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Abstract

This thesis presents a quantitative approach to elastohydrodynamic (EHD) friction prediction, based
on a combination of experimental rheometry data and molecular dynamics (MD) simulations. The
approach is applied to two fluids of different natures: a lubricant squalane (SQ) and a traction-like
fluid benzyl benzoate (BB). The Newtonian viscosity of the fluids is determined using measurements
from high-pressure viscometers (HPV) taken from the literature, and a novel Newtonian viscosity
model is proposed in this work, which is based on an existing thermal scaling model in the litera-
ture. Subsequently, a comprehensive Eyring stress law, covering a wide range of temperature and
pressure conditions, is constructed from non-equilibrium molecular dynamics (NEMD) simulations.
The obtained Newtonian viscosity and Eyring stress are used to build Eyring-type generalised viscos-
ity models for both fluids. These are implemented into a finite element (FE) model of a lubricated
contact in the elastohydrodynamic regime, taking into account non-Newtonian and thermal effects
(TEHLnN) for friction prediction. The results are compared with friction measurements performed
in a tribometer under the same contact conditions and show good agreement. Notably, the fric-
tion plateau and the thermal thinning regime observed experimentally are accurately reproduced by
the TEHLnN model. Further research was carried out to investigate the origin of friction plateaus.
The results suggest that friction plateaus result from a combination of non-Newtonian effects and
thermal effects. The work also reveals that the thermal effect arises almost simultaneously with
the non-Newtonian effect. This work presents a crucial step towards “true” friction prediction and
quantitative EHL, bringing together experimental rheometry, molecular dynamics simulations, and
contact modelling.

Keywords: EHD friction, Friction plateau, Eyring model, Molecular dynamics (MD) simulations
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Résumé

Cette these présente une approche quantitative de la prédiction du frottement élastohydrodynamique
(EHD), basée sur une combinaison de données expérimentales de rhéométrie et de simulations de
dynamique moléculaire (MD). L’approche est appliquée & deux fluides de natures différentes : un
lubrifiant, le squalane (SQ), et un fluide de type traction, le benzoate de benzyle (BB). La viscosité
newtonienne des fluides est déterminée en utilisant des mesures de viscosimetres a haute pression
(HPV) tirées de la littérature, ainsi qu'un nouveau modele de viscosité newtonienne proposé dans ce
travail, basé sur un modele de mise a 1’échelle thermique existant dans la littérature. Par la suite, une
loi de contrainte d’Eyring complete, couvrant une large gamme de conditions de température et de
pression, est construite a partir de simulations de dynamique moléculaire hors équilibre (NEMD). La
viscosité newtonienne obtenue et la contrainte d’Eyring sont utilisées pour construire des modeles de
viscosité généralisée de type Eyring pour les deux fluides. Celles-ci sont implémentées dans un modele
a éléments finis (FE) d’un contact lubrifié dans le régime élastohydrodynamique, en prenant en compte
les effets non-Newtoniens et thermiques (TEHLnN) pour la prédiction du frottement. Les résultats
sont comparés avec des mesures de frottement effectuées dans un tribometre sous les mémes conditions
de contact et montrent une bonne concordance. Notamment, le plateau de frottement et le régime
d’amincissement thermique observés expérimentalement sont reproduits avec précision par le modeéle
TEHLnN. Des recherches supplémentaires ont été menées pour étudier 'origine des plateaux de
frottement. Les résultats suggerent que les plateaux de frottement résultent d’une combinaison d’effets
non-Newtoniens et thermiques. Les travaux révelent également que leffet thermique se produit
presque simultanément avec l'effet non newtonien. Ce travail représente une étape cruciale vers une
prédiction quantitative du frottement, en rassemblant la rhéométrie expérimentale, les simulations de
dynamique moléculaire et la modélisation du contact.

Mots clés : Frottement EHD, Plateau de frottement, Modele Eyring, Simulations dynamique molécu-
laire (DM)
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Résumé étendu

Introduction et objectifs

Le transport et I'industrie consomment les deux tiers de 1’énergie totale consommée chaque année
[1]. Parmi eux, la surmontée du frottement représente la plus grande partie de la consommation
d’énergie, soit entre 25 & 30% dans les transports, tandis que dans I'industrie, elle est d’environ 15 &
20% [1]. Réduire les pertes par frottement entrainerait d’importantes économies d’énergie, avec des
avantages économiques et environnementaux en résultant. Sur une période supplémentaire de 15 a
20 ans, on estime que les pertes par frottement pourraient étre réduites de plus de 60%, économisant
385 000 millions de litres de carburant et réduisant les émissions de C'Oy de 960 millions de tonnes
par an [2, 3].

Les roulements & éléments roulants (REBs) sont un composant mécanique couramment utilisé congu
pour minimiser le frottement dans les articulations pivotantes. Les REBs modernes (voir Figure 1)
sont généralement composés des éléments suivants : deux anneaux disposés en cercles concentriques
(connus sous le nom d’anneau intérieur et d’anneau extérieur), des éléments roulants positionnés
entre les anneaux, et une cage pour guider ces éléments roulants. Les REBs transmettent la charge
en mouvement a travers ces éléments roulants. Ces éléments induisent un frottement roulant, qui
remplace le frottement glissant, le premier étant généralement bien moindre que le second sous des
charges équivalentes.

/ «+—————— Quter ring (or)

e — Rollmg element

Figure 1: Les roulements a billes & gorges profondes. Source:https:
//www.skf.com/us/products/rolling-bearings/ball-bearings/deep-groove-ball-bearings.

iv
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En plus des problémes environnementaux mentionnés ci-dessus, il existe également une motivation
économique. Le marché mondial des roulements a été évalué a 118,7 milliards de dollars américains
en 2020 et devrait croitre a un taux de croissance annuel composé de 8,5% de 2021 a 2028 (voir Figure
2).

85 [
78

- m . o
-

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

| Ball Bearings Roller Bearings u Qthers

Figure 2: Marché allemand des roulements par produit, 2016-2028 (en milliards USD).
Source:www.grandviewresearch.com/industry-analysis/bearings-market.

La demande de roulements a faible maintenance, a haut rendement et a longue durée de vie croit
avec le marché. Il est donc important de disposer de modeles de prédiction du frottement fiables et
pertinents pour optimiser la conception des roulements et réduire les pertes par frottement.

