, lubricant molecules are usually made
of flexible chains and thus encounter all sorts of bond stretching and rotations. The molecu-
lar architecture of the modeled lubricants: pentane (simple model alkane) and hexadecane
(more complex and representative base oil) is presented in the next section.
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2.2.3.1 Molecular architecture and interactions

Lubricants are modeled as flexible molecules. The molecular architecture includes bond
stretching, angle bending, and torsion as shown in Fig. 2.9. The potentials that model these
interactions depend on the choice of the force field.

Torsion

Bond stretching

Angle bending

Fig. 2.9: A schematic showing the three kinds of intermolecular interactions used to model
the flexibility of lubricant molecules.

Covalent bond stretching and angle bending are usually modeled with simple spring
potentials:

(2.12) Viond = K3 (I — 1p)?
(2.13) Vangle = Cg (0 — 65)*

where ! — Iy and 6 — 0 represent the deviations from the equilibrium bond length and
angle. The dihedral interaction (torsion) can be modeled [85] with either of the following
potentials:

(214) ‘/torsion—AMBER = I([l + COS(TL¢ - d)]
4
1 n—1
(215) ‘/torsion—OPLS = 5 zzl An[l + (_1> COS(”¢>]

Moreover, the Lennard-Jones potential as in Eq. (2.7) is used to compute the interactions
between atoms that do not interact with intermolecular potentials. These are atoms from dif-
ferent molecules or are separated by more than 4 atoms along the molecular chain.

There are two ways for modeling the structure of liquid alkanes: the All-Atoms and the
United-Atoms method. As can be inferred from the name, All-Atoms explicitly model the
totality of atoms including Hydrogens. In United Atoms, Hydrogens are compensated in the
mass of the CH: and CHs segments to which they are covalently bonded. So instead of hav-
ing 17 and 50 atoms in the pentane and hexadecane models, only 5 and 16 groups corres-
ponding to CH2 and CHs units are considered (Fig. 2.10). This method significantly reduces
the calculation time and allows a bigger time step to be used in the simulations.
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Fig. 2.10: Snapshots of the structures of n-pentane and n-hexadecane molecules using All-
Atoms and United-Atoms models.

The interaction coefficients for the all-atoms model were taken from the AMBER96 force-
field [86] and those for the united-atoms model were taken from the OPLS force-field [85].
They are presented in Table 2.4.

Interaction/Equation Type Coefficients
All Atoms
€010 s 1 Tl
Non-bonded (Keal.mol ™) (A)
L Ty 12 AN Carbon (CT) 0.1093 3.3007
1“‘_]} = 4e - -\7
Hydrogen (HC) 0.0157 2.6495
IT{; P —1 ;-2 ”[]
Bond stretching "(Keal.mol ™' A77) (A)
. TR CT-CT 309.7838 1.5260
Viona = I (1 = 1p)
CT-HC 339.7629 1.0900
C.”f_l\'f.'al.mol Ldeg—?) Oﬂ[dogj
Angle bending CT-CT-CT 39.9721 109.5
. y 2
1.'|||,f.;lfv = C a (H - 9”) CT-CT-HC 499651 109.5
HC-CT-HC 34.9756 109.5
Torsion I\[l\'t':ll.mur 1y 1 d{""!—'.]
Vier = K[1 + cos(n¢ — d)] X-CT-CT-X 0.1555 3 0.0
United Atoms
Non-bonded F( Kcal.mol ™) T(A )
Vi, = de [(g)l- B (g)“} CH: 0.1946 3.7500
r r CH: 0.0913 3.9500
)Tk—; P -1 -2 ,[l
Bond st’retching '(Kealmol "L ATT) (A)
. - R CHs-CH: 268.09 1.5400
1hnml = -{\h U {LI)
CH.-CH: 268.09 1.5400
Angle bending s C.”f_l\'f.'al.mol Ldeg—?) oﬂ[dcg]
Vangle = Co (8 — bo) X-CH:-CH: 62.0570 114.0
Torsion . "1|{E\'('al.11ml_1) "1'-’{E\'('al.1110|_1) "13{E\'('al.111(>l_1) "1'1{E\'('al.111(>l_1)
, 1 e
Vir = 5 2 An[l+ (=1)""" cos(n6)] | X-CH-CH-CH: 1.4101 ~0.2708 3.1492 0

1

1

Table 2.4: Interaction parameters used to model the lubricant molecules derived from ref. [86]
and ref. [85] for the All atoms and United atoms models respectively.

The influence of the lubricant model on its dynamic and thermal properties is presented

in the next section.

2.2.3.2 Dynamic and thermal properties

Perhaps the most important dynamic property of lubricants is their viscosity. This has
been tested for both models using reversible non equilibrium molecular dynamics simula-
tions [81]. The concept is identical to that used to calculate the thermal conductivity but here
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the momentum, and not the kinetic energy, is exchanged (see Fig. 2.11). The rate of momen-
tum exchange is used to calculate the shear stress (753 ) as given in Eq. (2.16). The response of
the system is through a linear velocity profile between the layers where momentum is ex-
changed. The shear rate (Yeg = du/92)is determined from this profile. Finally, shear viscosity
(n)is calculated as the ratio between the shear stress and the shear rate.

w1 0P o
(216) Toz = gﬁ and n = "yeﬂ‘
V4

(a)

T T T 12x10° T T
i (b) — ()
200 - N.,:/‘ .q.\o z Tm
C -\.\ - S
"_IT\ [/ % |E 8x10°¢ -
s of AN 1 g X
3 (;4/ @ \ U2 4106 - 1 0P
ol o° 0z % oy S ot
- L o Ca |
! 1 1 1 0 | L | I
0 20 40 60 80 0 20 40 60 80 100
Z(A) 0N

Fig. 2.11: The non-equilibrium simulation method employed for determining the bulk shear
viscosity. Momentum (P) is exchanged at a known rate from the center of the box to its side
as explained by the arrows (a). The system response is through a linear velocity profile (b).
The dotted box represents the periodic boundary conditions.

In order to compare with experimental data, a zero-shear (Newtonian) viscosity is
needed. In simulations, the zero-shear viscosity can be determined by running a series of
simulations at different shear rates and then fitting the data to a Carreau model. The shear
viscosity results at different shear rates are given in Fig. 2.12. Shear thinning is observed for
both hexadecane and pentane, although the onset of thinning is at a higher shear rate for the
latter. It is remarkable also that the United-Atoms model gives a better prediction of the
Newtonian viscosity for pentane than the All-Atoms model. However, with hexadecane the
predicted shear viscosities are lower than the All-atoms model and experiments.
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Fig. 2.12: Variation of the dynamic viscosity of n-pentane and n-hexadecane with the shear

rate determined through molecular simulations. Lines correspond to Carreau fits of the re-

sults. The arrows represent the experimental Newtonian viscosities for pentane at 300 K and

hexadecane at 298 K. All results are at ambient pressure.

Finally, the thermal conductivity was also calculated in bulk hexadecane and pentane
with both models using the non-equilibrium method previously described in the solid mod-
eling section (Fig. 2.5). The results, assembled with the viscosity predictions, are given in
Table 2.5. For both lubricants, the measured thermal conductivities are in the same order as
those in experiments. For pentane, the All-atom model gives an excellent prediction com-
pared to the United-atoms model. However, for the hexadecane molecule, this model over-
estimates the conductivity.

no 1o (exp) A Alexp)
Lubricant Model (mPa.s) (mPa.s) (Wm™tK™) (W LK)
n-pentane United Atoms 0.237 0.074
(CsHiz) All Atoms 0.253 0.224 0.116 0-111
n-hexadecane United Atoms 1.056 0.097
(Ci6H34) All Atoms 1.962 3.030 02175 0.140

Table 2.5: Dynamic and thermal properties of two types of models (United Atoms and All
Atoms) for n-pentane and n-hexadecane. The results, at ambient temperature and pressure,
are compared with experimental data from ref.[76].

In this section, the thermal and dynamic properties were determined for pentane and
hexadecane with two different models. It was found that explicit and coarse models (all-
atoms and united atoms) generally give acceptable predictions of these properties for short
molecules. For long molecules, the results are less accurate in comparison with experimental
data but remain in the same order of magnitude. While employing either model one should
be aware of the influence that this choice has on the properties of the lubricant and whether
quantitative comparison with experiments is suitable.
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2.2.4 Surface-Lubricant interface

The last element in the molecular lubrication model is the surface-lubricant interface. The
interfacial interactions determine how the surfaces influence the structure of the confined
lubricant. Moreover, these interactions allow the surface loading and sliding to be transmit-
ted into lubricant compression and shear.

The surface-lubricant interfacial interactions are commonly modeled using a Lennard
Jones potential (Eq. (2.7)). The potential well-depth (L] energy), representing the interaction
strength between the surface and the lubricant, is chosen as €s.t = & €gy. €r.¢ is the well-depth
of internal fluid interactions and x is a factor chosen in the range of 0.4 —4[55, 87, 11].
represents the relative interaction strength at the interface with respect to the inside of the
fluid. This range (0.4 — 4) covers weakly to highly adsorbing surface types.

In modeling real solid surfaces, justifying the choice of x is not an easy task. There is on-
ly one guideline found in the literature that is based on fitting the interaction strength to ex-
perimental data on the molecular adsorption energies on surfaces [87, 88]. In alkanes,
experiments with the TPD (Temperature Programmed Desorption) state that the adsorption
energy increases by 1 — 1.4Kcal.mol™! per CH, segment, for different types of metal surfaces
[89, 90, 91]. This criterion has been used by several authors [87, 88] and will be used in the
following for choosing the correct surface-lubricant interaction parameters.

The adsorption energies of hexadecane and pentane molecules on gold and ferric-oxide
surfaces were determined using molecular simulations. The molecular domain is constituted
of a surface that is covered with a10A thickness of lubricant molecules as shown in Fig. 2.13.
The surface temperature was fixed at 90K in order to insure that the desorption energy bar-
rier is not surpassed. When the lubricant molecules are adsorbed to the surface, an average
potential energy per molecule could be calculated inside the adsorbed lubricant layer. Using
the Lorentz-Berthelot mixing rule for the surface and lubricant atoms, the surface-surface
interaction well-depth (€55 = k2€r.r) was changed in a way to yield x = 1,2,3,4 and 5. The
distance parameter for gold atoms (oau = 2.655A) was taken from ref. [84].

Interfacial layer

Fig. 2.13: The molecular system used for studying the lubricant adsorption in order to deter-
mine the interfacial interactions. In this example, hexadecane molecules are adsorbed onto a
gold (100) surface. The dotted lines represent the periodic boundary conditions.

Since the lubricant model includes different types of atoms/groups, the average fluid
interaction strength (¢r.r) was calculated as follows:
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1 N
(2.17) =1 ; mie;

M is the mass of the lubricant molecule, N is the number of atoms in one molecule, m;
and €; represent the mass and the L] well-depth of atomi. From the interaction parameters
reported in Table 2.4, the average fluid interaction strengths are calculated and given in Ta-
ble 2.6. The surface-fluid interaction is given by ”x” multiplied by these values.

€r.f
Lubricant Model (Kcal.mol ™)
n-pentane United Atoms 0.1344
(Cs5Hi2) All Atoms 0.0936
n-hexadecane United Atoms 0.1050
(C16Hsa) All Atoms 0.0952

Table 2.6: Average fluid interaction strengths calculated according to Eq. (2.17)

As shown in Fig. 2.14, the adsorption energy increases with the interaction strength
represented by + for both pentane and hexadecane, with the United-Atoms and All-Atoms
models. The difference in the adsorption energy between these two molecules given experi-
mentally is equal to11 — 15.4Kcal.mol ™", This is satisfied for x = 5 in the United Atoms mod-
el and for k = 4 in the All Atoms model. Moreover, the adsorption energies for both types of
molecules are in the same order of magnitude for this choice of .

—0— Pentane
—1— Hexadecane

28 ‘ 28
—~ 24 United Atoms o4 - All Atoms
|
é 201 116 | 297
- 161 1
_é o 16 15.2
\M_/ 12 1
8 8 1
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4 41 O/O/O/O

0 ————————— 0

0 1 2 3 4 5 6 0 1 2 3 4 5
€rt €rf

Fig. 2.14: Variation of the adsorption energy on gold surfaces for pentane and hexadecane
with the two model types as a function of « the ratio of interaction strengths at the interface
to that inside the fluid.

The same method was applied for the ferric oxide surface. However in this case the Len-
nard Jones parameters for oxygen atom were taken from the AMBER96 force field [86] as
eo = 0.2098Kcal.mol~! and 0o = 2.960A. As for the iron atom, the distance parameter was
taken from ref. [92] as op. = 2.321A and the energy parameter (ep.) was varied. Eq. (2.17) was
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used to calculate the equivalent Fe;O3 surface-surface interaction well-depth from the two
constituting elements, oxygen and iron, according to the equation:

(2.18)€ss (2 X mpe €pe +3 X Mo €0) = K* X €5

MFegOg

(€re) was changed in order to regulate the strength of the surface-lubricant interactions
(k). With a similar analysis to that with the gold surface, it was found that only a value of
k = 8 gives correct adsorption energies for both United Atoms and All Atoms models. This is
equivalent to the values of er. given in Table 2.7.

The obtained interaction parameters for gold and iron atoms, given in Table 2.7, are co-
herent with the parameters found in the literature (for slightly different systems). These are
the parameters which will be used in the remaining part of this manuscript. For cases involv-
ing polar molecules, Coulombic interactions are considered in addition to the presented L]
interactions (Chapter 5).

6(Kcal.rnolfl)

Surface Atom Pentane Hexadecane Pentane Hexadecane Range found in the
United Atoms United Atoms All Atoms All Atoms literature
Gold (Au) 3.360 2.625 1.498 1.523 1.05 — 1.96
Iron (Fe) in Fe20Os 12.208 9.518 8.475 8.621 12.137

Table 2.7: The obtained Lennard-Jones interaction parameter for the surface-lubricant inter-
face. The literature range is from refs. [87, 84, 92, 88].

2.3 Initialization and sampling

2.3.1 Geometry

The molecular lubrication model is built from the three constitutive elements described pre-
viously: the surfaces, the lubricant, and their interface. A snapshot of an example model with
gold surfaces confining a 24A pentane lubricant is given in Fig. 2.15. The surface dimensions
are 36.72A in both x and y dimensions and periodic boundary conditions are used to model
an infinitely large contact. (See also section 2.3.5.1 for validation of this choice)

The size of the simulation domain in the z direction is governed by two critical parame-
ters: the thickness of the lubricant film and that of the surfaces. Although in reality the sur-
faces can be a few micrometres or millimeters thick, in molecular simulations only a few
angstroms can be modeled. This choice can be justified physically by the limited cut-off dis-
tances of the interfacial interactions. In the example model of Fig. 2.15 which will be used
from this point on, the surfaces are chosen to be 10A thick so that the lubricant molecules
(which are usually a few angstroms away from the surfaces) are not influenced by the dis-
continuity of the solid model.
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Fig. 2.15: Snapshot of the molecular lubrication model comprising gold (100) surfaces and 2.4

nm thick pentane lubricant. The shaded regions correspond to periodic images of the simu-
lated box.

1 nm

2.3.2 Initial density

It is common to run simulations with a fixed film thickness. Unless the number of molecules
of the confined film is allowed to vary [93], an initialization phase (using Monte-Carlo me-
thods) is needed in order to yield a physical initial lubricant density prior to the MD simula-
tion [94].

In constant-thickness simulations with a constant number of molecules, the contact pres-
sure is constant if no shear is applied. The pressure oscillates with the film thickness mimick-
ing the solvation pressure oscillations in SFA experiments [93]. However, when the confined
lubricant is sheared in a constant volume, its temperature and pressure increase.

This work, however, is inspired from classical notions in lubrication where the film
thickness is seen as the result of the contact conditions of temperature, normal load, and sur-
face motion. The load, instead of the film thickness, is constant. The choice of the initial lu-
bricant density becomes no longer a critical issue since the volume (thickness) may naturally
vary with the load. By compression, the lubricant relaxes to a physical density throughout

the simulation. Constant load molecular simulations have already been employed by several
workers [95, 66].

In constant load simulations, it is preferable to have an initial density that is close to the
equilibrium one. This allows a better control of the equilibrium thickness. If the final density
is approximately known in advance, the thickness will only change a little with compression.
For this purpose, empirical density-pressure relationships can give a good estimation of the
initial density needed in the domain so that the thickness varies little by compression.

In this work, the initial density is determined by running bulk fluid simulations at con-
stant pressure and temperature (NPT ensemble) corresponding to the normal load and the
initial temperature. The equilibrium density is then used as the initial state in confined dy-
namic simulations.
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2.3.3 Compression

The lubricant is compressed by applying a unidirectional load normal to the surfaces. The
uniform load is applied in the form of elementary forces whose sum divided by the surface
area gives the loading pressure. The atoms to which the forces are applied belong to a2A
thick layer, furthest from the solid liquid interface in order to avoid direct influence of this
boundary condition on the confined lubricant.

In the following example simulation, the contact load is chosen to be equal to 500MPa
which is common in industrial applications. The initial and the boundary temperatures are
set to 300 K. Therefore, the initial density is chosen to be coherent with these two conditions.
The calculated density under these conditions for the pentane bulk (United Atoms model) is
757Kg.m ™2,

Under constant load, the film thickness encounters oscillations with time as shown in
Fig. 2.16-a. The film thickness reaches an equilibrium value that is constant within 2-3% in
less than 0.2ns of compression. This is because the initial density was chosen to be near the
equilibrium density under confinement.

2.0 (a) ‘ ‘ (b) ‘ +‘ Beforé comp;ession ‘ ‘
245 L i 3000 —— After compression 4
24.0 ED
— | - |
ot ! 4 g 2000
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Fig. 2.16: During the compression phase: a) time evolution of the film thickness (h) as a func-
tion of time. b) Comparison between the density profiles before and after the compression
across the 2.4nm confined pentane film between Au surfaces.

Fig. 2.16-b shows a comparison in the density profiles of the pentane film before and
after compression. Before applying the normal load but keeping the film thickness constant
at 2.4nm, the pressure in the lubricant oscillated around 450MPa. When a pressure of
500MPa was imposed, the lubricant was compressed by about 0.5A (Fig. 2.16-a) and the den-
sity profile was a little more compacted. At the same temperature and pressure, a slight den-
sity increase thus occurs in the confined film compared to the bulk system which was used to
define the initial density.

The obtained density profiles across the pentane film (Fig. 2.16-b) are classical and show
the structuring which occur as a result to confinement. The first density peak is about 4 times
the bulk (average) density. The structuring becomes less pronounced in the middle of the
film. These results are a proof of the model capability of capturing the structural effects in
confined lubricants. In the next section, the surfaces are set to move in opposite direction and
the dynamics of the confined film are presented.
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2.3.4 Shear

After the system is compressed and reaches equilibrium, the surfaces are set to move at equal
but opposite velocities of 10m.s~* each to produce an apparent shear rate in the same order of
magnitude as that in tribological applications involving molecular lubrication. The difference
in momenta between the two surfaces is transmitted through the interfacial interaction forces,
inside the fluid. A momentum flux is built and this is conveyed with a velocity gradient
which develops across the sheared film as shown in Fig. 2.17-d. The density profile given in
Fig. 2.17-f doesn’t show a considerable change with respect to the case without shearing (Fig.
2.16).
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Fig. 2.17: During the shear phase, time evolution of: a) the film thickness, b) the average lu-
bricant density, and c) the average lubricant temperature. During the shearing steady state,
between 2 and 8 ns, the streaming velocity (d), temperature (e), and density (f) profiles across
the 2.4nm confined pentane film between Au surfaces.

As for the dynamics of the confined film, the effective shear viscosity in this simulation
is 2.19 mPa.s. It is calculated as the shear stress, needed to keep moving the surfaces at a con-
stant speed, divided by the apparent shear rate. Although this viscosity is found at an ele-
vated shear rate (8.49 x 10%s7!), it is still higher than the Newtonian bulk viscosity of this
lubricant (0.237mPa.s). This is an indication of a viscosity increase due to the confinement
and a deviation from the bulk properties. The investigation of the velocity profile (Fig. 2.17-
d) reveals a no-slip boundary condition in these simulations. The lubricant velocity near the
solid surfaces is equal to the sliding speed of the surfaces. Finally, the lubricant temperature
is constant as an average during the shearing state as shown in Fig. 2.17-e.
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2.3.5 Sampling effects

The final section of this chapter is dedicated to analyzing the influence of spatial and time
sampling on the results of molecular simulations. Spatial sampling is related to the size of
the domain in the x and y directions, where periodic boundary conditions are applied (Fig.
2.15). Time sampling is related to the choice of the integration time-step as well as the total
simulated duration.

2.3.5.1 Spatial sampling: system size

Regarding the system size, an evident rule is that the length of the system in any dimen-
sion should be at least equal to the molecular length plus the interaction cut-off distance. If
this condition is not satisfied, a molecule risks interacting with itself across the periodic
boundaries. Moreover, there is an interest in employing larger domains for reducing the sta-
tistical uncertainties in the measured quantities since they will be averaged over a bigger
number of elements. Unfortunately, increasing the system size can be very heavy in terms of
calculation load.

In order to verify the choices taken for the system size of the model from Fig. 2.15, the
same system was modeled with double x and y dimensions. The total number of molecules is
then multiplied by 4. Fig. 2.18 shows a comparison between the results obtained from the
two models under compression and shear.
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Fig. 2.18: For a 2.4nm thick pentane film confined between gold surfaces: comparison of the:
a) film thickness evolution with time and b) the density profile after compression and c) ve-
locity profile across the film during shear for the same model but with different system size.

The results show that increasing the system size has no direct influence on the results.
The differences are only within statistical uncertainties.

A similar analysis was made for systems with hexadecane lubricant whose molecule
(stretched) is nearly 18.5A i.e. 3.5 times longer than the pentane molecule. Simulations at va-
riables surface sliding velocities from 10m.s™'to200m.s~' were conducted on a thick hex-
adecane film confined between gold surfaces. The sampled surface size was changed
between 32.64A x 32.64A 48.96A x 48.96A, and 61.20A x 61.20A.

In order to compare how the system sampling size influences the results, the velocity
profiles across the hexadecane film were given for different sliding velocities and sampled
surface area in Fig. 2.19. The results show that the sampled surface had very small influence
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on the velocity profiles for sliding velocities greater than or equal to 20m.s ™. For slower sur-
face sliding, the small surface area gave different results than the larger two. The reason is
that with slow sliding velocities, a larger sample needs to be considered in order to eliminate
statistical errors.
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Fig. 2.19: Velocity profiles obtained across 2.4nm thick hexadecane films confined between
gold surfaces for different surface sliding velocities and sampled system sizes.

In conclusion, it is not possible to set a universal guideline for different molecular sys-
tems and operating conditions. According to the system in study, a larger sample may be
needed to eliminate statistical errors. A large domain is actually needed for simulating long
molecular chains and low sliding velocities. The sampling duration also plays a role in this
aspect. For the case of hexadecane with 5ns sampling duration, a gold surface area of
48.96A x 48.96A was found to give size-independent results for different surface sliding
speeds and will thus be used in the rest of this thesis.

2.3.5.2 Time sampling: time-step and simulation duration

The choice of the time-step in molecular dynamics simulations is also a critical issue to han-
dle. In principle, the time step should be small enough so that the supposition that all inte-
raction forces are invariant between two steps remains valid. Nevertheless, there is an
obvious interest in using large time steps because this allows phenomena to be investigated
over a long period of time.

For each type of interactions between atoms, a characteristic time scale can be known in
advance. For example in covalent bonds modeled by harmonic springs the period of oscilla-
tion can be calculated from the spring stiffness and the atomic masses. In molecular systems
with angle bending and torsional interactions, it is often suggested to use a time step of
2fs = 2 x 10~ '5s, The accuracy of the simulations can be simply tested by decreasing the time
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step and watching the quantities that are supposed to be conservative. For example, in mole-
cular systems with conservative Newtonian motion integrations (micro-canonical NVE type
simulations [41]), the total energy should be constant.

NVE simulations at different time-steps were conducted for a system of bulk pentane
with the united and all-atoms models. The total energy was plotted as a function of time as
shown in Fig. 2.20.

time step = 0.5 fs time step=2fs time step =4 fs

time step=1f{s time step =3 fs
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Fig. 2.20: Evolution of the ratio of the total system energy to the initial energy as a function of
time for bulk (3D periodic) pentane with the all-atoms and united-atoms models.

The first observation is that the energy variations are more pronounced for the united
atoms model. This can be explained by the fact that, for a given system size, a smaller num-
ber of elements (united atoms) are present compared to the explicit all-atoms model and this
results in statistical uncertainties. The variation of the total energy after 1ns of simulation is
found to be inferior to 1% for time steps less than 3fs in both models. However, in order to
ensure stability and minimize the numerical errors, a time step of 1fs is chosen for the simula-
tions.

Finally, it is difficult to set a single guideline for choosing the total simulated duration.
The longer the sampling duration, the more accurate are the collected statistics. As conveyed
in the previous section, the system size also plays a significant role. If the system is large, a
shorter duration would be needed. However, in all cases, the simulated duration must be
longer than the time scale of the phenomenon being investigated. For instance, in the mole-
cular lubrication model presented previously, the simulation should be longer than the time
needed for reaching the shearing steady state of the system.

From the example of Fig. 2.17, it was found that the collected time averages of thickness,
temperature, and shear stress over 6us after the steady state are the same as over 3ns sam-
pling period. Nevertheless the condition remains system specific. It strongly depends on the
number of atoms, their nature, the nature of their interactions, in addition to the boundary
conditions. This was seen in the case of hexadecane for a sliding speed of 10m.s ™! (Fig. 2.19).
The combination of system size and simulation duration should be large enough to give ac-
curate statistics. This relationship is closely related to the ergodic theory which states that the
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averages over large time and space are equivalent for a system in equilibrium. For the time
being and for accuracy purposes, 5us sampling will be considered in the remaining simula-
tions of this thesis.

Conclusion

In this chapter, the molecular dynamics simulation method was briefly presented. A molecu-
lar lubrication model was designed and developed element by element. Each element was
studied separately and parameterized in order to yield realistic material and interface prop-
erties. The elements were finally compiled to produce the molecular lubrication model. This
model was then tested and it succeeded in reproducing many common trends from the lite-
rature in both static and dynamic conditions.

The last part of this chapter dealt with sampling issues related essentially to the size of
the system, the time step, and the simulation duration. Guidelines were determined for en-
suring the stability and accuracy of the simulations as well as the adequacy of the deter-
mined statistics from the molecular scale for different operating conditions.

In the purpose of modeling molecular lubrication, one of the weak points of the current
model is the method of heat dissipation. The mechanical energy being continuously injected
to the system by compression and shear is transformed into heat. The heat is then transferred
by conduction and convection inside the lubricant, across the interface, and into the surfaces
where it is dissipated. If the method of dissipation is not realistic, due to model related issues
like a low conductivity or inappropriate thermostating method, the temperature of the lubri-
cant increases non-physically. This in turn influences the dynamics of the confined lubricant
and may give misleading results on friction.

It is thus essential to properly model the dissipation especially in friction and lubrication
studies. The next chapter is dedicated to the resolution of this problematic in molecular lu-
brication problems.
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3. Friction and Energetic Dissipation
Mechanisms

Introduction

In the previous chapter, a molecular dynamics model for molecular lubrication problems
was constructed and characterized. In this model, all molecular interactions that govern the
system evolution with time are conservative. The extra mechanical energy added by surface
loading and sliding can only be dissipated as heat in the molecular model. For a lubrication-
type study, energy dissipation is a key factor that must be carefully handled. The present
chapter is thus dedicated to examining the influence of the energy dissipation method on the
thermodynamic state of the confined film and the globally measured friction for different
contact operating conditions. A novel model for energy dissipation dedicated for high shear
simulations is finally presented which takes into account realistic heat transfer from the con-
fined lubricant to the confining surfaces.

In MD simulations where energy needs to be dissipated, a thermostat is usually em-
ployed. The purpose of the thermostat is to define a coupling between the simulated mole-
cules and an imaginary heat bath at a specified temperature. This “coupling” allows the
kinetic energy of molecules, due to thermal vibrations, to be controlled.

For simple homogeneous systems such as bulk solids and liquids, temperature can be
controlled homogenously using one of several available algorithms. The simplest and per-
haps the oldest method is “velocity-rescaling”. The principle is to scale the atomic velocities
at regular intervals to give the required kinetic temperature [41]. Advanced methods employ
various constraints to control the temperature in a “smoother” way. For example, the Nosé-
Hoover thermostat changes the energy-conservative equations of motion by adding an addi-
tional degree a freedom by which the energy transfer with the external heat bath occurs in-
stantaneously.

These methods actually work very well for controlling the temperature in homogeneous
systems. However in the case of confined films, some problems may emerge due to the non-
homogeneous nature of the system [96]. This non-homogeneity is mainly due to the sol-
id/liquid interface and manifests density fluctuations across the film. The picture becomes
even more complicated in the case of shear. The generated viscous heat needs to be dissi-
pated out of the contact. Several energetic transformations thus occur inside the film and
characteristic temperature and velocity fields can only be captured if the lubricant molecules
are free from any direct thermostating constraints [97]. The extra heat needs to be dissipated
from the surfaces level [97].

In order to gain insight on the different energetic transformations occurring inside the
lubricant film, the energetic balance in confined lubrication conditions is investigated in the
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next section. This analysis will be used to show that there is a close relationship between the
thermostat energy dissipation and the frictional force in the contact.

3.1 Energy balance in confined films under shear

The energetic study of confined films in molecular lubrication gives very important informa-
tion on two levels. First, from a numerical simulation point of view, the energy balance is an
important verification that the integration method is correct. Second, such analysis allows
the energy path inside the molecular system to be understood. As will be illustrated in this
section, the understanding of the energetic path permits us to answer several questions re-
lated to friction and dissipation in molecular lubrication problems.

3.1.1 Energetic path

From its inlet at the surfaces in mechanical form, the energy undergoes three essential
steps: absorption, transformation, and finally dissipation as shown in Fig. 3.1. Energy is add-
ed to the system by compression and relative surface motion. The momentum difference
between the upper and lower surfaces diffuses inside the lubricant which absorbs this me-
chanical energy. Energy is transformed into the thermal form as a viscous heat is generated
inside the sheared lubricant film. Temperature increases inside the lubricant and results in a
gradient with the thermostated surfaces. The result is in a conductive heat flux transporting
the thermal energy towards the surfaces where it is finally dissipated.

T=cte T=cte
5 s
£ ool oo
T=cte T=cte
Energy inlet @ Absorption @ Transformation @ Dissipation
(Shear + Compression) Shear is transmitted Sheared lubricant heats up Heat is transported tavard the
to the lubricant surfaces where it is eventually
evacutated

Fig. 3.1: The energetic path inside a classical molecular lubrication problem. Energy is input
in a mechanical form; it is transformed into heat inside the sheared lubricant, conducted in-
side the fluid and through the surface-lubricant interface to be finally dissipated by the
thermostat.

The input energy represents the work of the compression and shearing forces:

(3.1) dEin, = —F..(dh) 4 2F, .v,.dt
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As shown in Fig. 3.2, F. is the normal force representing the contact load and £’ is the
force needed to keep the surfaces going at a constant velocity. Since the sliding velocity is
constant, then the sum of tangential forces acting on each surface is zero. Thus F is identical
to the frictional force from the lubricant molecules on each surface. dE;, represents the input
mechanical energy during a single time step (dt). It is equal to the sum of the works of the
normal and tangential forces. Assuming that the origin of the Cartesian coordinates moves
with the lower surface, the works of the lower tangential and compression forces are zero. As
for the forces on the upper surface, in one time step this surface moves dh = hy — hyand
2v;.dt in the normal and tangential directions with respect to the lower one. When dh is nega-
tive, meaning that the fluid is compressed, the work of the normal force must be positive.
This explains the negative sign which precedes the first term on the right hand side of
Eq.(3.1).

_)Fx

20,.dt

Y

Fig. 3.2: A schematic illustrating the normal and tangential distances traversed by the surfac-
es during a single time step. These distances are used to calculate the input energy according
to Eq.(3.1).

The input energy flux (¢in) can be inferred from the previous equation as:

1dE, 1 dh
(32) ¢in = § dt §<_FZ.E + 2Fx-vx)

S is the surface area. On the other hand, the output (heat) flux (¢out) can be determined
from the total energy dissipated by the thermostats from both surfaces (Fout ):

1 dEqgus
(33) dout = 5 —,

Note that in the molecular model with periodic boundary conditions, all mechanical
energy is transformed into heat and is then dissipated by the surface thermostat. In reality
other forms of energy dissipation may occur such as convection in the contact inlet and out-
let and radiation. In the molecular model, the balance between the input and the output flux-
es should be valid if the system doesn’t “store” any energy. An example of this phenomenon
is the lubricant heating up just at the instant when the surfaces are moved. The lubricant
temperature increase actually uses a part of the input energy.
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3.1.2 Balance validation in confined shear simulation

The energetic balance was verified for an example case with a2.4nm thick hexadecane
film confined between gold surfaces. The contact pressure is 500MPa and the surfaces are
moved at equal but opposite velocities of 10m.s~" each. The surface temperature is held fixed
at 300K using a velocity rescaling thermostat of 100fs rescaling interval. No thermostating
constraints were used on the lubricant. This method of dissipation is often referred to as the
sliding boundary thermostat (SBT) and will be considered in details in the following sections.
For the time being, a snapshot of the simulation domain with the boundary conditions is
given in Fig. 3.3.
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Fig. 3.3: Snapshot of the simulation domain with the thermal and mechanical boundary con-
ditions. The surfaces are squared and of a side dimension of 48.96 A. The periodic images of
the modeled system are faded out. Temperature is controlled at the surfaces level as illu-
strated by the red dotted boxes.

The film thickness, temperature, and various energetic terms of Egs. (3.2) and (3.3) are
given as a function of time in Fig. 3.4. At the beginning of shear (t = 0), a transient stage is
encountered as the lubricant cools down very fast then heats up gradually as shown in Fig.
3.4-b. The film gently expands (Fig. 3.4-a). For the considered conditions, this stage lasts
about 0.1ns. The lubricant then reaches a state of equilibrium where its temperature and vo-
lume are constant.

The initial cooling down of the lubricant is due to start of motion of the surfaces. This
creates a non-equilibrium state in the system. Since the surface velocities are imposed, the
lubricant has no choice but to move along with the surfaces. However for lubricant flow to
occur, the lubricant needs to surpass an energy barrier (static friction). The potential energy
variation due to the surface motion is not yet enough to surpass this barrier. The only possi-
bility is actually by sucking energy from the thermostat. Of course, heat flows only from high
to low temperature zones. Since the surface temperature is constant, the fluid cools down to
allow the energy to flow. This phase is very quick and lasts only about 0.03ns. The lubricant
temperature drops about 20K. Note that during this phase, the film thickness is nearly con-
stant (Fig. 3.4-a).
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This phase ends when the energy barrier is surpassed and the lubricant shear flow be-
gins. By shear, viscous heat is generated and the lubricant finds itself now with an excess of
energy causing its temperature to rise. The excess energy is dissipated in two ways. The first
way is through the mechanical work required to push the surfaces apart (expansion of the
film as shown in (Fig. 3.4-a)). The second way is by thermal dissipation through the thermos-
tats. The latter only occurs when the lubricant temperature rises above the controlled surface
temperature (300K). The transient stage ends when all of the generated heat is dissipated
thermally. In this example, the lubricant heats up to a temperature of 305.7K. At this temper-
ature, there is equilibrium between the rate of viscous heating and its dissipation rate
through the surface thermostat.

The different fluxes are plotted as a function of time in Fig. 3.4-c. Note that the fluxes are
smoothed using a negative exponential method for the sake of clarity. During the transient
stage (t < 0.1ns), the energy balance between input and output energies is not clearly satis-
fied. This is normal because several transformations are occurring inside the lubricant
(changes in potential energy, cooling then heating). The mechanical work of the normal
forces is negative due to the expansion of the film as explained previously and shown in Fig.
3.4-a.
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Fig. 3.4: Evolution of the lubricant film thickness (a) and temperature (b) in a system com-
posed of a confined hexadecane lubricant between gold surfaces. (c) Comparison among dif-
ferent input and output fluxes for the same system.

At the end of the transient stage (¢ > 0.1ns), the balance between the input and the out-
put fluxes is established. The input mechanical energy is completely dissipated by the sur-
face thermostat. This is the shearing steady-state. The film thickness is also constant in this
steady-state and the power generated by compression is zero (Fig. 3.4-c). The role of the lu-
bricant film is to absorb mechanical energy of shear from the surfaces, transform it into heat,
and transmit it back to the surfaces by conduction and convection. It achieves this role per-
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fectly and quite its total energy remains constant. The surface-lubricant-surface energetic
loop continues endlessly once the shearing steady state is reached.

3.1.3 Cause-effect relationship between friction and thermostat dissi-
pation

The analysis of the shearing steady state and especially its energetic balance clearly
shows the direct connection between the tangential force (friction) and the thermostat dissi-
pation. As the lubricant thickness is constant (Fig. 3.4-a), the energetic balance in the shearing
steady state can be simplified to:

LdEow  2Fy.v,
S da S

(3.4)

For given conditions of load and sliding velocity, this equation has only two variables:
the dissipated energy (Eout) and the frictional force (F%). There are two possible scenarios to
describe the cause-effect relationship between these two variables:

1. The dissipated energy is the consequence of friction forces inside the contact. Inde-
pendent of the numerical parameters of the thermostat, the dissipated energy depends uni-
quely on the contact operating conditions.

2. The measured friction is the consequence of energy dissipation. For example, nu-
merically if the thermostat is set to remove energy so often, the lubricant temperature will
drop. Consequently, flow resistance increases and so does friction.

The purpose of the rest of this chapter is to answer this paradox. This will be accom-
plished by employing different dissipation methods in the molecular lubrication model and
comparing the results. In the next section, different implementations of the classical sliding
boundary thermostat are compared. The intriguing results will conduct the research to dif-
ferent cases in order to understand the complex relationship between friction and the ther-
mostat dissipation.

3.2 Sliding boundary thermostat method

The classical dissipation method used in simulations of confined films under shear is the
sliding boundary thermostat (SBT). In this method, the temperature of the solid surfaces is
held fixed and no thermostating constraints are applied to the lubricant. This method has
been employed by several authors [96, 97, 65, 94] as a substitute for homogeneous thermos-
tats that directly control the lubricant temperature. It was shown that, by homogeneously
dissipating energy from a confined lubricant in shear, its transport properties such as the
viscosity are influenced [97]. In reality, the lubricant heats up (at elevated shear rates) and a
characteristic temperature field develops across the film which influences its local transport
properties and global friction in the contact.

In this section, the sliding boundary thermostat method is employed because, in addi-
tion to the previous arguments, it allows physical heat transmission from the lubricant to the
surfaces to occur. A realistic energetic evolution, as illustrated previously in Fig. 3.1, can thus
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be observed. Nevertheless, it is interesting to see if the different implementations of this me-
thod may have an effect on the obtained friction under invariant contact conditions.