Dans la plupart des roulements, le contact entre des surfaces non conformes fonctionne sous le régime
de lubrification élastohydrodynamique (EHL), ot un film de lubrifiant trés mince (environ 100 nm)
sépare les surfaces et est soumis a une trés haute pression (> 1 GPa). Dans ces conditions, le taux
de cisaillement peut atteindre des valeurs élevées (10* — 107 s71), et la haute pression augmente
considérablement la viscosité du lubrifiant. De plus, la pression dans le contact EHL n’est pas uni-
formément répartie a travers le film (voir la ligne noire dans la Figure 3). Les deux créent également
un échauffement par cisaillement significatif et non uniforme, résultant en un grand gradient de tem-
pérature a travers le film (voir la ligne rouge dans la Figure 3). Toutes ces complexités engendrent
plusieurs difficultés dans la prédiction du frottement. Premieérement, il y a un manque de carac-
térisation expérimentale des propriétés du lubrifiant sous de telles conditions extrémes (c’est-a-dire
haute pression, taux de cisaillement élevé). Deuxiémement, les phénomenes physiques associés a ces
conditions séveres ne sont pas totalement compris (c’est-a-dire d’éventuelles transitions de phase,
mécanisme d’accommodation de vitesse) et le couplage complexe des conditions de fonctionnement
en contact rend difficile I'interprétation du résultat et la déduction d’une compréhension de la mé-
canique. Cependant, la construction de modeles pertinents et robustes (c’est-a-dire non empiriques)
doit étre basée sur une compréhension complete de la mécanique de contact.
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Figure 3: Distributions typiques de la pression (ligne noire) et de la température (ligne rouge) dans un

contact EHD. Résultats de la simulation d’un contact acier-acier lubrifié au squalane, a la température

ambiante Tp=313K, pression hertzienne p,=900MPa, vitesse d’entrainement u.=0,8"/s et slide-to-roll
ratio=0,6.

Objectifs

L’objectif principal de cette recherche est de proposer une stratégie pour parvenir a une prédiction
quantitative du frottement dans le régime EHL. La complexité de cette tdche provient des conditions
extrémes de pression, d’épaisseur du film, de taux de cisaillement, d’échauffement par cisaillement, et
du fort couplage entre ces conditions de fonctionnement. Expérimentalement, les méthodes de carac-
térisation rhéologique sont limitées a des gammes restreintes de pression et de taux de cisaillement.
Les simulations de dynamique moléculaire semblent étre une approche prometteuse pour combler le
manque en caractérisation des fluides, mais elles sont limitées en termes de temps de calcul et de com-
plexité de la composition chimique du lubrifiant. Le défi réside dans I'intégration des caractérisations
expérimentales et numérique (dynamique moléculaire) des lubrifiants (sous haute pression et haut
taux de cisaillement a diverses températures) dans un modele numérique basé sur la mécanique des
milieux continus des contacts EHD. Ce modele doit prendre en compte la génération et le transfert
de chaleur au sein du lubrifiant et vers les surfaces.

Cette these se compose de quatre chapitres. Dans le Chapitre 1, I'état de 'art des méthodes ex-
istantes de prédiction de frottement est examiné. Dans le Chapitre 2, la stratégie et les outils
de 'approche actuelle sont détaillés. Tout d’abord, les mesures expérimentales et les simulations
de dynamique moléculaire (MD) sont décrites pour fournir une stratégie de caractérisation du flu-
ide. Ensuite, un modeéle de contact basé sur la mécanique des milieux continus est construit.Dans
le Chapitre 3, les résultats de la caractérisation du fluide sont présentés. La loi rhéologique est
dérivée des données obtenues. Dans le Chapitre 4, le frottement d’un contact EHD thermique non-
Newtonien est prédit, et comparé aux mesures de frottement sur des bancs d’essai expérimentaux.
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Etat de 'art

Comportement de frottement en régime EHD

La présente étude se concentre sur le frottement en régime de lubrification a film complet. Dans
un tel régime, lorsque la pression dans le contact devient suffisamment élevée (jusqu’a 3 GPa) pour
déformer significativement les surfaces (quelques micromeétres), on parle de régime de lubrification
élastohydrodynamique (EHD). La haute pression entraine un changement significatif de la viscosité du
lubrifiant [4]. Comme c’est le cas pour les contacts secs, le frottement di au cisaillement du lubrifiant
dans le contact EHD a film complet est généralement quantifié par le coefficient de frottement Cf,
défini comme le rapport entre la force tangentielle Frp (opposée au glissement) et la charge normale
appliquée Fy.

Fr
Cr=Fy (1)
Le rapport de glissement a roulement (slide-to-roll ratio, SRR) est souvent utilisé en paralléle avec le
coefficient de frottement. Lorsque C est tracé par rapport au SRR sur le méme graphique, comme le
montre la Figure 4, on peut observer que le frottement traverse différents régimes a mesure que le SRR
augmente. A faible SRR, le frottement augmente presque linéairement avec le SRR, ce qui est souvent
attribué a la réponse Newtonienne du lubrifiant. Cette dépendance linéaire persiste jusqu’a ce que le
coefficient de frottement atteigne une valeur critique. Ensuite, le coefficient de frottement augmente
plus lentement avec le SRR. Cela indique que le frottement passe par un régime de fluidification sous
contrainte. Enfin, & des SRR tres élevés, une baisse significative du coefficient de frottement peut étre
observée. Cela est dii au chauffage par cisaillement, impliquant une augmentation de la température
dans le film de fluide. Ce dernier régime est connu sous le nom de régime de fluidification thermique
(thermal thinning).

Cependant, a des SRR modérés a élevés, le coeflicient de frottement peut atteindre une valeur maxi-
male et peut présenter un régime de plateau, comme le montre le centre de la Figure 4. Cela signifie
que le coefficient de frottement ne augmente plus avec le SRR, mais en devient indépendant. A partir
de cette force de frottement maximale, une contrainte de cisaillement moyenne maximale 77, peut étre
déduite. Dans la littérature, ce plateau de frottement est parfois appelé phénomene de “contrainte
de cisaillement limite” (limiting shear stress, LSS). Le LSS a été proposé pour la premiere fois par
Smith [5]. Il a attribué cela au fait que si la contrainte dans le film de lubrifiant dépasse un seuil, il
se “briserait” comme un solide plastique.
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Figure 4: Courbe typique du coefficient de frottement en fonction du TRS. Données expérimentales de la
présente étude.

Comme la courbe de frottement, dans la Figure 5, le comportement ultime d’un lubrifiant en masse
pourrait apparaitre avec une contrainte de cisaillement maximale 7y;, ou 7.55. Il est important de
comprendre et de prédire quantitativement ce phénomene car il représente la contrainte maximale
qu’un lubrifiant pourrait supporter localement dans un contact EHD (Elastohydrodynamique).

limiting shear o
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Figure 5: Modele pour la contrainte de cisaillement et le taux de cisaillement dans un lubrifiant en vrac.