3.2.1 Thermostating algorithms

In order to implement the sliding boundary thermostat method, a thermostating algorithm
must be chosen for controlling the surface temperature. In this section, three algorithms were
tested: velocity-rescaling, Nosé-Hoover, and Langevin thermostats. Details about these algo-
rithms are given in Appendix 1.

In the velocity-rescaling algorithm, the Newtonian equations of motion are not modified
but at regular intervals the atomic vibrational energies are scaled up or down to yield the
target kinetic temperature. Note that this algorithm scales the velocities of all atoms homo-
geneously. The global surface temperature is thus controlled and a temperature gradient
may still occur across the surface. In particular, surface atoms in direct contact with the lu-
bricant may be “hotter” than those further from the interface (Fig. 3.5).

In the Nosé-Hoover algorithm, the Newtonian equations of motion are modified to in-
clude an additional degree of freedom by which the interactions with an external heat bath
are included in the integration equations. This algorithm allows a smoother temperature con-
trol compared to the velocity rescaling algorithm where abrupt rescales are used. This algo-
rithm, as velocity-rescaling, acts on the global temperature. If used to implement a SBT, a
temperature gradient may develop across the surface (Fig. 3.5). The exhibited temperature
gradient actually depends on the surface thickness. For example, if the simulated surfaces
are infinitely thick, the temperature gradient across the surface would be smaller than with
thin surfaces. In other words, the thermal inertia of the surfaces depends on their simulated
size. (Fig. 3.5)

- Velocity-rescaling / Nosé-Hoover

— Langevin
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TA TA
Ty f—— Ty
> >
< <

Fig. 3.5: A schematic explaining in the SBT method with different implementations how
temperature would develop across the surfaces due to a heat flux (¢w) from the confined lu-
bricant, for two different surface thicknesses.

Implementing the SBT method with a Langevin algorithm allows temperature gradients
across the surfaces to be avoided (Fig. 3.5). In this algorithm temperature is controlled on a
per-atom basis. This is achieved by adding frictional and random forces to the conservative
forces acting on each atom. The frictional force is proportional to the velocity of the surface
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atom and the random force represents the collisions of the latter with imaginary particles
from the heat bath. More details about these algorithms are given in Appendix 1.

Confined shear simulations were conducted with the hexadecane and gold system de-
scribed in section 3.2 (see Fig. 3.3). The contact pressure is 500MPa but the sliding velocities
were increased to £100m.s~!. Three simulations were conducted using the velocity rescaling
algorithm involving different intervals between consecutive rescales (50fs, 100fs, and 200fs).
Two additional simulations were also considered for both the Nosé-Hoover and Langevin
thermostats with a time relaxation parameter of 100fs.

The results of these simulations are given in Table 3.1. For a shear rate of about
8 x 10'% ™1 it is remarkable that the temperature control algorithm (velocity rescaling, Nosé-
Hoover, or Langevin) influences the temperature increase inside the lubricant as well as the
measured friction (shear stress). Highly dissipative thermostats (for example short rescaling
intervals) can attenuate the temperature increase inside the lubricant, increasing the force
needed to shear the lubricant at a constant velocity (shear stress).

Velocity Rescaling Nosé-Hoover Langevin
At =50fs At =100fs At = 200fs ~u_= 100fs 71, = 100fs
Average lubricant
temperature increase 116.4 120.4 122.6 121.6 57.8
(K)
Total shear stress 59.3 58.8 58.0 536 65.4
Tes (MPa) . . . . .
Effective
shear viscosity 0.75 0.74 0.73 0.74 0.83
Ner (mPa.s)

Table 3.1: For the molecular system of ~2.4nm hexadecane confined between gold surfaces
with a loading pressure of 500MPa and a sliding velocity of £100 m.s"!, given are the results
obtained using the sliding boundary thermostat method with different temperature control
algorithms. At and t represent the rescaling time interval and the average relaxation time of
the respective algorithms.

The effective shear viscosity was calculated as the ratio of the measured shear stress to
the apparent shear rate. For the different cases of velocity rescaling and Nosé-Hoover algo-
rithms, the measured shear viscosity is equal although energy is dissipated in quite different
ways (Appendix 1). On the other hand, the Langevin algorithm exhibited a larger dissipation
of energy as the lubricant heating was about 50% lower than the other two. Since the steady-
state temperature was lower than the other two algorithms, the lubricant effective viscosity
and the measured shear stress were about 12% greater (Table 3.1). For a simple SBT, the im-
plemented thermostating algorithm thus influences how the lubricant heats up and its resis-
tance friction to the sliding surfaces.

In order to explain why the Langevin algorithm exhibited a larger dissipation than the
velocity rescaling and the Nosé-Hoover algorithms, one should closely examine how energy
is transferred between the group of atoms representing a confining surface and the heat bath.
While the velocity rescaling and Nosé-Hoover algorithms dissipate energy “globally” from
the group, the Langevin algorithm acts on each atom individually. For example, a thermos-
tated body with a Nosé-Hoover thermostat may encounter a temperature gradient around
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the controlled temperature. In the case of the Langevin thermostat, no gradient may develop.
In consequence, the Langevin thermostat with the parameters used in these simulations dis-
sipated energy faster than the other algorithms.

In conclusion, the dissipation properties of the algorithm employed in the SBT method
may influence the lubricant heating and its global dynamics. This was observed in simula-
tions at relatively large sliding velocities and shear rates. It is possible however that the ob-
served effects dominate uniquely for high shear rates. It is thus interesting to define a critical
condition for the heating onset inside the confined lubricant. If the critical condition is de-
fined, then it is possible to know in advance for any simulation whether the thermostating
method is susceptible of quantitatively altering the results or not.

3.2.2 Heating onset by shearing

The literature reports that thermostating methods only become influential in the regime
where heating is actually susceptible to occur inside the lubricant [97, 65]. Simulations of
simple Lennard-Jones systems find that there is a critical shear rate at which the lubricant
starts heating [3]. Its value in reduced units is 02771 (1 = \/mo?/eis the characteristic L]
time scale). The system being studied here, however, is different with its complex molecular
architecture and degrees of freedom. Nevertheless, for comparison purposes, it was found
that literature equation applied to the hexadecane lubricant gives a critical shear rate of
roughly 9.1 x 10'% ™! However, the results of section 3.2 for all of the tested algorithms
showed significant heating while the shear rate (8 X 10'%™!) was lower than this value.
There is thus a necessity to determine, for the particular system in study, the critical shear
rate of lubricant heating.

Simulations were thus conducted with the hexadecane and gold model of Fig. 3.3 with
varying surface sliding speeds. A range of apparent shear rates could thus be investigated
and the lubricant temperature was observed in order to detect heating. Two implementations
of the SBT method were used, one with the velocity rescaling algorithm with 100fs rescale
interval and another with the Langevin algorithm with a 100fs relaxation time.

The sliding velocity was varied between 1 and 200m.s™! giving apparent shear rates be-
tween 8.37 x 10® and 1.54 x 10''s™. The normal pressure was kept at 500MPa and the boun-
dary temperature was set to 300K.

66



H.Berro, Ph.D. thesis, INSA de Lyon 2010

300 :
[ O Velocity-rescaling ]
250 O Langevin .
i 0]
—~ 200 ]
S :
2 150; o ]
L D B
100 * ;
50 | o ° ]
i O ]
0:”\Q\" \Q\f\\ 8\00 Ll ]

10° e 1010 10"

Y (s71)

Fig. 3.6: Temperature increase (AT) inside the confined hexadecane film between gold sur-
faces at a 500MPa pressure as a function of the apparent shear rate for two different imple-
mentations of the SBT dissipation method. The critical shear rate at which heating starts was
found to be equal to 6x10° s-.

The results for the temperature increase inside the lubricant (AT) are given in Fig. 3.6 as
a function of the apparent shear rate () for both the velocity rescaling and the Langevin al-
gorithms. For shear rates lower than 7. = 6 x 10° no heating due to shear could be observed
with either algorithm and the lubricant temperature was independent of the algorithm em-
ployed for the SBT method. The reason is that the rate of heat generation due to lubricant
shear is smaller than the maximum dissipation rate that can be handled by the thermostat.
On the other hand at shear rates higher than 7., the lubricant starts heating up. The lubricant
temperature increases more gently as a function of shear rate with the Langevin algorithm
than with the velocity-rescaling algorithm.

These thermal effects which are thermostat-dependant convey, on Fig. 3.7, their influ-
ence on the shear stress. At shear rates lower than the critical one (), The SBT method with
velocity-rescaling and the Langevin implementations gives the exact same friction. As the
shear rate is increased to values higher than*, the Langevin implementation produces a
higher shear stress than with velocity-rescaling. As the shear rates are increased, the results
diverge even more since thermal effects are susceptible to play a bigger role.

At low shear rates, the relationship between shear stress and shear rate is linear. At high
shear rates, the shear stress increase becomes limited. This is due to two combined factors: 1)
the lubricant heating (Fig. 3.6) which reduces the effective resistance to flow, and 2) shear
thinning which is susceptible to occur, as was presented in Chapter 2, at shear rates as low as
101%~! for the hexadecane bulk model.
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Fig. 3.7: Variation of the total shear stress (tx:) as a function of the apparent shear rate for two
different implementation algorithms for the SBT dissipation method. Results for a 2.5nm
confined film of hexadecane between gold surfaces with a loading pressure of 500MPa and
variable surface sliding speeds.

The results give clear evidence that there exists a critical shear rate (j.) at which the lu-
bricant starts heating up. The value of . does not depend on the thermostating method but
is expected to depend on the lubricant nature and the boundary conditions of pressure and
temperature. If the apparent shear rate is smaller than 7., the dissipation method showed no
influence on the friction. When this critical value is surpassed, lubricant starts heating up at
different rates according to the thermostating method. If the thermostat is highly dissipative
(for example SBT method with Langevin implementation), the lubricant heats up gently as a
function of shear rate. If the thermostat is weakly dissipative (for example SBT method with
velocity-rescaling implementation) the lubricant heats up faster with the shear rate. These
thermal effects have significant influence on the effective viscosity of the lubricant and the
friction results can be different according to the thermostating method.

3.3 Advanced dissipation methods

In the SBT method with Langevin implementation, the surface temperature is controlled
to be equal to the ambient one (outside the contact). Thus for any heat flux generated in the
contact, no temperature gradient is modeled in the surfaces. This is equivalent to assuming
that the surfaces have infinite thermal conductivities and heat capacities. The side of the sur-
face in direct contact with the lubricant is thus at the same temperature as the outer side
which is at the ambient temperature.

In reality, of course, no surface materials have such properties. Moreover, in molecular
lubrication problems at severe operating conditions, the generated heat flux can reach ex-
tremely high values in the order of a few GW.m™ 2 These are the cases where the lubricant
starts heating up with classical SBT methods (Fig. 3.6). A simple analysis on mono-
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directional heat conduction in a semi-infinite solid with a boundary heat flux (¢.) on the fi-
nite end and a constant temperature (T ) on the other gives the following analytical solution
for the wall temperature (7, ) (see Appendix 2 for details):

(3.5) T, =T 4 20w [0
A m

ais the thermal diffusivity of the surface and \its thermal conductivity. Inserting the
properties of gold in this equation (A = 318W.m . K 'and @ = 12.732 x 10~5m?.5s71) [98], the
evolution of the wall temperature can be predicted. For example using the heat flux of
25GW.m "2 (result of the simulation with £200m.s~! sliding velocities), the wall temperature
is supposed to increase by 32K in the first 1ns.

In severe contact conditions, the sheared lubricant heats up and a large temperature dif-
ference may develop between the film and the bounding surfaces if they do not accommo-
date to lubricant heating (such as in the case of SBT method). The dissipation heat flux seen
in simulation, which is proportional to this temperature difference, may be higher than reali-
ty. As the surfaces dissipate more, the lubricant heats up less and gives a higher resistance to
flow (friction).

It is thus of great importance to accurately model the dissipation path by conduction not
only inside the fluid, but also across the solid surfaces when the contact conditions are severe.
It is particularly important to allow the surface temperature to naturally accommodate to the
lubricant heating. This requires, however, relatively complicated algorithms to be employed.
In the following section, the Phantom Molecules method [99], which allows modeling infi-
nitely thick surfaces, is briefly presented and employed to the molecular system studied pre-
viously. Finally, in the last section, a novel dissipation method (Variable Boundary
Temperature) which allows accurate heat conduction to be modeled in the solid surfaces is
presented. This method is based on updating the boundary temperature, at regular intervals,
as a function of the heat flux from the contact.

3.3.1 The Phantom-Molecules method

The phantom molecules method is a thermostating technique developed originally for
studying simple gas-solid interfaces. It is based on approximating the solution of the genera-
lized Langevin equations (GLE) for the solid atoms in the surfaces (called primary atoms).
The effect on the global thermal properties of the infinite number of solid layers which are
not considered in the simulations is compensated through “ghost” atoms (or secondary
atoms) which have special interactions with the primary atoms. The phantom atoms
represent an infinite number of layers at a constant temperature. More details about this me-
thod are given in Appendix 1.

The interest of using this thermostating method, compared to the regular sliding boun-
dary thermostat is that it permits a temperature gradient to develop inside the modeled solid
surfaces. The surface temperature may thus increase. Moreover, the phantom atoms can re-
produce the thermal conductivity and heat capacity of a semi infinite solid. In other words,
the dissipation mechanisms are more realistically modeled.

The parameters needed to employ this method can be derived from the material proper-
ties of the solid surfaces. For gold, as in the case being studied here, the Debye temperature
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of 04 = 170K for gold [76] is used to calculate the damping parameter for the interactions
between the surface and the phantom atoms. The reader is advised to refer to Appendix 1 for
more details about this method and its implementation.

This method was applied to the same domain of gold and hexadecane, defined pre-
viously with a sliding velocity of £100m.s ™!, This corresponds to a shear rate in the order of
8 x 10'%~!, The classical SBT with velocity-rescaling and Nosé-Hoover implementations
showed that for such shearing, the lubricant temperature may increase by more than 120K
(Fig. 3.6). With the Phantom Molecule method, as shown in Fig. 3.8, the average lubricant
temperature increases by only 84.7K. Moreover, a temperature gradient develops inside the
surface and the interface layer temperature increases about 45K. The temperature profile is
continuous across the solid-liquid interface because the surfaces temperature can accommo-
date naturally to the lubricant heating.
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Fig. 3.8: Temperature profile across the surfaces and lubricant film for a simulation employ-
ing the Phantom Molecules thermostating method for contact conditions of 500MPa pressure
and 8x10" s apparent shear rate.

300

The measured apparent shear stress (see Appendix 3) with the Phantom-Molecules me-
thod was 60.6MPa. In comparison with the results from Table 3.1, this method dissipated
more energy than the SBT with velocity rescaling and Nosé-Hoover algorithms. The lubri-
cant heated less and the shear stress was higher. The SBT with a Langevin algorithm howev-
er exhibited a larger energy dissipation and thus higher shear stress and friction.

The physical significance of the Phantom-Molecules method is in that it simulates a large
portion of the solid with bulk thermal properties. The heat conduction and dissipation
through the surfaces is thus closer to reality than with the SBT method. The measured shear
stress with this method was found to be moderate compared to results using different possi-
bilities for employing a classical SBT. This result proves that quantitative results from mole-
cular simulations can only be considered if a proper dissipation algorithm is used.
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The Phantom-Molecules method is however difficult to implement with amorphous
surfaces or with complicated lattice structures. Moreover, this method only allows to model,
beyond the primary surface layers, an infinitely thick solid surface at a constant temperature.
Between the primary surface atoms (explicitly simulated) and the imaginary atoms (not ex-
plicitly seen), a thermal discontinuity may emerge as shown in Fig. 3.8 between the outer
surface layer and the 300K temperature supposed to be imposed in the remaining part of the
solid surfaces. For this purpose, a novel method for energy dissipation in molecular lubrica-
tion problems in severe conditions is presented. The idea is to start with a classical sliding
boundary thermostat but then allow the thermostat to adapt itself to the heat flux generated
inside the contact.

3.3.2 The variable boundary temperature method

The variable boundary temperature (VBT) is a novel method of applying the thermal
boundary conditions in molecular dynamics simulations for molecular lubrication. It is simi-
lar to simple SBT with the difference that the temperature of the sliding boundary evolves
during the simulation. The boundary temperature is calculated, on the fly, from the dissi-
pated heat flux and the bulk material properties of the surfaces.

3.3.2.1 Principle

The principle is as follows, starting with a simple thermostat controlling the boundary
temperature to the ambient one (Tp), the lubricant temperature equilibrates in a way to yield
energy balance between heat generation and dissipation rates. The heat flux (¢ ) of this
steady state is constant and can be calculated as the energy removed by the thermostat per
unit of surface and time. As shown in Fig. 3.9 for the first temperature update (t = At), the
new boundary temperature to be imposed is calculated using Eq.(3.5) which is an exact solu-
tion of the conduction equation in a semi infinite solid (Appendix 3). During the following
update intervals, the new heat flux is measured and a temperature increase/decrease is calcu-
lated analytically at regular intervals (tp = 7At) as follows:

(3.6) ATu(to) = U(to) <2¢wT<to> oy )

™
Note that Eq.(3.6) is identical to Eq.(3.5) except for the term (V). This equation is deter-
mined analytically from the derivative of the wall temperature with time, assuming the pos-
sibility of small boundary flux variations between two updates (Appendix 3). This term
actually varies with time and with the flux variations between two updates. ¥ can be posi-

tive or negative but is usually close to zero. It is given as:
1AL Adulty)
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Fig. 3.9: Schematic showing the steps in boundary temperature update. The temperature
change is calculated from the measured wall flux. The boundary temperature is ramped to-
ward the new value in order to avoid abrupt changes.

If it is an index of the temperature update such thatty = A, then ¥ can be written
purely as a function of 7 and the fluxes at the consecutive steps:
20 +1 @it
2n on

(3.8) ¥ =

An interesting aspect of this scheme is that a steady state surface temperature can be
attained when ¥ = 0. According to Eq.(3.7), this occurs when the dissipated flux is more or
less constant and after a significantly sufficient number of update steps.

In order to control the temperature between two updates, any of the existing tempera-
ture control algorithms can be used. The fact that the used algorithm dissipates too much or
too little energy has theoretically no difference because the boundary temperature would
increase accordingly to produce a counter effect. However, it remains preferable to use a
Langevin thermostat because it insures that no temperature gradient develops inside the
surfaces.

In order to avoid abrupt changes in the surface temperature, the imposed temperature is
ramped during 50 — 100ps between two updates as shown in Fig. 3.9. This allows a natural
relaxation of the system to the change in the boundary conditions. In practice, this also al-
lows to improve the stability of the method.

The VBT method works as follows. Starting with a given surface temperature, when the
lubricant is sheared it produces a certain heat flux. However this flux (and measured friction)
could be over-estimated if the surface thermostat dissipates more energy than in reality. So
for the first temperature update, the wall temperature is increased. By doing so, the tempera-
ture difference between the film and the boundary surfaces is reduced resulting in a smaller
energetic dissipation by the thermostat. On the next update, the wall temperature is adjusted
accordingly and so on. The loop continues until the lubricant naturally finds equilibrium
with the flexible dissipation rate from the surfaces. This equilibrium depends only on the
material properties of the surfaces which give this method a physical importance.

72



H.Berro, Ph.D. thesis, INSA de Lyon 2010

3.3.2.2 Validation

The VBT method was tested with different dissipation algorithms for controlling the boun-
dary temperature between two updates. The tested algorithms are the velocity rescaling,
Nosé-Hoover, and Langevin thermostats with a velocity rescaling/ temperature relaxation
intervals of 100fs. The boundary temperature was updated every 0.25ns according to the
measured heat flux as illustrated previously in Fig. 3.9.
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Fig. 3.10: Surface temperature evolution with time using the Variable Boundary Temperature
method for different temperature control algorithms. The results for velocity rescaling and
Nosé-Hoover are confounded.

The boundary temperature evolution during 20ns of shear for the different algorithms is
presented in Fig. 3.10. It is remarkable that the surface temperature evolution is the same for
the velocity rescaling and the Nosé-Hoover algorithms. In previous simulations with con-
stant boundary temperature (SBT) the two algorithms gave very close dissipation (see Table
3.1). The time evolution of the wall temperature with the VBT method is identical for the two
algorithms. On the other hand, with the Langevin thermostat which dissipates more energy
(see Table 3.1) the surface temperature increases faster than the other two algorithms. The
surface temperature increase plays a role in attenuating the dissipation flux from the Lange-
vin thermostat.

Table 3.2 reports the dissipation flux for the three cases. Indeed, the variable boundary
temperature method gives closer results for the dissipation flux and shear stress (friction)
among different algorithms compared to the SBT method (Table 3.1).
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Variable Boundary Temperature

Phantom Molecules

Velocity rescaling Nosé-Hoover Langevin
Dissipation flux 11.56 11.54 12.01 -
(GW.m™2) ’ ‘ '
Total shear stress 58.5 58.5 60.8
Txz (MPa) i . : e

Table 3.2: Dissipation flux and total shear stress from simulations with the VBT method (im-
plemented with three different temperature control algorithms) and with the Phantom-
Molecules method.

The main influence of this method was when implemented with the Langevin thermos-
tat which exhibited the larger energetic dissipation in the SBT case. With the VBT, as the sur-
faces were allowed to heat up (Fig. 3.10), the lubricant heated up more than the SBT case.
Consequently, its flow resistance decreased and the encountered shear stress in the steady
state (60.8MPa) was lower than with the SBT method (65.4MPa).

When implemented with velocity-rescaling and the Nosé-Hoover algorithms, the VBT
method, causing surface heating, had no significant effect on the SBT results (Table 3.2). The
reason is that the lubricant heating was already elevated (more than 120K) in the SBT case
(Table 3.1).

The VBT method can thus adapt to the temperature control algorithm in order to yield
dissipation that is a function of the solid bulk thermal properties and the contact conditions.

The only numerical parameter that needs to be chosen in the Variable Boundary Tem-
perature method is the update interval (At). In the previous simulations this parameter was
set to0.25ns. The next section deals with the influence of this parameter on the Variable
Boundary Temperature method.

3.3.2.3 Temperature update interval

There are two criteria for the choice of the update interval. First the interval should be
long enough to insure that energy is balanced between two updates. In section 3.2, this was
established in roughly 0.1ns for the system in study (see Fig. 3.4). Second, the update interval
must be short enough to insure that the hypothesis that the discrete formulation of Eq.(3.6)
remains valid and its numerical resolution is stable.

Three update intervals of 0.1, 0.25, and 0.5ns were tested with the same confined hexade-
cane system of Fig. 3.3 at£100m.s~!, A simple velocity rescaling algorithm of a 100fs rescal-
ing interval was used to set the surface temperature between two updates. As shown in Fig.
3.11, using any of the three temperature update intervals the equilibrium temperature is un-
changed and equals approximately 320K. It is remarkable, however, that when the update
interval is small relatively large fluctuations in the wall temperature are noted. This is prob-
ably due to statistical uncertainties when calculating the heat flux between two updates. This
can be dangerous because it results in abrupt temperature changes in very small time that
the system may not be able to accommodate to. It is thus preferable to use moderate update
intervals in the order of 0.25 — 0.51s for systems similar to the one in study.
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Fig. 3.11: Surface temperature evolution with time using the Variable Boundary Temperature
method with three different update intervals.

3.3.3 Assessment on the dissipation methods

The results presented in this chapter give clear evidence that the employed method of
heat dissipation may quantitatively influence the measured friction. Even with the same dis-
sipation method but with different algorithms for its implementation, the friction was also
variable (Table 3.1). The main reason behind this variation was that, if the surfaces dissipate
heat so quickly, the lubricant heats up less and thus its effective viscosity is higher. The
second scenario, evoked in section 3.1.3 that the measured friction is influenced by the way
energy is dissipated from the system seems to be more persuasive.

However, this picture is not complete. It was proven (Fig. 3.6) that the lubricant heating
does not always occur. In fact, a critical shear rate needs to be exceeded before any signifi-
cant heating starts occurring. Thus if the shear rates are low, the dissipation method has no
influence on the lubricant film properties and friction (Fig. 3.6 and Fig. 3.7). So in this regime
actually the friction is independent of the dissipation method employed and the first scena-
rio from section 3.1.3 is valid.

The friction in molecular simulations is in fact neither the direct result of the numerical
dissipation method nor is it always independent of the latter. In severe contact conditions,
the methods employed for energy dissipation start interfering. For these cases, two advanced
methods were presented that allow realistic physical conduction out of the contact to be
modeled.

The most important aspect found in the two advanced thermostating methods is that the
surface temperature must increase when the lubricant heats up. It is unphysical to set the
surface temperature to the ambient one while the lubricant heats up by more than a hundred
degrees (Table 3.1). The surface temperature increase with the Phantom molecules (Fig. 3.8)
and the VBT methods (Fig. 3.10) are in the same order of magnitude. In fact, the total shear
stress and thus the friction are also very close (Table 3.2).
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The Variable Boundary Temperature method, however, has three advantages over the
Phantom Molecules method. First it does not require using any additional (phantom) atoms
to be inserted inside the system. Second, it is easier to implement especially if the surface
crystalline structure is complex. Third, in the Phantom Molecules method a semi-infinite
solid is modeled at a constant temperature whereas in the VBT method, such an assumption
is not needed. The heat conduction out of the contact is thus more physically modeled.

Conclusion

In this chapter, the physical mechanisms of heat dissipation in molecular lubrication prob-
lems were introduced. The methods of energy dissipation in molecular dynamics simula-
tions were put into several tests at different contact conditions. It was found that for low
shear rates, the thermostating method has no effect on the friction inside the contact. How-
ever, at higher shear rates, the influence of the thermostating method becomes crucial.

Advanced methods of dissipation were compared to classical ones in this regime. It was
found that the temperature increase results from a relatively slow dissipation rate compared
to the heat generation rate. The choice of the method and parameters of heat dissipation is
critical in such situations and a novel method was developed to tackle this particular issue.

Based on these conclusions, the molecular lubrication model is employed in the low
shearing regime to investigate the influence of surface (Chapter 4) and lubricant molecular
structures (Chapter 5) on boundary flow and friction. The simulated contact conditions are
close to those found in real applications where the surface sliding speed and the film thick-
ness are in the order of 10m.s~! and 4nm respectively.
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4. Effect of Surface Adsorption and
Corrugation

Introduction

In molecular lubrication problems, lubricants are confined to molecular scale thicknesses.
Experiments have shown that in such confinements the structure and dynamics of lubricants
are greatly influenced by the nature of the confining surfaces [15, 16]. The well-organized
surface structure is reflected, through the interfacial interactions, by a set of potential valleys
that lubricant molecules are attracted to occupy [55, 100]. Any surface, no matter how geo-
metrically smooth, manifests a sort of a foot-print over the neighboring lubricant layers.

The surface interaction is a combination of two components: adsorption and corrugation
potentials [101]. In a Lennard-Jones model for the surface interactions, the adsorption poten-
tial increases with the surface density and with the well-depth energy (¢) of the surface-
lubricant interaction [55]. Lubricant molecules are more attracted to surfaces with high ad-
sorption potential and a dense lubricant layer forms adjacent to the surfaces. The corrugation
potential, on the other hand, depends on the in-plane potential variations which are due to
the crystalline structure and density of the surfaces. Corrugation results in epitaxial ordering
in the adjacent lubricant layers [55, 87]. In analogy with the footprint-in-sand example, cor-
rugation potential represents the shape of the footprint while the adsorption potential
represents how deep the latter is pushed into the sand.

Perhaps one of the most researched effects of surface interactions on a confined film is
with respect to the induced density fluctuations in the direction normal to the surfaces. The
phenomenon is physically due to the liquid density cut-off at the interface which creates a
disorder in the bulk radial distribution function [101]. When the surface adsorption is strong,
a dense liquid layer is adsorbed to the surface. The distance between the first liquid layer
and the surface corresponds to the minimum stable interaction between the two. Deeper in-
side the liquid, a second layer is formed under the influence of the first dense layer and so on.
This layering phenomenon produces non-homogeneous properties across the confined film
and up to 5 liquid layers may be distinguishable near each surface [101]. Liquid layers adja-
cent to the surfaces may eventually crystallize if the adsorption potential is strong enough
[102]. Thus in confinement situations, the layering phenomenon which is caused by the sur-
face adsorption potential influences not only the global structure but also the dynamics of
the film.

On the other hand, the corrugation potential of the surface interactions causes in-plane
(epitaxial) ordering inside the formed liquid layers parallel to the surfaces. This type of or-
dering may extend 2 — 3 layers deep inside the film for strong surface interactions [55].
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Boundary slip is thought to depend on this ordering [55, 100, 68]. Liquids generally slip more
near high-density surfaces because they have small corrugations [55].

In model crystalline surfaces, it is easy to modify the density, interaction well-depth, or
any other property for changing the adsorption and corrugation potentials [55]. Increasing
the surface density gives stronger adsorption but smaller corrugation. Increasing the well-
depth interaction energy for a given lattice increases both the adsorption and corrugation. In
realistic lubrication problems, surfaces such as oxides are amorphous. They can be consti-
tuted of two or more types of atoms and have quite complex crystalline structures. The clas-
sical methods that apply to model surface become inefficient because more factors come into
play. There is no clear way in the literature for combining all of these factors in representa-
tive parameters that are comparable between different surface types.

A simple method is proposed in the next section which is inspired by this need for quan-
titative measurements of adsorption and corrugation potentials. The method will be initially
used to compare the properties of five different surface types. These surfaces are then used to
confine a lubricant film in molecular lubrication conditions. The results for lubricant struc-
turing, boundary flow and friction are eventually analyzed according to the measured ad-
sorption and corrugation.

4.1 Surface characterization

The surface characterization method must produce reliable results that allow comparison
between different types of surfaces. Moreover, the method should be simple and performed
in the absence of a lubricating medium so that the results are intrinsic properties of the sur-
face. The surface characterization method for quantitatively measuring surface adsorption
and corrugation potentials is presented in detail in the following section.

4.1.1 Surface scanning method

A surface scanning method is developed which allows characterizing adsorption and corru-
gation potentials of different surface types. The principle is as follows: a set of N, scanning
atoms are positioned at a distance d above the surface to be scanned as shown in Fig. 4.1. The
atoms are uniformly separated and extend across the x-dimension of the surface. The poten-
tial energy, from surface interactions, is then recorded at each atom as the surface is scanned
across its y-dimension. If Vy is the number of snapshots taken during a scan, then a total of
N, x Ny data points are collected. The data allows an accurate surface plot of the interaction
potential energy.
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Fig. 4.1: Schematic describing the surface scanning procedure applied on a gold Au (100) sur-
face.

The scanning atoms do not interact with one another and are frozen during the scan. For
simplification purposes, the interaction properties of the scanning atoms are chosen as:

(4.1) €gean = 1Kcal.mol™! and ogan = 14

According to the Lorentz-Berthelot mixing rules, the surface-scanning atoms interactions
are given as:
1+ oguf

(42) €surf-scan — €surf and Ogsurf-scan = 5

Osurf and €surf are the distance and the well-depth energy parameters of the Lennard
Jones surface interaction. In the case of multi-atomic surfaces, a mass-weighted average for
both parameters is calculated as follows:

L N L N
(4:3) €surf = M Z m;€; and Osurf = M Z m;0oq
=1 =1
M is the molar mass and the index ¢ ramps over the surface atom types. m; is the atomic
mass and o; and €; are the L] distance and well-depth energy parameters respectively.

The scan results depend on the elevation (d) of the scanning atoms. In a L] model, the
surface potential is repulsive at small distances and becomes attractive at a distance greater
than Oguf.scan. The minimum potential energy is expected at an elevation of 21/50f scan. In
practice, the scan elevation (d) is chosen to be equal to this value. In molecular lubrication
simulations, this corresponds to the position where the first lubricant layer would be present.
The adsorption and corrugation potentials are thus characterized at the position.

At any instant, the potential energy of each scanning atom (®) represents its interaction
with all neighboring surface atoms. This potential energy depends on the position (, ) of
the scanning atom with respect to the surface. The adsorption parameter (€aqs) is determined
as the average Lennard-Jones well-depth across the surface, calculated as:

_ (®(z,y))  (D(a,y)
(44) = [(Soon) 2 — (S|~ A2 -277] (®@,y))
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<> represents the average over all data points. The corrugation potential is characterized
with a parameter (€corr) in energy units as the mean deviation of the interaction energy from
the average adsorption (€ads). In mathematical terms:

(4.5) €corr = {|®(, y) — (B2, y))])

For example, a top view of a model Au(111) surface is given in Fig. 4.2. The results of the
potential energy scan are given on the adjacent figure. Note that the scan shows the presence
of periodically repeated valleys of potential energy minima (black spots). These represent the
sites that lubricant atoms would preferentially occupy. Moreover, the wave-length of the
potential energy fluctuations is equal to the lattice parameter for gold (a = 4.084). From
these results, the adsorption and corrugation potentials can be quantitatively characterized
according to Eq.(4.4) and Eq.(4.5) respectively. In the case of Au(111), the energy scan gives
€ads = 0.628Kcal.mol ™! and €corr = 0.0622Kcal.mol ™!,

— (I, y) (Kcal.mol™1)

A

A8.96A oA

48.96 A

8 & 8 8 8w
- 8 =

88 ®
Yy : . . : R -
_ _ & 5 B B 5 5 8w
o . - " 8 8 88
. { 5 5 8 8 58S

X

Fig. 4.2: XY snapshot of an Au(111) surface and the respective energy scan results.

4.1.2 Application to different surface types

In addition to the Au (111) surface, the scanning procedure was applied to four other surface
types: Au (100), Fe (100), Fe2O3 (100), and CuO (100) with oxygen layer termination. The con-
sideration of these particular surfaces allows investigating the influence of lattice orientation
as well as the atomic composition on the corrugation and adsorption properties. The interac-
tion parameters for gold, iron, copper, and oxygen atoms in each surface are given in Table
4.1. These have been calculated by adsorption simulations with alkanes using the same me-
thod employed for gold and ferric oxide surfaces in section 2.2.4 of Chapter 2.

Surface Atom type MM € 1 i Courf 1 Tsurf d
(amu)  (Kcal.mol™") (A) (Kcal.mol™") (A) (A)

Au (111) Au 196.966 2.625 2.655 2.625 2.655 2.051

Au (100) Au 196.966 0.945 2.655 0.945 2.655 2.051
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Fe (100) Fe 55.845 0.945 2.321 0.945 2.321 1.864
Fe 55.845 9.518 2.321

F(?o(o))g 6.720 2.513 1.972
0 15.999 0.210 2.960
Cu 63.546 4.679 2.740

(ilolg 3.780 2.784 2.124
(100) 0 15.999 0.210 2.960

Table 4.1: Masses and Lennard-Jones interaction parameters for individual solid atoms, cal-
culated by adsorption simulations of hexadecane as explained in Chapter 2. The surface
global parameters are calculated according to Eq.(4.3). d is the scanning elevation correspond-
ing to the energetic minimum above the scanned surface.

The adsorption and corrugation parameters for all five surfaces are compared in Fig. 4.3.
The results are sorted from left to right in a descending order of the adsorption parameter.
The surface characterization shows that the fives surfaces have different adsorption and cor-
rugation potentials. Such a conclusion would not have been simple using the classical me-
thods of comparing the surface densities and lattice structures.

Gold surfaces with two different lattice orientations have different adsorption but close
corrugation. Fe;O3 surface has the largest corrugation and moderate adsorption potential
compared to the other surfaces. Finally, CuO has the smallest corrugation but an adsorption
potential that is very close to that of Fe;O3 and Fe(100).

0.8
Au(111) Fo,0,
_ 06 (100) =
|
é CuO
- Au(100)
0
<
v}
Y02 s
0.0

Fig. 4.3: Adsorption and corrugation parameters for five different surfaces determined using
the surface scanning procedure of Fig. 4.1. The results are sorted from left to right in the des-
cending order of adsorption.

In order to check if the scan results are indicative of the surface influence on the different
properties of confined films, the characterized surfaces were put in molecular lubrication
conditions for confining a hexadecane film. The relationships between the adsorption and
corrugation parameters on one side and the simulation results are then discussed in details.
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4.2 Overview of the molecular model

Molecular lubrication simulations were conducted on a system of a4nm hexadecane film
confined between each of the five previously characterized surfaces. Snapshots of the mole-
cular systems with the boundary conditions are given in Fig. 4.4. The size of the simulation
boxes is around 504 x 504 x 604, this is sufficiently large to insure that the lubricant mole-
cules can flow with properties close to the bulk in the central part of the simulation box. The
surface area is slightly changed for each surface type in order to insure perfect repetition of
the lattice across the periodic boundaries. A constant load of 500MPa was applied and the
surfaces were moved at a sliding speed of +10m.s~! as shown in Fig. 4.4. The expected ap-
parent shear rate in these simulations is 5 x 10%s!. According to the results from Chapter 3,
no surface/lubricant heating is supposed to occur at this shear rate. Thus a simple sliding
boundary thermostat SBT with a Langevin implementation is used to keep the surface tem-
perature at 300K.

As detailed in previous chapters, shear is only applied after an initialization phase. This
phase includes energy minimization, thermostating, and compression by the application of
the normal load. At the end of compression, the film thickness is almost constant. While
keeping the load, the surfaces are finally set to move in opposite directions and the thermos-
tat is applied uniquely at the surfaces.

Au(111) 500MPa |
s 300K 10A} |9

|

I
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I
I Lubricant 4OA
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300K 10A ]
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500MPa
Fe(100) Fe,03(100) ~ CuO(100)

P RRRRRRR
. 4 b by
o o1 i

VL v . 4

P

Fig. 4.4: Snapshots of the molecular lubrication systems of 4nm hexadecane film confined be-
tween five different surface types. The thermal and mechanical boundary conditions for the
shearing phase are shown.
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4.3 Results and discussion

The results are given in three sections: film structure, boundary flow, and shear stress.

4.3.1 Film structure

The mass density profiles across the sheared hexadecane film for Au(111)and Au(100) sur-
faces are given in Fig. 4.5. In both cases, the normal density fluctuates across the film indicat-
ing lubricant layering and the number of formed layers is 9. Moreover the average lubricant
density (p) is independent of the surface type. However, there is a significant difference in
the amplitude of the first density peak. This is as a measure of how dense the first lubricant
layer adjacent to the surfaces is. Au(111) surface, which has a significantly stronger adsorp-
tion potential than Au(100) (see Fig. 4.3), results in denser lubricant layers adjacent to the
surfaces.

3000 I I
Prmax = 2877TKg.m™>

Pmax = 23391\'?;-”1_3
2250 [ |

Fig. 4.5: Mass density profiles of a 4nm confined hexadecane film between two gold surfaces
of different lattice orientations and different adsorption potential.

This tendency is also observed for the other surface types. As a quantitative substitute to

comparing density profiles, the ratio (%) is calculated for each surface and is given as a

function of the surface type and its characteristic adsorption parameter in Table 4.2.
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Surface Cads pm_ax
(Kcal.mol™ ') p

Au (111) 0.628 3.269

Fe (100) 0.390 2.951

CuO (100) 0.362 2.851

Fe; 03 (100) 0.361 2.669

Au (100) 0.289 2.658

Table 4.2: Variation of the maximum-to-average density ratio (see Fig. 4.5) as a function of
the adsorption parameter for different five surface types.