Adapté de [6].

Cependant, puisque le frottement est mesuré en contact (tribologie), il devrait étre distingué de
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la contrainte de cisaillement mesurée dans le fluide en vrac (rhéologie). De plus, malgré certaines
similitudes, la viscosité d’un fluide n’est pas toujours équivalente a la viscosité apparente calculée
a partir de valeurs moyennes dans des expériences tribologiques. Autrement dit, on ne devrait pas
simplement égaler 7, (de la Figure 4) a 7 (de la Figure 5), ni égaler 77, a 77.65. Comme le souligne Bair
[7], une courbe de contrainte n’est pas une courbe d’écoulement. Et la réponse des fluides au taux de
cisaillement n’est pas la méme que la relation entre la contrainte de cisaillement moyenne et le taux de
cisaillement moyen obtenue & partir de courbes de traction. Cette confusion est largement répandue
dans la communauté EHD [8, 9, 10]. LSS décrit une propriété de volume de fluide, qui est une
propriété rhéologique mesurée dans un rhéometre ou équivalent ou le fluide est uniformément chargé.
Alors que dans un tribometre, il subit une large répartition de pression. La contrainte mesurée dans
un rhéometre doit étre considérée comme la conséquence de la propriété du matériau, la contrainte
dérivée du frottement mesuré dans un tribometre est une valeur moyenne dans tout le contact. Par
conséquent, dans cet article, le terme approprié pour décrire cette valeur de frottement limitante
est plateau de frottement. Plus important encore, les propriétés rhéologiques du fluide doivent étre
caractérisées de maniere indépendante du contact. Les prédictions de frottement devraient étre basées
sur ces propriétés a priori.

Scénario et caractérisation du frottement limité

De nombreuses hypothéses concernant 'origine du plateau de frottement peuvent étre trouvées dans
la littérature. Trois principales familles d’explications seront présentées :

« la cinématique locale du lubrifiant.
e les propriétés inhérentes du lubrifiant.
o le chauffage visqueux dans le lubrifiant.

Ces scénarios sont déja détaillés dans les recherches [11, 12].

Cinématique locale

Une hypotheése pour expliquer l'origine du plateau de frottement est la cinématique locale de
I’écoulement du fluide. Cette hypothese peut étre divisée en trois scénarios principaux : a. glissement
aux niveau des parois, b. localisation du cisaillement et c. écoulement de type plug. Il est & noter que
dans certains scénarios de cinématique locale, la modification de ’écoulement laminaire est induite
par la vitrification du lubrifiant. Dans ce cas, le glissement aux niveau des parois et la localisation
du cisaillement sont étroitement liés. Dans d’autres cas, elle est induite par la dissipation thermique
dans le film de fluide, ce qui relie le glissement aux niveau des parois et écoulement de type plug.

Glissement aux niveau des parois L’hypothese des conditions aux limites sans glissement entre
les interfaces liquide-solide est discutable en pratique. Des preuves de glissement aux limites dans les
contacts ont été démontrées a la fois expérimentalement [13, 14] et par des simulations de dynamique
moléculaire [15, 16] sous des conditions de fonctionnement spécifiques. Schnell [17] a été le premier
a démontrer expérimentalement que le glissement aux niveau des parois peut se produire entre une
surface hydrophobe et de I'eau. Des études ultérieures ont montré que ce phénomene se produit
non seulement dans des fluides simples (par exemple, 'eau et I'hexadécane) [17, 18] mais aussi dans
des fluides complexes (par exemple, des polymeres) [19], et non seulement sur la surface hydrophobe
[17, 20] mais aussi sur la surface lisse, méme sous des conditions de mouillage total [19]. Cette
observation est étayée par des simulations de dynamique moléculaire [15]. Li et al. [21] ont en outre
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suggéré que la longueur de glissement augmente de maniére non linéaire avec le taux de cisaillement et
exponentiellement avec la pression. Kaneta et al. [22], ont trouvé que le film de lubrifiant présente un
comportement solide dans le cas du roulement pur et des preuves de glissement aux niveau des parois
se produisent aux, ou pres des, interfaces lorsque le film est trés mince. Pit et al. [18] soupgonnent
que le glissement aux niveau des parois était a l'origine du comportement du plateau de frottement
lorsqu’ils ont montré des preuves de glissement aux niveau des parois dans un contact de deux disques
de saphir avec de ’hexadécane. Malgré ces preuves, le glissement aux niveau des parois n’a pas été
directement observé dans les contacts EHD représentatifs, probablement en raison des temps de
transit extrémes, des faibles épaisseurs de film et de la présence de mouvement relatif au niveau des
surfaces de contact.

Localisation du cisaillement Le deuxiéme scénario suppose que le plateau de frottement se produit
lorsque la déformation par cisaillement devient localisée et forme des bandes de cisaillement dans le
film de lubrifiant. Plint [23] a été le premier a utiliser la localisation du cisaillement pour expliquer
le plateau de frottement. Des observations de localisation thermique ont été faites par Bair et al. en
1993 [24] dans des cellules de visualisation d’écoulement a haute pression, c’est-a-dire en dehors du
contact. Tandis que les résultats expérimentaux récents ont identifié la localisation du cisaillement
isothermique [25]. Bair et McCabe [26] montrent que deux types de bandes de cisaillement peuvent
étre observées, 'une alignée avec la direction de 1’écoulement et l'autre alignée avec la direction
transversale au film. La contrainte de cisaillement dans le film de lubrifiant pourrait étre inégalement
répartie en raison de la génération de chaleur, et ainsi la contrainte serait “localisée” et formerait une
bande de cisaillement. Cela devrait étre di a la forte dépendance entre la viscosité du lubrifiant et la
température ainsi qu’a la faible conductivité thermique des lubrifiants. Cela entraine un gradient de
température dans le film de lubrifiant, ce qui peut conduire a un cisaillement inhomogene. Ils ont pu
distinguer deux types de bandes de cisaillement, induites thermiquement et induites mécaniquement,
en fonction des conditions de fonctionnement. Néanmoins, Bair n’a jamais relié ces résultats dans
des expériences rhéologiques a ses résultats tribologiques, de sorte qu’ils n’ont pas pu étre utilisés
pour expliquer la formation de plateaux de frottement. Et ces bandes de cisaillement n’ont jamais
été observées dans un contact EHD vivant. Cependant, cela n’empéche pas certains chercheurs de
suggérer que la localisation du cisaillement peut provoquer un plateau de frottement [11, 27].