The maximum-to-average density ratio is clearly an increasing function of the adsorp-
tion parameter. Surfaces with strong adsorption actually attract more molecules and the den-
sity peak in the first lubricant layer is larger. €ads is thus a representative measure of the
surface adsorption potential and is the dominant factor which controls the density of the
adjacent lubricant layer.

A thorough examination of the results for FeaO3 and CuO surfaces (Table 4.2) reveals
that another surface-dependant factor has a secondary influence on the lubricant structure.
Several authors have already observed that “geometrically corrugated” (rough) surfaces fru-
strate the film ordering and attenuate the density fluctuations compared to smooth surfaces
[63, 64]. In this work, all surfaces are “geometrically” smooth but a potential physical corru-
gation may actually be playing a similar role to geometrical roughness. Although the two
surfaces have almost equal adsorption potentials (Table 4.2), Fe2Os has a significantly larger
corrugation than CuO (see Fig. 4.3). The corrugation of Fe;O3 surface plays a secondary role
in partially frustrating the lubricant layering and attenuates the lubricant density peaks.

In conclusion, the surface nature is an essential factor which influences lubricant layer-
ing. The results present evidence that this phenomenon is amplified by the surface adsorp-
tion potential and slightly attenuated by the corrugation. The analysis of these effects and
comparison between the different surface types wouldn’t have been possible without the
surface characterization method. In the next section, velocity profiles across the lubricant
film are compared for different surfaces in the purpose of revealing the factors which influ-
ence the lubricant boundary flow.

4.3.2 Boundary flow

The surfaces slide at equal but opposite velocities of +10m.s™! creating shear inside the con-
fined hexadecane film. The velocity profiles obtained for the same operating conditions but
different surface types are given in Fig. 4.6.

The first two observations that catch the eye in this figure are that the profiles are sym-
metrical and that the lubricant may slip or not with respect to the surfaces according to their
type. The symmetry of the profiles is purely due to symmetrical operating conditions and
proves that the sampling time (5ns) is sufficient. As for slip, it is nearly impossible to analyze
its origins, as is classically done, by examining the lattice structures, surface densities, and
interaction parameters. However, all of these factors can be quantified as done previously
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with the surface adsorption and corrugation parameters. It will be shown that these two pa-
rameters are essential for understanding the origins of boundary slip and analysing the de-
tails of the velocity profiles of Fig. 4.6.

- @@ -
10 A Au(111) OO@AA

0 Fe(100) 0o A

S AN EEN
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Fig. 4.6: Streaming velocity profile across a confined hexadecane film between five different
types of surfaces. The shearing is due to surface sliding at velocities of + 10m.s.

The surface types in Fig. 4.6 are sorted vertically in decreasing adsorption parameter
(Fig. 4.3). Au(111) surface has the strongest adsorption and is covered by the densest lubri-
cant layer (Fig. 4.5) but the first lubricant layer significantly slips at the interface. Au(100)
surface has, on the other hand, the weakest adsorption potential but no boundary slip occurs.
Unlike for the layering phenomenon, the surface adsorption potential is actually not a domi-
nant factor which influences boundary slip.

The dominant factor in question here is in fact the surface corrugation. The surface scan
results for the corrugation parameter in Fig. 4.3 are completely coherent with the obtained
velocity profiles. The lubricant does not slip next to corrugated surfaces such as Au (100) and
FesO3. The other surfaces, with lower corrugation, exhibit boundary lubricant slip. These
observations can be presented in a more quantitative manner as shown in Table 4.3 which
gives the average shear rate (Yav) in the center of film as a function of the corrugation para-

meter (€corr).

In these simulations the apparent shear rate is 5.15 x 10%s~%. The average shear rate is
smaller than the apparent one when the lubricant slips at the boundary. On the other hand,
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the average shear rate is higher than the apparent one when one or more lubricant layers are
locked to the surfaces and real shearing starts at a distance inside the film.

Hexadecane molecules slip occurs near surfaces with small corrugation potentials. The
reason is that in such cases, the surface interaction potential varies little across the surface.
Lubricant atoms thus easily break out of the sites of potential minima and move freely in the
opposite direction of surface motion. When surfaces are corrugated, they present a large
number of local potential minima. Lubricant molecules almost always find free equilibrium
positions and move altogether with the surface.

A closer examination of the velocity profiles of Fig. 4.6 reveals a particular phenomenon
occurring near surfaces with strong adsorption potentials such as Au (111) and Fe (100). In
these surfaces, the first lubricant layer slips at the interface due to insufficient surface corru-
gation. However, the particularity is in that the velocity profile is discontinuous inside the
film and also shows a slip between the second and the first layer.

The adsorption potential causes a boost in the density of the adjacent lubricant layer as
was shown in the previous section. This layer becomes, if not crystallized, of higher order
than the lubricant bulk. As a result, the second layer no longer recognizes this adsorbed layer
as one of its kind and slip occurs inside the film.

In the case of surfaces with low adsorption but relatively large corrugation potentials
such as Au (100), the velocity profile is continuous across the film and at the interface. Slip
occurs neither at the boundary nor inside the film.

Surface €ads €corr Fav Txz Neff
(Kcal.mol™')  (x10®Kcalmol™!)  (x10%7}) (MPa) (mPa.s)

CuO (100) 0.362 17.0 1.81 23.6 13.04

Fe (100) 0.390 53.3 3.04 34.5 11.35

Au (111) 0.628 62.2 4.81 40.9 8.50

Au (100) 0.289 69.6 5.80 42.3 7.29

Fe, 03 (100) 0.361 139.8 7.09 46.0 6.49

Table 4.3: Average shear rate, apparent shear stress and effective shear viscosity of a confined
hexadecane film between different surface types characterized by their adsorption and cor-
rugation potentials. The apparent shear rate in these simulations is equal to 5.15x10° s1.

4.3.3 Apparent shear stress

The apparent shear stress is determined from the total tangential force acting on the surfaces
that oppose their motion. This also represents the total driving force needed on the surfaces
to overcome the lubricant flow resistance and enforce their constant-velocity sliding. Fig. 4.7
reports the apparent shear stress for each of the five types of surfaces. It should be noted that
the operating conditions for the five cases are identical. The difference in the shear stresses is
thus purely due to the difference in the surface properties.
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Fig. 4.7: The measured total shear stress of a 4nm thick hexadecane film confined between
five different types of surfaces.

The highest shear stress is reported for FeoO3 surface whereas the lowest is seen with
CuO. By considering the corrugation results of Table 4.3, it is clear that surfaces with large
corrugations give the highest shear stress. This is mainly due to the weak lubricant slip near
such surfaces. The lubricant slips more near surfaces with low corrugation. As a result it is
practically sheared at a lower rate and thus the shear stress is lower.

Conclusion

A surface interaction energy scanning method was introduced which allows characterizing
and comparing the adsorption and corrugation potentials of different surface types. The me-
thod was applied to five realistic surfaces with different densities, crystalline structures, and
interaction parameters. The results showed that some surfaces may have a strong adsorption
potential with small corrugation and vice-versa.

These surfaces were then used, in molecular lubrication conditions, to confine a4nm
hexadecane film. The simulation results showed different film structure and dynamics with
each of the surfaces. Since the surface scans were available, the origins of different factors
influencing film structure and boundary flow were identified.

Within the studied operating conditions, surface adsorption potential was found to be
the dominant factor which amplifies the density of the adjacent lubricant layer. A secondary
effect was found to be related to the surface corrugation which frustrates the layering and
thus reduces the adjacent lubricant density. As for boundary flow, lubricant boundary slip is
greatly influenced by surface corrugation. Lubricant molecules may even slip at a strongly
adsorbing surface if it has a small corrugation. In some surfaces of strong adsorption, an in-
ternal slip may occur inside the film between the first and the second lubricant layers adja-
cent to the surfaces.

Finally, in terms of global friction it was found that corrugation is the most influencing
factor through its strong relationship with boundary slip and thus surface wettability. In
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comparison between geometrically smooth surface models, low-friction surfaces can be iden-
tified as those with the lowest potential corrugation.

It was shown in this chapter that the atomic nature of the surface greatly influences the
structure and dynamics of a confined hexadecane lubricant film. In the next and last chapter,
the influence of the lubricant molecular structure in pure solutions and mixtures are consi-
dered as a function of surface wettability.
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5. Effect of lubricant molecular structure
and surface wettability

Introduction

Lubricants are often mixtures of different chemical compounds. Their bulk viscosities can be
related to the shape and interactions of their constitutive molecules. Long-chain and
branched molecules have higher viscosities than small-chain and linear ones. In classical lu-
brication problems, the bulk lubricant transport properties are often sufficient for explaining
the relationship between friction and the molecular structures of the lubricating fluids.

However, this relationship is more complex in molecular lubrication problems where
nanometer thin lubricants are sheared between two surfaces. For instance, the notion of bulk
viscosity is totally insufficient for explaining friction at this scale [101]. Due to the small size
of the confined domain, the surface-lubricant interactions play an essential tribological role.
These interactions actually depend as much on the surfaces as they do on the shape and na-
ture of the confined lubricant molecules.

Commercial lubricants are complex blends of different types of chemical compounds
such as mineral oils, anti-wear or friction additives, anti-oxidizing agents, detergents, etc.
The constitutive molecules can be saturated with linear or branched chains but can be also
polar and encounter special physico-chemical interactions with the bounding surfaces. Un-
like the preceding chapter where hexadecane was the only fluid considered, in this chapter
the major effects of lubricant molecular nature and shape in confined films between wetting
and non-wetting surfaces are studied. There is an essential need for understanding such ef-
fects especially for improving the predictive ability of lubricant design in applications oper-
ating completely or partially under molecular lubrication conditions. In the line of the
preceding chapter, the operating conditions of normal pressure and sliding speed will be
kept constant and equal to those chosen previously.

5.1 Effect of molecular chain length

The length of lubricant molecules is a crucial factor in determining their tribological perfor-
mances in molecular confinement [103]. Short molecules have low bulk viscosities but in se-
vere confinement they more easily reach a high-order state (solidification or glassy state)
compared to longer ones [61]. They also encounter a smaller boundary slip than longer
chains [104] which may also result in a friction increase.
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Five types of saturated linear-chain alkane molecules were studied under molecular lu-
brication conditions in order to detect the effect of chain length on the global behavior of the
confined film. The details about these simulations are given in the next section.

5.1.1 Molecular domain

A model for molecular lubrication is used including five linear-chain alkane molecules of
different lengths: methane, n-pentane, n-decane, n-hexadecane, and n-tetracosane. A snap-
shot of the five molecules modeled with united atoms is given in Fig. 5.1. Two realistic mod-
els of oxide surfaces were considered: copper oxide (CuO)and ferric oxide (Fe2O3)in the
same orientations as the previous chapter (100). These surfaces were shown to have different
corrugations and exhibit different boundary flow conditions. The effect of lubricant chain
length can thus be understood for the cases of wetting (Fe2O3) as well as non-wetting (CuO)
surfaces.

methane ""

n-pentane W

n-decane RIS

n-hexadecane RS S S S S S ¥
n-tetracosane RS B me ¥ ¥ S S o o S B F

0 5 10 15 20 25 30
lay

Fig. 5.1: Snapshot of five lubricant molecules used in molecular lubrication conditions for
investigating the effect of chain length on the tribological performance of lubricants.

In the simulations, the operating conditions are the typical ones used in the previous
chapter i.e. a loading pressure of 500MPa and a sliding velocity of £10m.s™!. These condi-
tions represent severe pressure and shear as in many industrial applications. The equilibrium
film thickness in the simulations is around 4nm. No significant lubricant heating is suscepti-
ble to occur because the apparent shear rate in these simulations is around 5 x 10%s~! which
is lower than the critical shear rate (. = 6 x 10°s™!) identified in Chapter 3. A simple SBT
with a Langevin implementation is thus convenient to be used.

A united atoms model was used for all interactions inside the system. For all molecules
except methane, the molecular architecture and interactions are those given in Chapter 2. For
methane, the Lennard-Jones interaction parameters (€ = 0.294Kcal.mol ™! and o = 3.73A)
from the OPLS force field were used. As for the surface-lubricant interactions, the employed
parameters are those determined by adsorption energy calculations which were given in
Chapter 4.
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5.1.2 Results

5.1.2.1 Film structure

The density profiles across the lubricant films are given for methane (CHy), n-decane (C1oH2z),
and n-tetracosane (C24Hs0) in Fig. 5.2. The results with the other two molecules (pentane and
hexadecane) are not given for the sake of presentation clarity. The results show that in all
cases, lubricant layering occurs and 9-10 layers are formed for all molecules except methane
which forms 12 layers (Fig. 5.2).
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Fig. 5.2: Mass density profiles across confined lubricant films with molecules of different
chain lengths (methane, decane, and tetracosane). The results are given for two types of con-
fining surfaces: CuO and Fez0s.

The average lubricant density (p) is given as a function of the chain length in Table 5.1. p
is independent of the surface type but increases with the chain length. The absolute value of
the first density peak increases with the chain length as shown in Fig. 5.2. However, the ratio
of the maximum-to-average density decreases with the chain length (Table 5.1). This means
that, in relative units, layering is more pronounced in lubricant films made of short mole-
cules. For molecules with more than 10 segments, this ratio stabilizes at a minimum value
(Table 5.1). This minimum depends only on the type of the confining surfaces.

CuO Fe20s
CnHone2 p Pmax p Pmax
(Kgm™?) p (Kg.m™?) p
n=1 479.7 4.83 481.0 3.23
n=>5 773.8 3.08 773.6 2.88
n=10 855.5 2.85 854.5 2.67
n=16 880.8 2.85 876.4 2.67
n=24 910.1 2.86 911.0 2.68

Table 5.1: Average lubricant density and maximum-to-average density ratio across the con-
fined films between CuO and Fe:0s surfaces. The film is subject to 500 MPa and its tempera-
ture is 300K.
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Finally, the molecular configurations in the plane of the adsorbed layers of methane,
pentane, and tetracosane on CuO are given in Fig. 5.3. In long chain molecules (C24Hso), a
preferential alignment parallel to the shear direction is observed. This effect diminishes for
shorter molecules (CsH;2) and clearly vanishes for methane as shown in Fig. 5.3.

FA : Molecules bridging to the second layer

Chriage =0% Chriage =15% Chrigge =44%

Fig. 5.3: XY snapshot of the molecular configuration inside the first lubricant layer, for three
different chain lengths, near the CuO surface. The bridging coefficient Ceridge represents the
percentage of lubricant molecules being incompletely present in the first layer adjacent to
the surfaces.

In lubricant films constituted of long chains, moreover, the percentage of molecules con-
tained in more than a single layer is high. For instance with tetracosane (Fig. 5.3), 44% of the
molecules in the first lubricant layer form bridges to the next layers inside the film compared
to only 15% with pentane. The bridge formation is representative of the internal fluid cohe-
sion which is also related to its flow resistance (viscosity) [103].

5.1.2.2 Boundary flow

The velocity profiles across each of the five lubricant films are given in Fig. 5.4. For the
CuO (non-wetting) surface, boundary slip occurs for all cases but significantly increases with
the chain length (Fig. 5.4-a). For hexadecane (n=16) and tetracosane (n=24) molecules, an
additional slip occurring inside the lubricant, between the first and second adsorbed layers,
can be observed. These effects are not observed with the wetting surface (Fe203). In this case,
a no-slip boundary condition is seen for all molecules considered (Fig. 5.4-b).
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Fig. 5.4: Velocity profiles across five different alkane lubricant films of different chain
lengths confined between two types of surfaces.

Long molecules slip near the non-wetting surfaces (CuO) due to the strong internal cohe-
sion between their layers. This was manifested by an important degree of interlayer bridging
(Fig. 5.3). When the internal lubricant cohesion is weak, as in the case of short molecules, the
adsorbed layers preferentially follow the sliding surfaces and a smaller slip is encountered.
There is thus a competition between the internal fluid cohesion and that with the surfaces
and slip occurs when the former is stronger than latter. This explains why the same mole-
cules did not show any slip near the wetting surface (Fe2O3). The surface corrugation results
in a strong cohesion with the lubricant molecules which attenuates the boundary occurring
slip.

The chain length thus plays an important role in increasing slip near non-wetting surfac-
es (i.e. surfaces with low corrugations). This result, for realistic surfaces, is coherent with a
molecular dynamics study which was conducted with model surfaces [104]. This effect va-
nishes if the surfaces are wetting. In this case, no slip occurs for molecules with different
chain lengths.

5.1.2.3 Apparent shear stress

The average shear rate in the central part of the film is given as a function of n, the number of
lubricant chain segments in Fig. 5.5-a. With the non-wetting (CuO) surface, the average shear
rate (undergone by the lubricant) decreases with the chain length (number of segments) and
is well below the apparent shear rate (imposed by the surfaces). This is due to the boundary
slip which directly influences the rate by which the confined film is actually sheared. As for
the wetting (Fe2O3) surface, the average shear rate is almost constant for all cases and is
slightly greater than the apparent one. This is due to the lubricant layer locking to this corru-
gated surface which displaces the shear plane inside the lubricant.
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Fig. 5.5: As a function of the number of chain segments, (a) the average shear rate in the cen-
ter of the film and (b) the apparent shear stress required to maintain the lubricant shear.

The apparent shear stress represents the lubricant resistance to surface sliding which
produces the shear. It represents the friction in the molecularly confined contact. The shear
stress is influenced by two main factors: the flow resistance of the lubricant and the actual
shear rate across the film. First, increasing the chain length gives an increase in the flow re-
sistance due to the bridge formation and the strong internal lubricant cohesion. Second,
boundary slip which also increases with the chain length results in a smaller average shear
rate in the central part of the film. The total shear stress is eventually the product of the flow
resistance and the average shear rate, factors which are differently influenced by the chain
length.

The shear stress results are given in Fig. 5.5-b for exactly the same contact conditions.
The results show that shear stress increases with the chain length for both surface types but
not at the same degree. The general increase is a direct result of the enhanced flow resistance
with long chain molecules. However, with non-wetting surfaces such as CuO, boundary slip,
which increases with the chain length, plays an important role in limiting the shear stress as
the lubricant becomes effectively sheared at a lower rate than the apparent one.

In conclusion, the lubricant chain length is an important factor which influences the gen-
eral structure and dynamics in confinement conditions. Long chains align parallel to the
shear direction and slip more than short molecules with respect to non-wetting surfaces. The
boundary slip which increases with the chain length counteracts the viscosity increase and
results in friction stabilization. Near wetting surfaces, no lubricant slip is observed and fric-
tion globally increases with the chain length due to viscosity enhancement in films with such
molecules.

These results with the CuO surface are coherent with the simulation results of Priezjev et
al. [104] which were conducted on model non-wetting surfaces and bead-spring polymers of
different lengths. In this work, realistic tribological surfaces and complex molecular architec-
ture (including bending and twisting rotations) were considered. The results with the wet-
ting surface show that the molecular length effects depend also of the surface type. It is
actually the competition between the molecular nature of the lubricant and that of the sur-
faces that concludes the friction in molecular lubrication.

97



Chapter 5: Effect of lubricant molecular structure and surface wettability

5.2 Effect of molecular branching

In addition to the lubricant molecular chain length, molecular branching is another molecu-
lar shape factor which influences the general flow structure and friction in molecular lubrica-
tion. In comparison between linear and branched molecules, the latter usually have higher
viscosities in the bulk. Under severe molecular confinement, however, the opposite could
experimentally be observed [23]. The reason is that in these conditions spherical and linear
molecules easily reach a highly ordered state (solid-like / glassy state) while branched ones
may continue to exhibit liquid-like continuous flow and strongly resist the surface-induced
solidification [61, 101, 23].

This is actually one of the paradoxes where the classical lubrication analysis becomes
irrelevant in molecular scales. Branched molecules have high bulk viscosities but may be less
resistant to flow in molecular confinement compared to molecules with symmetrical shapes
such as spherical or linear chains.

In molecular simulation, the experimentally observed film solidification is almost im-
possible to reproduce. The reason is that the accessible shear rates are several orders higher
than what is reproducible in experiments. Nevertheless, previous molecular simulations
have shown that branching may influence the local properties of confined films such as their
layering structure [105] and boundary slip [62].

In order to investigate the effects of molecular branching on the structure and dynamics
of confined films, molecular dynamics simulations were conducted. The details about these
simulations are given in the next section.

5.2.1 Molecular domain

Molecular dynamics simulations were conducted on a confined film models of linear and
branched Decane lubricant molecules. A schematic of the two molecules is given in Fig. 5.6.

Linear: n-Decane
CH,-CH,-CH,-CH,- CH; CH,-CH,—-CH; CH,—CH,

Branched: 5-Ethyl-2-methyldecane

CH,
|
CH, CH,

| !
CH,~ CH —CH,-CH,- CH~ CH,-CH,~ CH; CH,~CH,

Fig. 5.6: A schematic of the molecular structure of two molecules: a linear decane (n-decane)
and a branched decane (5-ethyl-2-methyldecane).

The two molecules were chosen to have the same length in order to eliminate the influ-
ence of the latter. 4nm thick films of these molecules were confined between CuO and Fe;O3
surfaces which were set to move in opposite but equal velocities of 10m.s~'. A normal pres-
sure of 500MPa was applied to the confining surfaces. The lubricant molecules were modeled
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as united atoms for computational efficiency. The same interaction parameters for the lubri-
cant molecules, surfaces, and their interface (given in Chapters 2 and 4) were used.

5.2.2 Results

As previously, the results will be exposed in three separate sections regarding film structure,
boundary flow, and shear stress.

5.2.2.1 Film structure

The mass density profiles across films of linear and branched decane for the two surface
types are given in Fig. 5.7. In both surfaces, the results show that the density of the first ad-
sorbed layer is not influenced by the molecular branching. However, for both surfaces a sig-
nificant attenuation of layering is observed deeper inside the fluid, in the case of branched
decane. The effect of the surface interactions vanishes at only 3 molecular diameters distance
and a homogeneous (bulk-like) density persists in the center of the film. In the case of linear
decane, well-defined layers are distinguishable at 5 molecular diameters from both surfaces.
Due to their strong internal cohesion, branched molecules are actually less influenced by the
surface interactions and recover bulk-like behavior at a closer distance from the confining
surfaces.

T T T T T T T T T T
3000 + — Linear decane 4 3000 F — Linear decane _
-~ Branched decane -~ Branched decane
T 2050 1 2250 - |
g
o0 o
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Fig. 5.7: Mass density profiles across confined films of linear and branched decane molecules
between CuO and Fe:0s surfaces.

As for the in-plane order, a snapshot of the molecular configuration inside the first lubri-
cant layer adjacent to the CuO surface is given in Fig. 5.8.
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= : Molecules bridging to the second layer

Linear Decane Branched Decane
CBridgc =18% CBridgc = 68%

Fig. 5.8: XY snapshot of the first lubricant layer near the CuO surface for linear and branched
Decane molecules. Small red flags indicate the molecules that form bridges to the second lu-
bricant layer. The coefficient of bridging represents the ratio of these molecules to the total
number of molecules.

Linear decane molecules are aligned parallel to the surfaces and thus form very few
bridges with the second layer. A preferential alignment parallel to the shear direction can
also be observed. In the case of branched decane, the molecules do not show to have a prefe-
rential alignment. Moreover, a large percentage of these molecules are actually shared be-
tween more than one layer. In other words, they form bridges with the internal layers. The
internal cohesion of the molecules is thus stronger than in the linear molecule and a bulk-like
homogeneity is seen at a closer distance from the surfaces.

5.2.2.2 Boundary flow

The velocity profiles are given for the two surface types(CuO and Fe;O3)and lubricant
molecules in Fig. 5.9. No slip is observed for both linear and branched decane films between
the wetting Fe2O3 surface. The obtained velocity profile shows that branching has no signifi-
cant effect on the local flow near wetting surfaces. However, a remarkable influence on the
velocity profiles can be observed with the non-wetting CuO surface. The boundary slip is
significantly increased in the case of branched molecules.
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Fig. 5.9: Velocity profiles across a linear and branched decane films confined between CuO
and Fe20s surfaces.

When the internal lubricant cohesion becomes stronger that its cohesion with the bound-
ing surface, it slips. The enhanced bridging between the layers of branched molecules (Fig.
5.8) plays an important role in increasing the internal cohesion of the film. For the case of the
non-wetting surface, this cohesion became stronger than the lubricant adsorption with the
surface causing a significant boundary slip to occur.

5.2.2.3 Apparent shear stress

In analogy with the effect of the chain length, branching influences the apparent shear
stress and friction through two factors. First, branched molecules generally have higher bulk
viscosities than linear ones. Second, near non-wetting surfaces they enhance the boundary
slip and are their films are thus sheared at a lower rate than the apparent one. The increasing
viscosity and decreasing average shear rate with the degree of branching have the total shear
stress as their product. Depending on the nature of the surface and the molecular structure of
the lubricant, more or less friction may be encountered.

In the studied case, the average shear rate in the central part of the film and total shear
stress for linear and branched decane films are given in Table 5.2. Although, due to branch-
ing the average shear rate was reduced in the case of the non-wetting surface (CuO), the en-
countered total shear stress remains about 40% higher than for the linear molecule. In the
case of the wetting surface (Fe2O3), the total shear stress is about 70% higher than the linear
molecule case. This suggests that the intrinsic viscosity enhancement in branched molecules
remains the dominant factor which influences the global friction, at least for the simulated
molecular confinement conditions.

CuO Fe20s
Molecule type A Tos A Tes
(x10%~1)  (MPa)  (x10% 1) (MPa)
Linear 3.54 19.8 7.68 35.8
Branched 1.00 27.2 7.92 61.2

Table 5.2: Average shear rate and total shear stress for linear and branched decane 4nm thin
films confined between CuO and Fe:0s surfaces.
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In conclusion, molecular branching frustrates the layering phenomenon in confined lu-
bricant films under molecular lubrication conditions. Bridge formation is encouraged be-
tween the lubricant layers and bulk-like homogeneity is seen at a close distance from the
bounding surfaces. These observations are coherent with the literature [60, 61, 62]. The bridg-
ing enhances the internal fluid cohesion and viscosity resulting in a significantly higher fric-
tion near wetting surfaces. In the case of non-wetting surfaces, the strong internal fluid
cohesion in branched molecules encourages boundary slip which limits the friction.

Within the limits of the studied operating conditions, the friction was always higher for
branched molecules. For higher sliding velocities, it is expected that the boundary slip be-
comes of increased importance and then the friction enhancement in branched molecules
may become more limited.

5.3 Non polar lubricant mixtures

The simplest of commercial lubricants are mixtures of saturated hydrocarbons of different
molecular structures. As has already been shown in this chapter, the molecular shape of lu-
bricant molecules influences their tribological performances in both bulk and confined condi-
tions. In molecular confinement, this performance also depends on the nature of the
confining surfaces. The problem becomes even more complicated when combinations of dif-
ferent molecules are considered.

In bulk lubricants, Khare et al. [106] found that the mixing of long chain (20%) and short
chain molecules (80%) results in a significant increase of viscosity. Such non trivial complexi-
ties, depending on the molecular structures of lubricant molecules, make the design of new
lubricants more of an art than a science [107].

In this section, the mixing of long and short alkane chains to formulate a lubricant blend
is considered. The mixture is then put in molecular lubrication conditions. The structure and
dynamics of the confined mixture are then compared to those of its constituent molecules in
pure solution.

5.3.1 Molecular domain

A lubricant mixture is formulated using equal mass concentrations of methane and n-
hexadecane molecules. A 4nm thick film of this mixture was confined between CuO and
FesO3 surfaces. A snapshot of the initial configuration of the system is given in Fig. 5.10-a.
Methane molecules are painted in yellow color to distinguish them from the hexadecane mo-
lecules.

Initially, the different constituent molecules are homogeneously distributed across the
confined domain. With an applied normal pressure of 500MPa, the surfaces are set to move
at10m.s ! in opposite directions, creating lubricant shear.
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Fig. 5.10: Snapshots of the 4nm molecular confined film of methane-hexadecane mixture be-
fore (a) and during shear (b) between CuO surfaces. Methane is represented in yellow while
hexadecane is represented in black and white colors.

5.3.2 Results

5.3.2.2 Film structure

Snapshots of the confined lubricant mixture film before and during shear are given in Fig.
5.10. A quite interesting phenomenon of molecular separation seems to occur inside the film.
The long molecular chains of hexadecane (black and white colors) migrate toward the sur-
faces while the short methane molecules remain in the center of film. The initially homoge-
neous mixture becomes heterogeneous in the course of shear.

For more quantitative analysis, the mass concentration of hexadecane during shear for
the two surface types is given in Fig. 5.11. The migration tendency observed in the snapshots
of Fig. 5.10 is conveyed by a large mass concentration near the surfaces and a below-the-
average concentration in the center of the film. This effect is seen with both types of wetting
(Fe203) and non-wetting (CuO) surfaces.
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Fig. 5.11: Mass concentration of n-hexadecane in the lubricant mixture containing an equal
concentration of methane. The results are given for the two surface types CuO and Fe:0s.

This phenomenon influences the global lubricant density profile. The latter is given in
Fig. 5.12 in comparison with the separate density profiles obtained with pure n-hexadecane
and methane. The pure hexadecane and mixture density profiles coincide in the first ad-
sorbed layer (10 < z < 14A), This is logical since this layer is mainly constituted of only hex-
adecane molecules (Fig. 5.11). From that point on, however, the mixture density no longer
follows the hexadecane curve neither in periodicity nor amplitude (Fig. 5.12). In the mixture
case, a homogeneous bulk density is reached at a closer distance from the surfaces. In analo-
gy with the density profile of branched molecules (Fig. 5.7), the phenomenon of lubricant
layering is actually frustrated by any form of non-homogeneity in the lubricant molecular
structure whether this involves molecular branching or molecular mixing as in this case.
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Fig. 5.12: Mass density profile in half of the confined films of hexadecane, methane, and their
mixture (equal mass fraction of each molecule) confined between CuO surfaces.
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5.3.2.3 Boundary flow

There is often a close relationship between the film structure and the boundary flow condi-
tion of slip or no-slip. This was seen in the case of branched molecules where the bridging
between layers caused an attenuation of the layering phenomenon (Fig. 5.7). Moreover, the
boundary slip (near the non-wetting surface) increased as the internal lubricant cohesion was
enforced (Fig. 5.9). In the case of lubricant mixture and due to shear, a particular “molecular
filtering” occurred. The molecular system is heterogeneous with the long chain molecules
preferentially concentrated near the surfaces while the short ones remained in the center of
the film (Fig. 5.11). So, how does this particular configuration influence the boundary flow?

Fig. 5.13 presents the velocity profiles across the confined mixture in comparison with
the velocity profiles obtained with pure solutions of its constitutive molecules (hexadecane
and methane).
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Fig. 5.13: Velocity profiles across hexadecane, methane, and their mixture in 4nm molecular
confinement between CuO and Fe:0s surfaces.

With the wetting surface (Fe2O3), the mixture velocity profile coincides with the profiles
for pure hexadecane and methane films. However, a particular phenomenon occurs with the
non-wetting surface (CuO). Since pure films of both methane and hexadecane slip, one
would expect that their mixture would also slip up to a moderate degree. However, in reality
their mixture does not slip at all near the boundary (Fig. 5.13-a). Due to the heterogeneity of
the domain (Fig. 5.11), the hexadecane adsorbed layer masks the wetting surface morpholo-
gy for the internal lubricant layers which are mainly composed of methane. So instead of
interacting with a slippery surface potential, the methane (and some hexadecane) molecules
interact with a corrugated hexadecane layer which is adjacent to the real solid surface.

But there is another mechanism responsible of the intriguing no-slip boundary condition
with the lubricant mixture. In the pure hexadecane simulation, a very similar dense first
layer was present and yet the film encountered significant boundary slip. The same applies
for the case of branched decane where a dense lubricant layer was present and yet the film
slipped at the CuO boundary. Indeed a given dense lubricant layer may or not slip at the
boundary depending on two competing cohesion forces. The first represents that with the
surface which can be seen as the surface corrugation potential. The second force is that oc-
curring between the consecutive lubricant layers. In the case of branched decane for example,
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the internal lubricant cohesion was enhanced by layer bridging and was stronger than the
surface corrugation. So, the dense first layer slipped at the boundary. The same reasoning
applies for the pure hexadecane film. However, in the case of methane-hexadecane mixture
the film composition is heterogeneous. The internal methane layers do not have remarkably
strong cohesion with the dense hexadecane layer as shown in Fig. 5.14. In comparison with
pure hexadecane, bridge formation is reduced for the mixture case. In this case, the adsorbed
hexadecane layer prefers sticking to the surfaces and boundary slip eventually vanishes (Fig.
5.14).

R : Molecules bridging to the second layer

..

Pure Hexadeacne Hexadecane + Methane mixture
CBridge =32% CBridge =20%

Fig. 5.14: XY snapshot of the first lubricant layer near the CuO surface for pure hexadecane
and hexadecane+methane mixture. Small red flags indicate the molecules that form bridges
to the second lubricant layer. The coefficient of bridging represents the ratio of these mole-
cules to the total number of molecules in the layer.

5.3.2.4 Apparent shear stress

The results for the average shear rate in the center of the film and the total shear stress
are given for both pure and mixture films in Table 5.3. Near the non-wetting (CuO) surface,
although boundary slip was significantly reduced in the mixture case, the total shear stress
remains remarkably low compared to the pure hexadecane case. The reason is that the major-
ity of the film molecules being sheared in the central part of the film are methane. Due to its
low viscosity, the measured shear stresses for the mixture case are very low.

CuO Fe203
Film composition 5 Tus A Tus
(x10%s71)  (MPa)  (x10%71) (MPa)

100% methane 4.99 0.9 7.00 0.9

100% n-hexadecane 1.77 23.6 7.06 46.0

50% methane +

50% n-hexadecane 6.22 2.8 7.64 3.3

Table 5.3: Average shear rate and total shear stress for pure methane and hexadecane and
their mixture in 4nm confined films between CuO and Fe:0s surfaces.
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These results seem to contradict the results of Khare et al. [106] who state that the addi-
tion of short molecules to longer ones significantly increase their viscosity. However, their
results were given for simulations with bulk lubricants. In the confined simulations consi-
dered here, the mixture behaves differently. The film composition becomes heterogeneous
with long chain molecules being attracted to the surfaces. Consequently, the major constitu-
ents of the central part of the film which is actually in shear are the short molecules which
have low viscosities. Once again, this result shows that the bulk properties of lubricants
(pure or mixtures) can be misleading in molecular confinement conditions. The tribological
performance in these conditions depends on effects that can only be identified at the molecu-
lar scale.

5.4 Polar lubricant mixtures

Commercial lubricants are mixtures of different chemical compounds. The global perfor-
mance of a lubricant depends on how each of its constituents behave in all the encountered
operating conditions. Engine oils that are designed to lubricate during regular operation may
fail for example at the moment of starting or in extreme weather conditions. Many industrial
applications encounter molecular lubrication conditions during critical operation periods.
The tribological performance of the employed lubricants should be characterized and main-
tained in such conditions.

Among the chemical compounds which are added to improve the tribological perfor-
mance of oils are anti-wear additives. These additives protect the interacting surfaces by
processes of physical or chemical adsorption to form protective layers (tribo-layers). These
layers significantly reduce wear, friction, and improve the lifetime of the machine elements.

ZDDP (Zinc dialkyl-dithio-phosphate) is a representative example of a classical anti-
wear additive used in commercial engine oils [108]. Despite its excellent anti-wear properties,
this additive is known to produce undesirable high friction in the conditions of mixed lubri-
cation [108]. Recent experimental studies [109] have shown that the addition of 5% in mass
concentration of ZDDP with hexadecane base oil results in about 40% increase of friction
compared to pure hexadecane. Using molecular dynamics simulations, this section aims to
identify the main reasons of the high friction behavior of ZDDP mixtures in molecular con-
finement conditions.

5.4.1 Molecular domain

Molecular dynamics simulations were conducted on a confined system of linear chain hex-
adecane base oil in the presence as well as the absence of 5% mass concentration of C4-ZDDP
additive. A snapshot of the additive molecule is given in Fig. 5.15. The simulated system
consists of a 3nm confined film between Fe;O3 surfaces used to model the oxidized layer on
steel, the surface material from the experiments of ref.[109]. The experimental pressure of
1.3GPa is reproduced in the simulations and the surfaces are set to slide at a constant velocity
of £10m.s ™!, Finally, a SBT with a Nosé-Hoover implementation is used to dissipate the gen-
erated heat. Although heating is suspected to occur under the operating conditions of pres-
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sure and shear, for computational efficiency reasons a simple thermostat was used. This
choice is justified by the purpose of the simulations which is to perform qualitative compari-
son with experiments on the friction in the presence and absence of the ZDDP additive.

Fig. 5.15: Snapshot of the C4-ZDDP molecule modeled with united atoms.

Hexadecane and ZDDP molecules are modeled using united atoms. The ZDDP molecule
model is flexible and has a similar molecular architecture as hexadecane. However, ZDDP
includes non-neutral atoms for which electrostatic forces are computed using a particle-
particle particle-mesh solver [110]. The element charges and other pairwise interaction pa-
rameters used in the simulations are all given in Table 5.5.

m € o q
(amu) (Kcal.mol ™) (A) (e)
Fe 55.845 0.0850 (non-wetting) 990 10771
Surface 2.5485 (wetting)
O 15.999 0.1699 2.96 -0.514
CH
Hexadecane and ZDDP 2 14.027 0.0933 3.93 0.000
CHs 15.035 0.2264 3.93 0.000
O 15.999 0.1699 2.96 -0.514
ZDDP P 30.974 0.1999 3.74 +1.858
S 32.974 0.2498 3.56 -0.830
7n 65.370 0.2500 1.95 +1.600

with the operating conditions is given in Fig. 5.16.
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Table 5.4: masses, Lennard Jones energies (¢) and distances (o), as well as atomic charges (q)

for the pair-wise interactions used in the simulations.

A wetting and a non-wetting surface model were created based on the ferric oxide
(Fe2O3) lattice structure. These models were created by artificially changing the LJ energy
parameter for the Fe atom in the surfaces. For the non-wetting model, the energy parameter
was taken as 0.0850Kcal.mol™! while for the wetting one this parameter was increased to
2.5485Kcal.mol ™!, This permits to study the effect if the ZDDP additives near two types of
physically wetting and non-wetting surfaces. A snapshot of the whole molecular domain
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Fig. 5.16: A snapshot of the initial state of the molecular domain used to study the influence
of the polar additive (ZDDP) in molecular lubrication.

5.4.2 Molecular migration of ZDDP molecules

In the initial molecular configuration (Fig. 5.18) the ZDDP additive molecules are posi-
tioned in the center of the film. However, as soon as the surfaces start sliding and a shear is
imposed across the film, the ZDDP molecules migrate toward the oxide surfaces. This occurs
with both wetting and non-wetting surface models. Snapshots during the course of shear of
the molecular system for the non-wetting surface case are given in Fig. 5.17.