L’écoulement de type plug Le dernier scénario a été proposé pour la premiere fois par Jacobson
[28]. 11 a suggéré qu'une grande partie du lubrifiant se comporte comme un noyau solide ou plug en
raison de sa viscosité extrémement élevée, tandis qu’une zone trés mince pres de la surface de contact
est cisaillée. Le noyau est dans un état liquide vitreux. Depuis lors, I'existence de ce mécanisme a
été démontrée par des résultats expérimentaux obtenus par différentes méthodes, tels que Sperka et
al. [29] et Ponjavic et al. [30]. Dans une étude ultérieure utilisant des simulations de dynamique
moléculaire, Ewen et al. [31] ont constaté que la présence d'un plateau de frottement s’accompagne
d’une transition de la localisation du cisaillement & I’écoulement de type plug. Bien que des recherches
supplémentaires soient nécessaires pour confirmer cette relation, I’écoulement de type plug se présente
comme un scénario intéressant car il peut faire le lien entre plusieurs scénarios précédemment énonceés.
Le noyau est principalement considéré comme étant dans un état vitreux, ce qui en fait un cas de
localisation du cisaillement ou le cisaillement est localisé dans une zone pres de la surface. Et si
I’épaisseur de la région de cisaillement devient petite par rapport a la taille moléculaire, elle pourrait
étre considérée comme un glissement de paroi. Bien qu’il y ait de plus en plus de preuves que les
contraintes de cisaillement tres élevées dans les contacts EHD produisent des transitions cinématiques
locales, ces transitions sont difficiles & caractériser expérimentalement et leur effet sur la réponse au
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frottement et le mécanisme physique plus profond ne sont pas bien compris [11, 32]. De plus, ces
mécanismes peuvent impliquer d’autres parametres liés a la complexité du contact. Par exemple,
Porras-Vazquez et al. [16] montrent avec des simulations de dynamique moléculaire qu’un changement
de rugosité de surface ou de mouillabilité peut changer la cinématique locale. Cependant, si I’épaisseur
du film est suffisamment élevée, la réponse a le frottement n’est pas impactée.

Propriété intrinséque du lubrifiant : structure moléculaire et changement de phase

Le plateau de frottement étant une caractéristique inhérente du lubrifiant est I’hypothése principale
répandue dans la littérature [33], mais il existe deux approches qui sont dissociées. Pour certains
chercheurs, la génération du plateau de frottement est considérée comme dépendant de la nature du
fluide, c’est-a-~dire de la structure de la molécule [31, 34]. Alors que pour d’autres, la génération du
plateau de frottement dépend de son état thermodynamique [16, 35].

Les résultats de Zhang et al. [34] ont montré que les fluides de traction atteignaient leurs limites sous
les conditions de test, tandis que les huiles de base a faible frottement ne le faisaient pas. Ils en ont
conclu que la structure moléculaire du fluide de base a un effet significatif sur le frottement dans les
contacts EHD. Ewen et al. [31] ont utilisé & la fois des expériences de tribometre et des simulations
de dynamique moléculaire pour étudier deux lubrifiants : le squalane, le DEHS, et deux fluides de
traction DM2H, DCMP. Ils ont conclu que le plateau de frottement peut se produire dans les fluides
de traction mais pas dans les lubrifiants, et que cette différence est liée a la structure de la molécule.

Cependant, la conjecture de la “propriété intrinseque” a toujours été contestée par une autre vision
légerement différente selon laquelle la génération du plateau de frottement ne dépend pas de la
nature du lubrifiant mais de son état thermodynamique (liquide ou vitreux) [16, 35]. Par conséquent,
le plateau de frottement est réalisable sous des conditions thermodynamiques spécifiques quelle que
soit la nature du fluide. Ces conditions varient en fonction du lubrifiant. Des études antérieures
[36, 37, 38, 39] semblent montrer que la transition vitreuse de la molécule du fluide est une condition
nécessaire a lapparition du plateau de frottement. Pour un fluide de type traction (benzoate de
benzyle), Ndiaye et al. [40] ont corrélé la pression a laquelle un plateau de frottement peut étre mesuré
expérimentalement avec la pression de transition vitreuse nominale du fluide, mesurée dans un volume
de fluide [35]. Ils ont montré que pour des pressions hertziennes inférieures a la pression de transition
vitreuse du fluide, aucun plateau de frottement n’est observé car la viscosité apparente macroscopique
des contacts semble augmenter exponentiellement avec la pression. Deés que la pression hertzienne
dépasse la pression de transition vitreuse du lubrifiant, la viscosité apparente du contact se stabilise
et les tests de frottement montrent un plateau. Cette corrélation a ensuite été confirmée par Porras-
Vasquez et al. [16], qui ont effectué des simulations NEMD sur deux fluides (squalane et benzoate
de benzyle) et comparé les résultats numériques avec des mesures expérimentales de frottement. En
se basant sur les diagrammes de phase, deux conditions de fonctionnement correspondant soit a un
état liquide soit a un état solide sont sélectionnées. Ils ont constaté que pour les deux fluides et dans
les simulations numériques comme dans les expériences de tribometre, aucun plateau de frottement
n’était observé dans les conditions de fonctionnement a 1’état liquide, mais dans les conditions & 1’état
solide.