Fig. 5.17: Molecular system snapshots during shear for the case of non-wetting ferric oxide
surface model. The ZDDP molecules are in vivid colour while the hexadecane molecules are
represented in shaded white and grey. ZDDP molecules are seen migrating and completely
adsorbed to the oxide surface after about 0.8ns of shear. These molecules stick to the surfaces
for the total duration of the simulation (6ns).
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This phenomenon can be explained by the polar nature of the ZDDP molecules. The
charges in these molecules result in long-range electrostatic interactions with the oxide sur-
faces. Saturated hexadecane molecules do not exhibit such long-range interactions with the
surfaces. Shear, moreover, plays an important role in encouraging the molecular migration of
ZDDP as it causes preferential alignment of the lubricant molecules and global film thinning.

In order to quantitatively describe the migration phenomenon, a non-dimensional pa-
rameter d., which represents the reduced average distance of the ZDDP molecules from the
centre of the film, is calculated as follows:

N
- 2\Z; - Z|
de= )y ——
DRSS

N is the number of ZDDP molecules and Z; is the z-coordinate (in the film thickness di-
rection) of the center of mass of molecule :. / is the average film thickness and Z. is the eleva-
tion of the central plane of the film. A value of d. near zero means that the ZDDP molecules
are aligned in the center of the film whereas a value near unity means that they are located
near the surfaces.

A similar non-dimensional parameter U representing the ratio of the average streaming
velocity of the ZDDP molecules to the surface sliding speed is calculated by the equation:
N

@ o=

=1

0; is the streaming velocity (in the shear direction) of molecule ¢ and v; is the surface slid-
ing velocity. A value of ¥ near unity means that the ZDDP molecules move at the same veloc-
ity as the surface which indicates that they are actually sticking to the surfaces. The time
evolution of d. and ¥ for the simulation with the non-wetting oxide surface is given in Fig.
5.18.

0.0 T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0
bus)
Fig. 5.18: Time evolution of: (1) the reduced average distance of the ZDDP molecules from
the centre of the film and (2) the reduced average velocity v of the ZDDP molecules with re-

spect to the non-wetting surface sliding velocity vs. A similar evolution was observed with
the wetting surface.
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In the initial state (¢ = 0), the ZDDP molecules are in the center of the film. The reduced
average distance from the centre of the film (d.) is close to zero. The average streaming veloc-
ity in the center (v)is also close to zero. When the film is sheared, the additive molecules
move toward the surface. This is quantified by d. which increases in time until it reaches a
maximum value near unity after about 0.7 — 0.8ns. The maximum is not exactly one because
of the 3D shape of the ZDDP molecule and the repulsive part of the surface potential which
keeps the molecules from penetrating the surfaces. As for the streaming velocity of the mole-
cules, it increases as the molecules move closer to the surfaces. When all the ZDDP molecules
reach the surfaces, they move at the surface sliding speed (¢t > 0.8ns). This is an indication

that these molecules do not encounter boundary slip.

5.4.3 Effect on the boundary flow and friction

The velocity profiles across the hexadecane and hexadecane-ZDDP mixture films for the
two surface models are given in Fig. 5.19. With the wetting surface, the velocity profiles are
very close with and without ZDDP and no boundary slip is seen. In the case of ZDDP a
slight locking can be observed which means that the adsorbed lubricant layer completely
sticks to the surface and the shearing plane is displaced inside the film. In the case of non-
wetting surfaces, the presence of ZDDP results in a significant attenuation of boundary slip
compared to pure hexadecane lubricant case.
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Fig. 5.19: Velocity profiles across pure hexadecane and hexadecane-ZDDP mixtures confined
between two types of surfaces. The apparent shear rate in all simulations is 6.88 x 10° s1.

The reduction of slip in this case is due to the ZDDP molecular migration described in
the previous section. As the additive molecules move toward the surfaces and stick to them
(Fig. 5.18), they enhance the effective molecular corrugation of the surfaces. This improves
the momentum transfer across the hexadecane film.

As a result of the change in the boundary flow condition from slip to no slip with the
non-wetting surface and slight locking with the wetting one, the presence of ZDDP influ-
ences the value of the average shear rate in the center of the film. The average shear rates are
reported with the corresponding shear stresses in Table 5.5.
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Non-wetting surface Wetting surface
Film composition 5 To- A Tus
(x10%~1) (MPa) (x10%~1) (MPa)
100% n-hexadecane 4.30 93.6 8.18 118.3
95% n-hexadecane +
8.26 115.7 9.31 126.1

5% C4-ZDDP

Table 5.5: Average shear rate and total shear stress for pure hexadecane and hexadecane-
ZDDP mixture in 3nm confined films between wetting and non-wetting oxide surfaces.

The simulation results with both wetting and non-wetting surfaces show that the addi-
tion of ZDDP results in an increase of friction. The high friction behavior of ZDDP seems to
be more significant for non-wetting sliding surfaces. The adsorption of ZDDP molecules at
the surfaces result in an attenuation of boundary slip, increased average shear in the con-
fined film and consequently higher friction.

Conclusion

As much as the surface properties influence the friction in molecularly confined films, the
molecular nature of the lubricant film is also an important factor. In pure lubricant films, the
effects of molecular chain length and branching on boundary flow and friction were explicit-
ly considered. Lubricant mixtures of polar and non-polar nature were also studied in order
to develop a realistic idea of how lubricants behave in confinement conditions. The operating
conditions were unchanged in order to eliminate their influence in the simulations.

In pure confined lubricants, the increase of chain length and branching results in an at-
tenuation of the layering phenomena. The structure of the film becomes bulk-like homoge-
neous in branched molecules at only three molecular diameters distance from the confining
surfaces. Long and branched chains encounter an increased level of inter-layer bridging
which results in a stronger internal lubricant cohesion. When no boundary slip occurs as in
the case of wetting surfaces, molecular length and branching increase the friction because of
the enhanced effective viscosity of the film. However near non-wetting surfaces, the internal
film cohesion in long and branched chains may become stronger than their cohesion with the
surfaces. This results in a larger boundary slip and an attenuation of friction in these films.

In lubricant mixtures of long and short saturated chains, the film becomes heterogene-
ous under shear. Long-chain molecules are located in high density layers near the bounding
surfaces and the central part of the film remains occupied by shorter molecules. The central
part of the film, mainly constituted of short molecules, presents a low flow resistance (viscos-
ity). Although the heterogeneity of the film composition results in an attenuation of the slip
near non-wetting surfaces, the apparent shear stress encountered in such mixtures remains
lower than in pure long chain molecules.

Finally, commercial-like lubricant mixtures including hexadecane and ZDDP polar anti-
wear additives were simulated in molecular lubrication conditions. In agreement with expe-
riments, the presence of ZDDP resulted in a higher friction compared to pure hexadecane oil.
It was found that the molecular migration and adsorption of ZDDP molecules at the surfaces
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are the cause of this phenomenon. When ZDDPs stick to the non-wetting surfaces, they sig-
nificantly reduce the boundary slip which normally occurs with pure hexadecane oil. More-
over in the case of wetting surfaces, the whole adsorbed layer becomes locked to the surfaces.
This results in a global increase of the average shear rate in the middle of the film. The cen-
tral hexadecane film becomes sheared at a higher rate giving rise to a higher shear stress and
friction, in agreement with experimental findings.
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General conclusion and prospects

In this thesis, a numerical approach based on molecular dynamics simulations was devel-
oped in the purpose of investigating the local mechanisms of lubrication at nano-scales. The
model elements were explicitly introduced and characterized in order to yield the most rea-
listic material and interfacial behavior of the molecular system.

A particular attention was given to the methodology of heat dissipation in the simula-
tions especially because of its relationship with friction. The mechanisms of energy transfor-
mation and dissipation in a confined film were thus studied in details. When the surfaces
slide at moderate speeds, the total mechanical energy adsorbed by the lubricant and con-
verted into heat is completely dissipated by the thermostat. As a result, the global tempera-
ture remains constant in the simulations. However, when a critical shear rate is surpassed,
heating starts to occur and from this point an appropriate energetic dissipation method be-
comes necessary.

Advanced methods were compared in the heating regime and the results showed that if
the surfaces are allowed to heat up, they accommodate more gently to the lubricant tempera-
ture increase. A novel method of applying the thermal boundary conditions was introduced
for this purpose. The principle is that the outer surface temperature can be updated during
simulation according to the heat flux coming from the confined contact.

The molecular model and the acquired knowledge on the thermal effects were put into
application in order to study various molecular effects that give molecular lubrication its
particularity.

First, the influence of the surface nature on friction was investigated. For this purpose, a
novel procedure was developed for characterizing realistic surfaces with two parameters
that represent adsorption and corrugation potentials. MD simulations showed that a given
lubricant film, confined between five different surfaces, exhibits different structural and dy-
namic properties. Although lubricant layering is present with all surfaces, this phenomenon
was more pronounced with surfaces characterized by a high adsorption potential. On the
other hand, the simulations showed that in-plane variations of the surface interaction poten-
tial (corrugation) influence the lubricant boundary slip. Physically corrugated surfaces en-
countered a smaller slip than less corrugated ones. The lubricant resistance to surface sliding
and shear, giving the contact friction, was shown to depend essentially on the flow condition
at the boundary (wettability). In the case of surfaces with low corrugations (non-wetting sur-
faces), simulations showed that the lubricant slips at the surfaces and the confined film be-
comes effectively sheared at a lower rate than the apparent one. This results in a low friction.

Second, the influence of lubricant molecular structure on the lubrication properties were
studied for both physically corrugated (wetting) and non-corrugated (non-wetting) surfaces.
The considered effects were: the chain length, molecular branching, non-polar lubricant mix-
ing, and polar lubricant mixing. The chain length was found to substantially influence the
boundary slip in the simulations. Long molecules slipped more easily at solid interfaces. This



General conclusion and prospects

could be explained by the strong internal cohesion that was manifested by bridge formation
between consecutive lubricant layers. Despite their higher viscosities, lubricant films consti-
tuted of long molecules did not show a significantly higher friction than shorter molecules
for the case of non-wetting surfaces because of the boundary slip. On the other hand with
wetting surfaces, since no lubricant slip took place friction naturally increased with the lubri-
cant chain length due to their high viscosities. Molecular branching was found to have a sim-
ilar consequence as chain length in molecular confinement. While branched molecules
exhibited a larger friction than linear ones, they showed a larger slip near non-wetting sur-
faces due to their strong internal cohesion.

In lubricant mixtures of non-polar linear alkane molecules of different lengths, shearing
caused a sort of molecular segregation to occur. The long chain molecules were attracted to
the surfaces while shorter ones remained in the middle of the film. This heterogeneous struc-
ture had crucial effects on the flow properties and friction in the confined mixture. On one
hand, slip was suppressed even for the case of non-wetting surfaces. On the other hand, the
central part of the film was mainly constituted of short molecules with low viscosity. In con-
sequence, the measured friction in the lubricant mixture was relatively low.

Finally, a model lubricant mixture including hexadecane as a base oil and ZDDP anti-
wear additive was considered. The surface nature, lubricant composition, and simulation
conditions were chosen to be representative of an industrial application. The MD simulations
showed that the polar additive molecules were attracted to the surfaces where they finally
got adsorbed. With non-wetting surfaces this caused a complete attenuation of boundary slip
which resulted in an increase of the effective shear rate of the central hexadecane film. MD
simulations showed that the measured friction was higher in the presence of ZDDP, as ob-
served in reference experiments under similar conditions.

There are numerous opportunities to exploit the developed molecular dynamics model
for investigating a wide selection of surface and lubricant structures. More extensive studies
about the influence of lubricant molecular shape and polarity near realistic surfaces can be
undertaken for generalizing the effects presented in this thesis. Moreover, by studying more
surface models it could be interesting to find universal laws that relate boundary slip to the
corrugation and adsorption potential from the molecular scale. Such laws could be inte-
grated in large scale simulations as in continuum EHL to account for boundary slip which
plays an important role at molecular scales.

Although the molecular effects presented in this thesis were given for a limited range of
operating conditions, they could also be investigated under more severe conditions of sur-
face sliding, loading pressure and confinement. For accessing these high shear regimes, the
appropriate energetic dissipation methods developed in this thesis would form a strong ba-
sis.

It would also be interesting to investigate the effect of real surface (geometrical) rough-
ness on the structure and dynamics of the confined lubricant. This would be complementary
to the studied effects of physical corrugation in this thesis. In geometrically rough surfaces,
the molecular model can be employed for investigating the conditions of local lubrication
failure and provide insights for lubricant design dedicated for severe operating conditions as
those encountered in the mixed lubrication regime.
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Appendix 1: Temperature-control
Algorithms

A1.1 Introduction

Classical molecular dynamics involves solving Newton’s equations of motion on a system of
molecules interacting with purely conservative forces [41]. Classical MD thus produces sys-
tem configurations in the NVE (micro-canonical) thermodynamic ensemble where the total
number of molecules, the volume, and the total energy are constant. Unfortunately, the expe-
rimental conditions often involve constant temperature rather than constant energy condi-
tions. In order to control the temperature in MD simulations, several algorithms have been
developed which vary in their level of simplicity of application and statistical thermodynam-
ic significance and accuracy [41, 111].

In the first part of this appendix, three thermostating algorithms classically used to con-
trol the temperature in MD simulations are presented. These are the direct velocity-rescaling,
Nosé-Hoover, and the Langevin algorithms. In the second part of this appendix, the Phan-
tom Molecules thermostating method which allows modeling an infinitely large thermos-
tated solid is introduced and general guidelines of its application for modeling realistic
crystalline surfaces are presented.

However, before getting into the details of these methods, it is important to define the
notion of temperature in MD simulations. The experimental (equilibrium) temperature is
actually the time average of an “instantaneous” temperature often referred to as the kinetic
temperature because it is closely related to the total atomic kinetic energy by thermal vibra-
tions (E). The kinetic temperature at any instant (7'(t)) can be given in general with the for-
mula:

2
(AL1) Br=> % = %(t) (3N — N.)

In this equation, N is the number of atoms. p; and m; represent the linear momentum

and mass of atom “i”. N.is the number of constraints and (3N — N.)is thus the number of
degrees of freedom. kg is the Boltzmann constant.

In order to control this kinetic temperature (7'(t)), various algorithms have been devel-
oped. They are presented in the next section. In the last section of this appendix, the “Phan-
tom Molecules” method for solid surfaces thermostating is explained in details.
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A1.2 Thermostating algorithms

The oldest and simplest way is the velocity-rescaling algorithm. More details about this me-
thod are given in the next section, followed by the two other algorithms: Nosé-Hoover and
Langevin thermostats.

A1.2.1 Velocity-rescaling

The velocity-rescaling method is the simplest method of temperature control. It is based on
scaling the atomic velocities of the thermostated group at regular time intervals in order to
give a global kinetic temperature 7'(t) equal to the target one (13) [41]. Note that all the atomic
velocities are multiplied by the same factor A By doing so, the kinetic temperature (Eq. Al.1)
is multiplied by a factor of A2

Thus the rescaling factor is exponentially proportional to the ratio of the instantaneous
kinetic temperature T'(t) (Eq.(A1.1)) and the target temperature 7.

T(t)

Al2 \ =
( ) A T

The kinetic energy dissipated (or added) by the thermostat is equal to:
(A1.3) AE = E,(\2 - 1)

Where E} is the total thermal kinetic energy of atoms from the thermostated group as
given in Eq. (A1.1).

In this method, all atomic velocities are rescaled with the same factor. Heat is thus re-
moved in a homogeneous manner from all atoms even if some atoms are “hotter” than oth-
ers. One example for this is a thermostated group of atoms to a temperature 7; using a
velocity rescaling algorithm where only one side of the group is in contact with a heat source.
In this case, the atoms near the heat source will exhibit a larger kinetic energy (and tempera-
ture) than those on the other side. But rescaling all atomic velocities, the atoms near the heat
source would have a higher temperature than the target (7;) and those on the other side
would have a lower temperature than 7;. Thus, a temperature gradient may develop in some
cases with the velocity-rescaling algorithm.

The velocity-rescaling algorithm moreover controls the temperature in a “brutal” way.
The temperature doesn’t fluctuate as it should in the NVT (canonical) thermodynamic en-
semble. The extended system method, originally presented by Nosé and developed by
Hoover, is capable of probing a correct canonical ensemble. The details about this method
are given in the next section.

A1.2.2 Nosé-Hoover algorithm

The idea of the Nosé-Hoover thermostat is to consider the external heat bath to be an integral
part of an extended system [41, 111]. The extended system contains the real molecules and
the heat bath. The coupling between the two is accomplished by adding an artificial degree
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of freedom (5)with an artificial thermal inertia (Q) and velocity (g). The magnitude of Qs
determines the coupling between the real system and the heat bath. The artificial variable (5)

is a time scaling parameter. The time (d?)in the extended system (= real system + artificial
heat bath) is stretched by the factor of s:

(A1.4) dt = 3dt

The coordinates ( and s) are identical in the real and the extended systems but the veloc-
ities depend on s according to:

8
S = =

S

(A1.5) I =

Wy | H.

The Nosé equations of motion in the extended system can be written as:

F, 25

(A1.6) I; =

mi§2 S
. 1 .
(A1.7) 5= 5 (Z m;5° 7 — (Ngog + 1)kBTo>

In this equation, Ng.y is the number of degrees of freedom which depend on the molecu-
lar constraints employed in the system. The Nosé equations of motion can also be reformu-
lated in terms of the real system variables by substituting v = §/s:

(A1.8) L = - =

. —kBNyoy <Ndof +1 Tp )
Al1.9 =—— Tt | —v— 5~ 1
(AL9) ! Qb (¥ Naoy T()

The choice of Q) defines the level of coupling between the real system and the heat bath.
If Qp is very large (Qy — 00), the coupling is very weak and very little energy is exchanged
between the two systems. The Nosé equations (A1.6 and A1.7) then generate micro-canonical
NVE ensemble trajectories. If Q5 is very small, a tight coupling is used and high frequency
temperature oscillations may occur. A more intuitive choice for the numerical parameters is
through the relaxation time (7xu) which can be defined as [111]:

@
(A1.10) TNH = k5 Naor To

Eq. (A1.9) becomes:

—1 T(t) (Ndof+1 To) - 1)

(A1.11) 7= 2. T Naoy Tt

7nu has time units and is roughly the time needed for temperature relaxation in the sys-
tem. Exponentially proportional to Q5 when a large relaxation time (7xu) is chosen the heat is
transferred very slowly between the real system and the heat bath. With small relaxation
times the transfer occurs more rapidly. The choice of v is done by trial and error. In prac-
tice for molecular systems, a value around 100fs usually insures that the canonical thermody-
namic integration is correct.

In comparison with the velocity-rescaling algorithm, here the temperature evolves more
smoothly and the system trajectory can be proven to belong to a canonical NVT thermody-
namic ensemble. The two methods have a point in common as the heat transfer depends on
the ratio of the instantaneous kinetic temperature 7'(¢) to the target one (7). Both of which
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are global to the system. Thus local temperature differences may be found in systems with
non-homogeneous conditions.

There are several other algorithms that are based either on the classical velocity-
rescaling or the Nosé-Hoover extended system methods. More details about thermostating
methods can be found in refs.[41, 111]. In what follows, the Langevin thermostating method
is presented. This method has the particularity of transferring heat independently for each
atom in the thermostated group. This allows temperature gradients in non-homogeneous
systems to be avoided. More details about the method are given in the next section.