Effets thermiques

Des conditions séveres dans le contact EHD peuvent induire une dissipation visqueuse qui augmente
localement la température du lubrifiant dans le contact, jusqu’a 100 °C localement [41, 42]. Ceci est
plus susceptible de se produire lorsque les conditions de contact combinent des facteurs tels qu'une
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haute pression allant jusqu’a plusieurs GPa [11], des taux de cisaillement élevés allant jusqu’a 107s~
et une haute viscosité du fluide. L’étude des effets thermiques en EHL est apparue pour la premiere
fois dans I’étude de Cheng et al. [43, 44] en 1965, et par la suite, de nombreux auteurs ont proposé
différentes explications a la montée de la température dans le film d’huile [45, 46, 47]. L’augmentation
de la température dans le contact EHD peut entrainer une diminution significative de la viscosité
du fluide. Pourtant, cela a longtemps été négligé dans la littérature. Dans les premieres études
théoriques sur 'EHL, comme celles de Dowson et Higginson [48] ou Grubin [49], les conséquences des
effets thermiques sur la viscosité étaient ignorées et la viscosité dans le film d’huile était supposée
dépendre uniquement de la pression. Ce fut Crook [50, 51] en 1961 qui a révélé pour la premiere
fois 'impact du chauffage par cisaillement sur la viscosité des lubrifiants. C’est également Crook
[51] qui a établi le premier lien entre le chauffage par cisaillement et le frottement. Il attribue les
valeurs maximales de frottement a la réduction de la viscosité due a la génération de chaleur, tandis
que la réduction du frottement a des taux de cisaillement tres élevés signifie que 'effet thermique
devient dominant. Cependant, dans plusieurs études sur le frottement en EHD, les conditions de
fonctionnement sont supposées étre isothermes. Cela signifie que le chauffage par cisaillement ne
peut expliquer le plateau de frottement. Ndiaye [12] a constaté que des plateaux de frottement
étaient observés dans des contacts réduisant le chauffage par cisaillement et fonctionnant dans des
conditions apparemment isothermes. Il est cependant important de noter qu’ils n’ont pas mesuré ou
contrélé directement la température a I'intérieur du contact, mais ont plutét contrélé la température
a l'entrée du contact et déterminé la génération de chaleur en surveillant la température de ’huile
dans le réservoir. Des preuves plus directes proviennent des simulations. Par exemple, Habchi et
al. [52], Porras-Vasquez et al. [16] et Ewen et al. [53] ont réalisé différentes simulations dans un
environnement (nominalement) isotherme, et un plateau de frottement a été observé. De plus, les
résultats de ces simulations ont été comparés avec succes aux données expérimentales. En conclusion,
Ieffet du chauffage par cisaillement sur la réponse au frottement reste flou. Actuellement, le chauffage
par cisaillement est principalement associé au plateau de frottement dans la théorie de la localisation
du cisaillement [23, 24, 25, 26, 54].

Caractérisation du plateau de frottement

En supposant que le plateau de frottement est une propriété inhérente du fluide et selon ce raccourci
que les propriétés rhéologiques du fluide peuvent étre obtenues & partir de la courbe de frottement,
les chercheurs décrivent directement le plateau de frottement a ’aide de modeéles empiriques dérivés
d’expériences tribologiques [55, 56, 57, 58, 59, 60, 61, 62, 63, 64]. Cependant, comme ces lois em-
piriques sont dérivées de la courbe de traction plutdt que de la courbe de flux, elles ne refletent pas
la nature du fluide lui-méme, ce qui les empéche d’étre de véritables prédictions. Ce type d’approche
de prédiction de le frottement est présenté sous la forme classique de 1’équation 2.

Fr=1,x S8 with {Ta:n7 for n7<TL (2)
To =71 for ny>rT1p

Des modeles de 77, ou 7765 ont été proposés dans la littérature. La plupart des modeles [9, 40, 65,
66, 67, 68] sont dérivés de tests tribologiques tandis que d’autres proviennent de tests rhéologiques
[42, 69]. Il semble que la valeur de 77, ou 7155 dépend de la nature du fluide, de la pression, de
la température et probablement aussi de la surface de contact. De plus, la valeur de 77, donnée
par ces modeles est une valeur unique et intégrée qui ne prend pas en compte la variation locale.
Ceci ne peut pas étre utilisé pour dériver une méthode de prédiction de frottement généralisée et ne
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prend pas en compte les mécanismes physiques derriére les phénomenes limitants de contrainte de
cisaillement /frottement.

Vers une prédiction quantitative du frottement

le frottement dans 'EHL est régie par le comportement rhéologique des lubrifiants. Afin de prédire
le frottement, la premiere exigence est de caractériser avec précision leurs propriétés rhéologiques, en
particulier un modele de viscosité doit étre défini.

Dans certains travaux antérieurs [70], les chercheurs ont tenté d’utiliser la viscosité apparente dérivée
des tests tribologiques pour caractériser le frottement. A mesure que des mesures de frottement
plus précises sont devenues disponibles, ils se sont tournés vers la caractérisation de le frottement
directement en ajustant des équations aux courbes de traction [9, 65, 71]. Sur la base de ces carac-
térisations, de nombreux modeéles empiriques ont été développés [57, 58, 59, 72]. Malgré ces efforts,
ces méthodes utilisent des données dérivées d’expériences tribologiques pour reproduire la valeur de
frottement des mémes expériences. Ces méthodes fonctionnent a posteriori et leur utilisation est
limitée aux conditions de fonctionnement, ce qui rend impossible leur extension a d’autres conditions
ou lubrifiants.

Des avancées significatives dans la prédiction de le frottement ont été réalisées depuis 'avenement de
la technologie des viscosimetres haute pression pour mesurer les propriétés rhéologiques des fluides
en vrac. En utilisant ces données indépendantes du contact, les chercheurs ont réussi a prédire le
frottement EHD & la fois dans des environnements isothermes [60, 61, 62, 73] et thermiques [63] dans
les régimes newtoniens et de cisaillement mince. Ces travaux pionniers ont inspiré de nombreuses
études ultérieures sur le contact EHD thermique, telles que [56, 55, 74, 75]. Malgré la qualité des
résultats obtenus, un inconvénient typique de ces approches de prédiction est I'incapacité a prédire le
plateau de frottement. Par conséquent, les modeles de plateau de frottement dérivés des résultats de
I’expérience tribologique sont généralement utilisés pour ajouter manuellement une limite supérieure
et reproduire les courbes de frottement expérimentales.

A ce stade, nous pouvons résumer les principaux inconvénients des approches existantes pour prédire
le frottement comme suit :

o Elles sont basées sur I'hypothese que les plateaux de frottement sont un comportement intrin-
seque du fluide, sur lequel il n’y a pas de consensus.

o Ces modeles de plateau de frottement sont purement empiriques, dérivés de données dépendantes
du contact. Ce qui ne prend pas en compte la complexité du contact réel et n’est pas prédictif.
Pour faire une véritable prédiction de le frottement, la premiere exigence est de déterminer les
propriétés rhéologiques des fluides a priori, et cette détermination doit étre indépendante du
contact.

En raison des défis expérimentaux associés a la caractérisation des fluides sur des rhéometres in-
dépendants dans des conditions similaires a un contact EHL (pression et cisaillement extrémes), les
simulations numériques comme la dynamique moléculaire présentent une opportunité intéressante.

D’autre part, il y a deux modeles de viscosité généralisés les plus utilisés dans la littérature, a savoir
le modele de Carreau [76] (Equation 3) et le modele d’Eyring [77] (Equation 1.9).

N—-1

nan(1+f)2 3)

c
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Selon [78], le modele de Carreau s’ajuste trés bien aux données MD tant que ny (la soi-disant
“viscosité Newtonienne”), la vitesse de cisaillement critique 4., et 'exposant de Carreau N varient
avec la pression et la température. Cela contraste avec la littérature précédente ou le modele de
Carreau était utilisé avec des 4. et des N constants [79]. Pendant ce temps, dans [80], la viscosité
du squalane est caractérisée en utilisant des données MD et des résultats ajustés avec le modele
d’Eyring sur une large gamme de pressions, de températures et de vitesses de cisaillement. Dans
leur approche, deux parametres d’ajustement de la loi d’Eyring ont été déterminés, a savoir ny et la
contrainte d’Eyring 7.

Ces résultats fournissent une voie potentielle pour décrire avec précision la rhéologie des fluides dans
des conditions EHL. Par conséquent, une caractérisation a priori de la rhéologie des fluides est cru-
ciale. Cela inclut la viscosité Newtonienne (ny), la vitesse de cisaillement critique (9.), la contrainte
d’Eyring (7¢), et éventuellement I'exposant de Carreau (selon le modele utilisé), et leurs variations
avec la pression, la température et la vitesse de cisaillement. Celles-ci pourraient étre réalisées avec
I’aide de simulations MD et constitueraient un complément idéal aux approches expérimentales. En-
semble, ils pourraient former la base d’une approche de caractérisation de fluide quantitative pour
capturer le comportement intrinseque du fluide, indépendamment des expériences de tribologie.

Enfin, pour s’aligner avec les mesures expérimentales de frottement, un modele de prédiction de
frottement quantitatif devrait incorporer le comportement rhéologique intrinseque précédemment
défini du lubrifiant et prendre en compte la distribution de la pression et de la température sur la
zone de contact. Cela peut étre réalisé en résolvant les relations d’équilibre de la mécanique des
milieux continus (masse, force, équilibre énergétique) a I'intérieur et autour du contact, comme décrit
dans [55, 61, 74].
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Strategie et methodologie

Stratégie

L’approche proposée pour la prédiction de le frottement se compose de deux parties : (I) la carac-
térisation numérique des propriétés rhéologiques des fluides a ’échelle moléculaire et (II) la mise en
ceuvre de ces propriétés dans un modele de continuum a 1’échelle du contact. La premiere partie
implique de prédire les propriétés intrinseques des fluides dans un environnement isotherme et iso-
bare a I'aide de simulations de dynamique moléculaire (MD). La seconde, a 1’échelle de la zone de
contact, prend en compte la répartition des parametres de fonctionnement tels que la pression, la
température et 1’épaisseur du film. Un modele de contact par éléments finis (FE) est construit pour
simuler un contact ponctuel EHD réaliste en tenant compte de l'effet thermique et des lubrifiants
non-newtoniens. Cela devrait conduire a une prédiction numérique de le frottement comparable aux
mesures expérimentales sur des tribometres.

Choix du modéle rhéologique

L’une des approches classiques pour modéliser la rhéologie non Newtonienne dans la littérature utilise
les modeles de type Carreau [56, 60, 61, 63, 73], qui décrivent adéquatement le régime linéaire et de
fluage, mais échouent a capturer le régime de plateau tant que le taux de cisaillement critique 7. et
I'exposant de Carreau N sont choisis comme constants.

D’un autre coté, le modele d’Eyring est basé sur le concept d’activation thermique. Les modeles
macroscopiques reliant le comportement a 1’échelle moléculaire a le frottement macroscopique ont
été initiés par les travaux de Prandtl [81, 82] et Eyring [77], ou les deux auteurs ont développé
indépendamment leur théorie sur le méme concept : le taux d'un processus dépend de 'énergie
thermique possédée par un atome ou une molécule et des forces mécaniques qui lui sont appliquées.
Parce que cette approche combine les énergies mécaniques et thermiques, elle est connue sous le nom
de concept de “I’activation thermique augmentée par contrainte”, ou concept SATA.

Modeéle Eyring

Henry Eyring a développé son célebre modele de viscosité en utilisant le concept SATA en 1936
[77]. Le modele d’Eyring suppose que le début de I'écoulement est causé par le réarrangement des
molécules individuelles d’un plan moléculaire adjacent. La dérivation mathématique de 1’équation
d’Eyring peut étre trouvée dans [70].

L’équation d’Eyring de viscosité et de contrainte de cisaillement est montrée dans I’Equation 5. Le
modele d’Eyring est issu du concept SATA et est remarquablement simple, avec seulement deux
parametres. Cela fait qu’il est largement utilisé par les chercheurs en EHD.

n= %sinh’1 (m;w) (5a)
(5

7 = 7, sinh™ (772’7) (5b)
[

Dans ce travail, le modéle d’Eyring est choisi par rapport aux modeles de type Carreau pour deux
raisons. La premiere raison de ce choix est sa forme mathématique, qui tend a décrire un plateau
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de contrainte de cisaillement a des taux de cisaillement élevés. Cela peut étre mis en évidence en
calculant la pente de la viscosité réduite logarithmique Ryjsco. Le résultat de Ry;sco €n fonction de
Yred. = 7/4. est montré dans la Figure 6. Les détails du calcul sont fournis dans I’Appendice A.
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Figure 6: Taux de variation (pente) de la viscosité réduite 7,.4. en fonction du taux de cisaillement réduit
’yredn

La figure montre que la pente de la viscosité réduite logarithmique Ryisco par rapport a ¥,..q. tend
vers -1, ce qui implique que la viscosité devient proportionnelle & ¥~1. En conséquence, la contrainte
de cisaillement dans le fluide, 7 = 1%, tend vers une constante, ce qui est la définition de la contrainte
de cisaillement limite. Par conséquent, le modele d’Eyring est intrinsequement capable de décrire le
comportement limite des lubrifiants en vrac.

La deuxiéme raison de choisir Eyring est sa capacité a s’ajuster avec précision aux données sur une
large gamme de conditions de fonctionnement malgré sa simplicité. La viscosité du squalane est décrite
avec précision par le modele d’Eyring dans la plupart des conditions EHL (pression et température),
comme 'ont constaté Jadhao et Robbins [80] (voir Figure 2.4), Lin et Kedzierski [83], et Prentice et
al. [84]. De plus, Jadhao et Robbins ont démontré que le modele d’Eyring pouvait décrire la viscosité
réduite 7.eq. = 1/ny du SQ sur 25 ordres de grandeur du taux de cisaillement réduit 4,..4. (voir Figure
2.5). En revanche, le modele de Carreau avec N = 0,5 (écrit comme n dans la figure) ne parvient pas a
reproduire la variation du taux de fluidification en cisaillement sur la méme plage. Cela implique une
meilleure polyvalence du modeéle d’Eyring pour les conditions EHL, puisque le 4. (et donc le 4.cq.)
varie considérablement sur la large distribution des conditions de fonctionnement dans les contacts
EHD. En effet, la pression passe de zéro a quelques gigapascals dans la zone de contact, et le taux de
cisaillement peut atteindre 108s~1.
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Figure 7: Variation de la viscosité du SQ a 293K par rapport au taux de contrainte. Les données
proviennent d’expériences rhéologiques et de simulations NEMD, les différents symboles distinguent les
différentes pressions. Adapté de [80].
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Figure 8: Viscosité réduite 7,.4. en fonction du taux de contrainte réduit +,.q.. Les données proviennent
d’expériences rhéologiques et de simulations NEMD. Adapté de [80].