A1.2.3 Langevin algorithm

The Langevin thermostating algorithm uses Brownian dynamics to solve the many-particle
3D Langevin equations [112]. The equations of motions are modified to include a friction and
a random force that act on each atom in the thermostated group. The friction force represents
the drag acting on the atom due to its surrounding medium. The random force corresponds
to collisions occurring between the atom and heat bath atoms at a constant temperature. The
differential equations of motion thus include in addition to the conservative intermolecular
force (F.), a friction force (F ) and a random force (F,) as follows:

F

m;

(Al12) i =

(A113) Fy=F.+F;+F,

The friction force acting on each atom is proportional to the atomic velocity. It is given
as:

nl;

(Al14)  F;= <—> ;

L

7L is a damping parameter in time units. It represents roughly the temperature relaxation
time. The random force corresponding to the heat bath atoms bumping into the real atoms is
given according to the fluctuation-dissipation theorem to be proportional to:

k5To i
(A115)  F,oc /22070
dt T,

The importance of this method is that it treats each atom in the thermostated group in-
dividually. Thus no matter what conditions are present in the system, the Langevin algo-
rithm would remove heat locally from where it is needed. As a result, no temperature
gradient may develop in a system thermostated by a Langevin algorithm.

These three thermostating algorithms can be used to control the temperature in homo-
geneous systems of solids, liquids, and gases. In the next section, an advanced method is
presented which, unlike the previous algorithms that perform global thermostating, is used
for thermostating solid surfaces in problems that involve solid-liquid or solid-gas interfaces.
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A1.3 Phantom-Molecules method

The Phantom-Molecules method was originally proposed by Tully in 1980 [113], and it was
originally referred to as the “ghost atom technique”. This method is in fact simply a compu-
tationally feasible solution to the 3D-GLE (Generalized Langevin Equations) developed in-
itially by Zwanzig, Mori, and Kubo and then formulated for a three dimensional system by
Tully himself. As was shown in the previous section, The Langevin equations propose that
the interactions of an atom with an infinitely large heat bath can be accounted for by adding
random force and friction terms to the atomic equations of motion. This allows reducing the
number of atoms needed to be considered explicitly in the constant-temperature simulations.
However, the exact determination of the parameters for the random force and friction terms
on each atom remains complicated.

In the Phantom-Molecules method, the modeled system is limited to atoms that are in
“real action” (usually called the primary atoms, see Fig. Al.1). Unlike the classical Langevin
method where per atom friction and random forces are added, in the Phantom-Molecules
method no external forces acting on the primary atoms are used. However, a number of
“ghost” atoms are added directly in the simulations. The special motions and interactions
between the “ghost” atoms and the primary atoms produce the exact same effect as the Lan-
gevin friction and random terms.

The interest in using the Phantom-Molecules method is that it can be parameterized ac-
cording to experimental data about surface vibrational properties. The Debye frequency
(representing the maximum vibration frequency possible for a given lattice) is used for
choosing the parameters for this temperature control model.

Moreover, the model size reduction does not affect the heat capacity and conduction
properties of the infinitely large thermostated surface. The premier application of this tech-
nique by Tully was for gas desorption on solid surfaces. The technique allowed simulating a
few number of atoms of the solid surface in the area where the gas impact was probable
(primary lattice atoms) where the whole remaining part of the solid surfaces was represented
by only a few ghost atoms.

A1.3.1 Scope of applicability

This method of temperature control is uniquely applicable for solid surfaces with regular
crystalline atomic structure [113]. This method has only been applied for mono-atomic FCC
[113, 99] or BCC crystal structures [113]. Nevertheless, this method was shown to be flexible
enough to be applied not only for harmonic but also Lennard-Jones bounded surface atoms
[114].

A1.3.2 Practical application

The Phantom-Molecules method is used to model mono-directional heat conduction in an
infinitely thick solid surface by only simulating a limited number of atoms. As explained by
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Blomer et al. [114] and Maruyama et al. [99], the application of this method involves the ad-
dition of two imaginary atomic layers perpendicular to heat transfer direction. As shown in
Fig. Al.1, the first layer from the side of the primary atoms is the phantom molecules layer.
The second is a fixed layer. The fixed layer must be exactly at the lattice equilibrium position
of the primary atoms layer which is directly interacting with the phantom molecules. The
phantom molecules layer is initially in the same position but is excited by a random force
and a friction term during the course of the simulation as will be demonstrated later on.

Primary Surface

L.

Phantom Layer

Horizontal : 0.5k
Vertical

Horizontal
Vertical

Damper Fixed Layer

Fig. A1.1: 2D schematic showing how the ghost atoms in the phantom and fixed layers are
used to replace an infinite number of atoms at constant temperature. This is possible using
particular positioning of the ghost atoms and special interactions between each other and
with the atoms of the primary surface.

A1.3.2.1 Primary-Phantom atoms interactions

All interactions between the primary and phantom atoms (in both the phantom and fixed
layers) must be of the same nature as those between the primary atoms. For example if the
primary atoms are connected by harmonic springs, then harmonic springs must be used be-
tween the primary and the phantom atoms, and between the phantom and the fixed atoms,
although some characteristics of the springs can be different as will be explained later.

The initial positions of the phantom layer atoms are chosen to be exact projections of the
primary layer on the Z-plane of the phantom layer. The initial Z-coordinate of the phantom
layer is of no significance (this will be proven later) because of the special nature the springs
connecting the primary and phantom atoms.

The interactions between the primary and phantom layer atoms should be sufficient to
account for all interactions that this atom would have had with an imaginary second layer of
the non-modeled solid. As a demonstration example, consider the 2D atomic system shown
in Fig. A1.2. Atom (1) belongs to the furthest layer of the primary surface where the intro-
duction of the phantom atoms is required. By imagining that the solid extends to infinity,
this atom would have interacted with 6 atoms (2-7), including two atoms (6 and 7) that be-
long to an imaginary layer, neither the primary surface nor the phantom layer. The principle
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is that the phantom atom to be introduced thereafter (atom (I’)) should interact with atom (1)
identically to the sum of interactions of atoms (6) and (7).

Primary Surface Primary Surface

O
@)
@)
8.
O
©
O

0.0 0.0 0. 6060 _0..
@ ® O Phantom atom

Imaginary Layer

Fig. A1.2: An example showing the calculation method of the interactions between the pri-
mary atoms and the phantom layer atoms.

Assuming for this example that all bonds have the same length (a). The procedure is as
follows. Atoms (1), (6), and (7) are isolated as shown in Fig. A1.3. When atom (1) is displaced
by a small dz(dz << a)on the z-direction, it will no longer be in equilibrium with its sur-
roundings. Atoms (6) and (7) will exert two forces along the bond direction. These two forces
will have a magnitude of k(a + dr) where dris the extension in the bond length from the
equilibrium position.

Fig. A1.3: The primary atom (1) is displaced by dz in order to determine the z-component of
the equivalent special spring to be used with the phantom atom (P) that will replace atoms 6
and 7.

The sum of the forces acting from atoms (6) and (7) on atom (1) from its displacement by dz
in this case is equal to 2kdz €5, A vertical spring of 3k stiffness is thus chosen in order to re-
place the effects of the two imaginary atoms on the primary atom of the surface. The same
analysis with a small dx displacement of atom (1) gives an equivalent horizontal spring of ak
stiffness.
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A1.3.2.2 Phantom-Fixed atoms interactions

The interactions between the atoms in the phantom and fixed layers are calculated in a simi-
lar manner to the preceding ones between the primary and phantom layer atoms. The hori-
zontal and vertical springs acting between the primary and phantom layer atoms have
already been characterized. However, as shown in Fig. Al.4, for a given atom (P) in the
phantom layer, interactions with atoms from the same layer as well as from a lower imagi-
nary layer need also to be taken into consideration.

L 9.0 0 @

. . : . Phantom Layer
Fixed Layer

Fig. A1.4: An example showing the calculation method of the interactions between the phan-
tom and the fixed layer atoms.

I
I
I Primary Surface
I
4

Exactly as done previously, the phantom layer atom (P) is moved with small displace-
ments in the x and z directions (as well as the y direction in case of 3D lattices). The parame-
ters of the horizontal and vertical springs can thus be calculated. In this example, horizontal
and vertical spring stiffness of 2 and 2 respectively are used to replace all of the interactions
that a phantom layer atom exhibits in the real lattice system.

The molecular system can finally be constructed with the Phantom-Molecules method in
the 2D example by using horizontal (x) springs of & and vertical springs of % between the
primary surface and phantom layer atoms. Moreover, horizontal springs of % and vertical

springs of 2 are used between the phantom layer and the fixed layer atoms (Fig. A1.1).

All of these forces are conservative. However, additional friction terms need to be used
in the interactions between the phantom layer and the fixed layer atoms. According to Tully
[113], the friction terms can be chosen as independent for each phantom atom (meaning no
dampers between phantom atoms) but have a damping coefficient (aq) of:

m
(Al.16) Qd =M WB

m is the mass of one surface atom, and wp is the bulk Debye frequency (in7d/s) for the
surface. In case the Debye frequency information is absent, it can be calculated from the
Debye temperature (f4) according to:
kBOd

h

In this equation, kp and  are Boltzmann and Planck’s angular constants. The phantom

layer atoms are finally excited by a random Gaussian force (F,) of a standard deviation of:

2adk376
dt

(AL17)  wp=

(A118)  op =
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Ty is the temperature of the infinitely thick surface and dt is the MD integration time step.
This choice for the random force allows the fluctuation-dissipation theorem to be accom-
plished for totally uncorrelated random forces [114].
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Appendix 2: Heat Conduction in a
Semi-infinite Solid with a
Constant Boundary Flux

A2.1 Introduction

In simulations of confined lubricant shear, a viscous heat flux is generated and can be meas-
ured. The purpose of this section is to find an exact (analytical) formula giving the surface
temperature (T, ) evolution as a function of the dissipated heat flux (¢w).

Each surface is supposed to be equivalent to a semi-infinite solid whose infinite end is at
a constant (ambient) temperature (Tt ) as shown in Fig. A2.1. The finite end (wall) is that at
the lubricant interface at which the heat flux is considered to be known.

Surface
=
& o(z,t) , T(z,1) — T
<
>
0 X

Fig. A2.1: A schematic of the mono-directional heat conduction problem solved in a semi-
infinite solid representing the solid surfaces. ¢pw and Tw represent the heat flux at the surface
and the wall temperature respectively. T- is the ambient temperature (far away from the sur-
face/lubricant interface).

A2.2 1-D Heat conduction with constant boundary flux

The mono-directional heat conduction differential equation in a solid of thermal diffusivity «
and no internal heat generation is given as:

9*T 10T
A2.1 - o= —
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The initial and boundary conditions from Fig. A2.1 can be translated in mathematical
terms to:

T
(A2.2) g—(ac:(),t>())=——

Ais the thermal conductivity of the solid. Tw is the ambient temperature and Tpis the
initial temperature of the solid.

A2.2.1 Integration

The standard solving method of Eq.(3.5), by temperature decomposition into transient and
steady state terms, does not work in this case since there is no steady state temperature dis-
tribution. However, an alternative is by using Fourier’s equation for mono-directional heat

conduction for rewriting Eq.(3.5) in terms of the heat flux (¢): [98]
2%¢ 1 9¢
92 @&t =~ (@) =0

The initial and boundary conditions from Eqgs.(A2.2) give for the heat flux:

(A2.3)

(A2.4) Bz =0, > 0) = dy
d(r — 00,t) =0
d(a,t=0) =0
By defining the two variables a and
¢w B ¢ €z
= db=——
(A2.5) a=—7—an NG
Eq.(A2.3) becomes:
2*a  boa
A2.6 e
( ) ob? + 20b 0
The initial and boundary conditions translate to:
(A2.7) a(0) =0 and a(c0) =1
Considering U = da/9b, Eq.(A2.6) becomes:
ou  —b by2
- _ = (3)
(A2.8) =5 U = U =eh
(A2.9)
b b2
a= c/o e~ (5 dm + a(0) = zc/o ﬁ#d(%) = % erf(g)

Since erf(co) = 1, then the second boundary condition from Eq.(A2.7) givesC' = /7

Hence:

(A2.10) a= erf(g)
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Appendix 2: Heat conduction in a semi-infinite solid with a constant boundary flux

Considering Eq.(A2.5), the heat flux can be written as:

(A2.11) P(z,t) = du(l - erf(Na)) = duw erfC(zm)

A2.2.2 Time evolution of the wall temperature

According to Fourier’s conduction law, Eq.(A2.11) gives for the temperature:

oT Ow T
- t) = — 2% erf
(A2.12) 5 (& 1) Y 0(2 \/E)
Integrating Eq.(A2.12) with respect to = from 0 to oc:
w /oo z
Too — To(t) = — 22 f
(A2.13) (t) A er C(QM)dx
Since [, erfc(m)dm = 1//, then:
(A214) T — Ty (t) = — 22w, [0
A m

Finally:

(A215)  T,(t) = Tho + %\/?

This equation shows that if a constant flux is imposed on one side of a semi-infinite body,
the boundary temperature increases endlessly. This equation will be used to update the
boundary temperature with the generated flux from the contact. However, the heat flux may
change when the boundary temperature is modified. In the next section, a time discrete for-
mulation for updating the wall temperature as a function of the boundary flux is presented.

A.2.3 Discrete formulation of the boundary temperature
change with flux

The definite derivative of the wall temperature with time from Eq.(A2.15) gives:

A216 dT,, 9T, N Ty Oy
(A2.16) dt 0t 0O, Ot

At an instant ¢o, the variation of the wall temperature and the heat flux with time over a
small time period At is approximated as:

dT, AT, Obw  Adu
dat At and at At

Eq.(A2.16) can thus be written in the following discrete forms:

WA 2Ny
(A218) AT, = 2wAl [a 220w jat
A 7t A T

. 2¢w at 1At A¢w
(A2.19) AT, = T\/; (57 + ¢T)

(A2.17)
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Appendix 3: Calculation methods of
macroscopic quantities from
microscopic data

Introduction

Molecular Dynamics simulations generate the atomic trajectories of a molecular system. At
each time step, the atomic positions, velocities, and accelerations are known and represent
the bulk output of MD simulations. Statistical mechanics provides the necessary tools for
relating the microscopic information to macroscopic variables of interest.

In this appendix, the calculation methods of the macroscopic variables and fields from
atomic velocities and positions are presented. These variables are grouped into three sec-
tions: profiles, time-variables, and deduced quantities. Profiles such as density, velocity, and
temperature are time averages of spatially defined fields. Time-variables are system proper-
ties whose variation with time is regarded. Deduced quantities are obviously calculated from
the profiles and time variables: for example the average shear rate in the central part of the
film and the effective film viscosity.

A3.1 Characteristic profiles

Characteristic density, velocity, and temperature profiles are determined in layers normal to
the film thickness. Spatial averaging is performed inside each layer in order to determine the
instantaneous profiles and then time averaging is performed during 5nsin the shearing
steady state to determine the average characteristic profiles in the confined lubricant films.

A3.1.1 Lubricant density profile

In order to determine the mass density profile, the confined film volume is cut, along the
film thickness direction, into thin layers of 1A thickness (§) parallel to the surface sliding di-
rection as shown in Fig. A3.1. At each time step and in each layer, the masses of all lubricant
atoms that lie within the layer (m;) are summed up and then divided by the elementary vo-
lume of each layer (6 x ) giving the instantaneous mass density profile. S is the surface area.
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The obtained profile is then averaged over the sampling duration which follows the shearing

steady state.
’
A

01

Y

X

Fig. A3.1: Illustration of the calculation method of the lubricant density profile.

A3.1.2 Lubricant velocity profile

In the molecular lubrication model, the lubricant molecules are grouped in layers according
to the surface interactions. In a previous work [115], local thermodynamic equilibrium was
shown to exist inside these molecular layers. Moreover, it was shown that proper kinetic
energy decomposition into shear flow and peculiar thermal components for each layer can be
obtained from flow velocities calculated as the layer total linear momentum divided by the
layer total mass, rather than the conventional methods by simple averaging of atomic veloci-
ties by the number of atoms [115].

The instantaneous velocity profile is thus determined in 24 thick layers as the total layer
linear momentum on the surface sliding direction divided by the layer mass as shown in Fig.

A3.2.
’
A

Y

M
> m;

Fig. A3.2: Illustration of the calculation method of the lubricant velocity profile.
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Appendix 3: Calculation methods of macroscopic quantities from microscopic data

A3.1.3 Lubricant temperature profile

The Hybrid Diffusion method, as described in ref.[115], is used to decompose atomic veloci-
ties into shear flow and peculiar thermal terms in each molecular layer. The peculiar veloci-
ties are used for calculating the kinetic layer temperatures. The time average of the kinetic
temperatures during the steady state is reported in each layer to yield the lubricant tempera-
ture profile as shown in Fig. A3.3.

Z
A

| R | A -
Vol
2 1 1 1
Surface T(z) = 3N Z {577%‘("‘1,1‘ —1y(2))2 + 5’/71,;113_1 + 5’”’1””3,1‘
i=1

Fig. A3.3: Illustration of the calculation method of the lubricant temperature profile accord-
ing to the Hybrid Diffusion approach [115].

A3.2 Time-variable quantities

The time-variable quantities defined in this section are system properties whose instantane-
ous values can be significant without necessary averaging. For example, the film thickness,
lubricant density, and apparent shear rate are quantities that can be defined at each instant.
Nevertheless, in MD simulations these quantities are often reported as averages during the
sampling period which extends over 5ns during the shearing steady state.

A3.2.1 Lubricant film thickness

The procedure for calculating the film thickness () is presented in Fig. A3.4. Near each sur-
face, a central plane is positioned at the center distance between the two lubricant and sur-
face atoms that are closest to one another. The instantaneous film thickness is then defined as
the absolute distance between the central planes from each of the two surfaces.
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Upper Surface Atoms

0000000
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0000000

Lower Surface Atoms

Fig. A3.4: Illustration of the calculation method of the lubricant film thickness.

A3.2.2 Lubricant density

The lubricant density (p)is defined as the total mass of lubricant molecules divided by the
volume of the film. The volume is determined as the surface area multiplied by the lubricant
film thickness as defined in Fig. A3.4:

_ X mi
(A3.1) p==z

A3.2.3 Apparent shear rate

The apparent shear rate (Vapp) is determined as the velocity difference between the surfaces
(AU) divided by the lubricant film thickness (h):
AU

(A32) ;ya.pp - T

A3.2.4 Apparent shear stress

The apparent shear stress (7.-) is determined as the sum of all elementary forces in the sur-
face sliding direction, opposing the constant speed motion of the surfaces, divided by the
surface area:

(A3.3) Tos = 2 gf

135



Appendix 3: Calculation methods of macroscopic quantities from microscopic data

A3.2.4 Lubricant temperature

In molecular lubrication problems, lubricant molecules belonging to different layers exhibit
different streaming velocities. In order to calculate an average (global) film temperature, the
velocities perpendicular to the surface sliding directions are only considered. The lubricant
temperature is defined according to the equation:

1 N
_ 2
(A3.4) = N_ g_ [ + mzvz i

A3.3 Deduced quantities

A3.3.1 Effective shear rate

The lubricant velocity profile corresponding to all layers except the two that are adjacent to
the surfaces is fitted to a linear regression function as shown in Fig. A3.5. The slope of this
line represents the effective shear rate in the central part of the film.

I I I I I
10 . —
Lubricant
~ 5F & -
| @“®
n wn ‘®“ 0
Q & ()
g 0+ & & &
= = & =
5 o8 5
8 N ] @“@ wn
= &)
-5 o . avm -
\\\@“@ Yeff = Oz
-10 | 1 1 1 1 L]
0 10 20 30 40 50

~(A)

Fig. A3.5: Illustration of the calculation method of the effective shear rate.

A3.3.2 Effective viscosity

The effective viscosity is determined as the ratio between the apparent shear stress and the
effective shear rate in the center of the film:
Txz

(A3.5) ett = 5
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