Le modele d’Eyring ne nécessite que deux parametres variant avec la pression et la température : la
viscosité a faible cisaillement (Newtonienne) ny et la contrainte d'Eyring 7. ny reflete la dépendance
de la viscosité par rapport a la température et a la pression du fluide au repos. 7. détermine le début de
la fluidification par cisaillement du fluide. Par rapport au modele de Carreau, qui a trois parametres
d’ajustement, cette simplicité facilite grandement le processus de caractérisation. De plus, en ajustant
deux parametres sur des données indépendantes du contact, le modele d’Eyring résultant est considéré
comme prédictif.
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Choix des fluides étudiés

L’approche de prédiction de le frottement proposée dans ce travail doit étre indépendante du flu-
ide lubrifiant. Par conséquent, deux fluides aux comportements tribologiques opposés sont choi-
sis : un lubrifiant (squalane, SQ) et un fluide de type traction organique (benzoate de ben-
zyle, BB). Le SQ est un lubrifiant organique de formule Cij4Hi205. 11 a été un fluide de
référence en EHL pendant 60 ans [85]. Les molécules de SQ ont une structure d’alcane linéaire,
longue et flexible, comme le montre la Figure 9(a). Le BB est un fluide organique de formule
(CH3)2CH(CH>2)3CH(CH3)(CHz)3(CHy)sCH(CHs). 11 est proposé comme référence pour imiter
le comportement des fluides de traction. Les molécules de BB ont une structure encombrante et
petite, comme le montre la Figure 9(b).

(a) (b)

Figure 9: Représentation schématique de la molécule de (a) squalane et de la molécule de (b) benzoate de
benzyle.

Caractérisation des fluides : approche expérimentale et simulation
MD

Pour caractériser pleinement le comportement rhéologique des fluides sélectionnés, les propriétés suiv-
antes sont requises : la densité et la viscosité généralisée. Etant donné que cette derniére est donnée
par le modele d’Eyring dans cette étude, la viscosité Newtonienne et la contrainte d’Eyring doivent
également étre déterminées. En raison de I'absence d’une méthode pour déterminer expérimentale-
ment la contrainte d’Eyring, elle sera déterminée par des simulations MD et sera donc présentée
ultérieurement dans la section 2.3.

Caractérisation des fluides : approche expérimentale et simulation MD

Pour caractériser pleinement le comportement rhéologique des fluides sélectionnés, les propriétés
suivantes sont requises : la densité et la viscosité généralisée. Comme cette derniere est donnée par
le modele d’Eyring dans cette étude, il faut donc également déterminer la viscosité Newtonienne et
la contrainte d’Eyring. En raison de 'absence d’une méthode pour déterminer expérimentalement la
contrainte d’Eyring, elle sera déterminée par des simulations de dynamique moléculaire.

Expériences rhéologiques

La détermination de la viscosité Newtonienne a été largement étudiée dans la littérature [86, 87, 88], en
particulier sa dépendance a la pression, car c’est le parametre a I'origine de la plus grande variation de
la viscosité. Une description précise de cette variation sur la plage de pression d’intérét est essentielle
pour la prédiction de le frottement [70]. Pour les conditions de contact EHD, la pression peut étre de
I'ordre de, ou supérieure a, la pression de transition vitreuse du lubrifiant, provoquant ainsi ’entrée du
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lubrifiant dans un état vitreux et entrainant une forte augmentation de la viscosité. Cela nécessite des
appareils rhéologiques capables d’appliquer des pressions tres élevées tout en mesurant une quantité
représentative du comportement du fluide. Actuellement, les viscosimétres a haute pression (HPV)
sont les outils les plus efficaces pour ce type de mesure, bien qu’ils ne permettent pas de mesurer a
des pressions proches de, ou supérieures a, la transition vitreuse. Le SQ et le BB ont été caractérisés
rhéologiquement par rapport a la pression et a la température a 'aide de HPV. Une autre alternative
possible est la simulation numérique a 1’échelle moléculaire, qui sera présentée par la suite.

Les données de mesure rhéologique, recueillies soit expérimentalement soit numériquement, sont en-
suite utilisées pour ajuster un modele rhéologique, tel que le modele WLF-Yasutomi [89] ou le modeéle
de mise a I’échelle thermique [64], qui sont décrits ci-apres et seront utilisés ultérieurement pour
prédire le frottement. De plus, le volume relatif du fluide est mesuré par la méthode expérimen-
tale, comme les dilatometres ou les piézometres a soufflet [90]. Ces données sont ensuite ajustées a
I’équation d’état empirique pour donner I'état du fluide a différentes pressions p et températures T
Dans la présente étude, 'équation d’état de Tait classique [91] est utilisée. La densité p peut égale-
ment étre dérivée de I’équation de Tait via la densité de référence pr mesurée par des densimeétres a
la pression atmosphérique P, €t a la température de référence Tg.

Approche dynamique moléculaire

Pour compléter les données rhéologiques, en particulier pour la réponse non Newtonienne (contrainte
d’Eyring) des deux fluides et pour les conditions de fonctionnement inaccessibles aux méthodes expéri-
mentales, des outils de caractérisation numérique a 1’échelle locale sont nécessaires. Dans ce contexte,
les simulations de dynamique moléculaire (MD) sont une approche appropriée car elles permettent
d’accéder au comportement des lubrifiants a I’échelle moléculaire. De plus, il est possible de controler
la pression et la température et d’atteindre des conditions EHL nominales qui sont inaccessibles dans
les expériences rhéologiques. Plusieurs études MD de fluides confinés sous de telles conditions ont été
publiées ces dernieres années. Toutes les simulations MD réalisées dans cette étude sont codées dans
LAMMPS [92] et exécutées sur le cluster LaMCoS ou le cluster P2CHPD, I'un des trois centres de
calcul régionaux de Lyon, situé a I’Université de Lyon I. La simulation MD nous permet d’appliquer
des conditions extrémes controlées, telles que des pressions élevées et des taux de cisaillement élevés,
a des températures constantes.

Algorithme MD Les simulations de MD reposent sur les interactions physiques entre les particules
a I’échelle atomique par l'intermédiaire d’un champ de force donné. L’évolution des systemes au fil
du temps est calculée en résolvant les équations du mouvement de Newton. A chaque instant ¢ de
la simulation, la position de chaque particule est connue. En fonction du champ de force choisi,
I'énergie potentielle de chaque particule, la force agissant sur elle (définie comme le gradient de
I'énergie potentielle) et son accélération sont calculées successivement. L’algorithme de Verlet [93]
est ensuite utilisé pour calculer la nouvelle position de chaque particule.

Un pas de temps d’une femtoseconde (1715s) est choisi dans la présente étude. Le choix du champ de
force dépend de la description de la molécule. Selon la littérature, pour les simulations de dynamique
moléculaire de systémes contenant des molécules linéaires a longue chaine, les champs de force AA
(tout-atome) sont recommandés [94], tels que les champs de force “long chain optimised potential
for liquid simulations all-atom” (L-OPLS-AA) [95, 96]. Il a été démontré que les champs de force L-
OPLS-AA donnent des résultats proches des données expérimentales sur les coefficients de frottement.
Dans cette étude, les champs de force L-OPLS-AA sont utilisés dans les simulations de dynamique
moléculaire pour le SQ et le BB, le méme choix que dans I’étude de Porras-Vazquez [97]. Enfin, les
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simulations de dynamique moléculaire peuvent étre réalisées soit a I’équilibre (EMD) soit avec des
énergies externes apportées au systéme (dynamique moléculaire hors équilibre, NEMD).

Simulation EMD Dans cette étude, nous tentons d’abord de caractériser la viscosité Newtonienne a
I’équilibre en utilisant des simulations de dynamique moléculaire a I’équilibre (EMD). La boite de sim-
ulation mesure environ 5 nm*5 nm™*5 nm et contient 150 molécules pour le SQ et 360 molécules pour
le BB. Des conditions périodiques aux limites sont appliquées dans les trois directions du systéme. La
procédure de simulation des simulations EMD commence par la phase d’équilibrage, qui implique de
minimiser I’énergie du systeme pour atteindre I’équilibre. Ce processus permet au systeme d’adopter
une configuration stable et énergétiquement favorable avant de passer aux étapes suivantes de la
simulation. Plus tard, le thermostat et le barostat de Nosé-Hoover [98] sont appliqués au systéme :
d’abord, un ensemble canonique (NVT) est appliqué, ce qui signifie que le nombre total de molécules,
le volume et la température sont maintenus constants pendant le processus. Cette étape dure pen-
dant une période de 10 000 pas de temps pour stabiliser la température du systéeme. Deuxiemement,
I'ensemble isotherme-isobare (NPT) est appliqué, ce qui signifie que le nombre total de molécules,
la pression et la température sont maintenus constants pendant le processus. Cette étape prend dix
fois plus de temps que la précédente (100 000 pas de temps) pour atteindre la stabilisation de la
pression souhaitée de la simulation tout en maintenant la stabilité de la température. Enfin, avec la
pression et la température stabilisées, la simulation est exécutée dans I’ensemble thermodynamique
canonique (NVE), ce qui signifie que le nombre total de molécules, le volume et I’énergie totale sont
maintenus constants tout au long du processus. Cette étape est réalisée pendant le temps requis et le
calcul de la viscosité ou du coefficient de diffusion est effectué dans cette derniére étape. En pratique,
cette derniere étape est exécutée sans limite de temps prédéfinie pour obtenir le meilleur rapport
signal-bruit. Toutes les simulations EMD de la présente étude utilisent la méme configuration : un
neeud, quinze cceurs et quinze gigaoctets de RAM sont exécutés pendant la durée maximale autorisée
par le cluster (5,5 jours pour le cluster P2CHPD et 8 jours pour le cluster LaMCoS). Le temps de
simulation typique est de plusieurs dizaines de nanosecondes (avec un maximum de 71,5 ns).

Deux méthodes sont testées : la méthode de Green-Kubo et la méthode de diffusion (Stokes-Einstein).

Méthode Green-Kubo Green-Kubo [99, 100] a démontré que les propriétés de transport (coefficient
de diffusion et viscosités Newtoniennes) peuvent étre reliées a la durée des fluctuations. Elles peuvent
étre exprimées comme des intégrales de fonctions d’autocorrélation. La viscosité Newtonienne 7y est
liée a la moyenne d’ensemble du tenseur de contrainte hors diagonale P;;. Il a trois composants : Py,
P..,et Py..

4
-~ 3kgT

N

+oo
/0 (Pyy(t) Py (0)) dt (6)

Dans ’'Equation 6, kg est la constante de Boltzmann, V est le volume du fluide, et T est la température
de I’échantillon. La viscosité calculée par la méthode de Green-Kubo est présentée en Appendice B.

Méthode Stokes-Einstein Une autre méthode pour déduire la viscosité Newtonienne des simula-
tions EMD consiste a appliquer I'équation de Stokes-Einstein (Equation 7). Cette équation combine
I'approche d’Einstein pour la description du mouvement brownien [101] et la théorie de Stokes sur la
trainée des particules dans les fluides a faible nombre de Reynolds [102]. La viscosité Newtonienne
est dérivée du coeflicient de diffusion :
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kT
= 7
67 Dr, (7)

NN

Dans I'Equation 2.17, r. est la longueur caractéristique, qui représente le rayon de la molécule de
fluide simulée & une pression et température données. Pour calculer le coefficient de diffusion D, on
mesure le déplacement carré moyen (MSD) des molécules (dans le régime de diffusion). Le MSD
mesure la distance moyenne au carré des molécules due au mouvement brownien par rapport a leur
position initiale [93]. Trois régimes différents des molécules peuvent étre identifiés dans le temps :
balistique, cage et régime de diffusion. Comme illustré dans la Figure 10.
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Figure 10: MSD en fonction du temps. Adapté de [97].

Einstein a d’abord relié le coefficient de diffusion au MSD en fonction du temps d’observation tps.
Selon sa théorie, pour un t,ps trés long (qui tend vers l'infini), le MSD est proportionnel & t,s. Le
coefficient de proportionnalité est le coefficient de diffusion [93, 103]. Ceci indique que D est défini
comme indiqué dans Equation 8, ot n est la dimension du systeme. Il convient de noter que tgps
implique le temps d’observation dans ’expérience, et pour les simulations numériques, cette notion
correspond au temps de simulation tg;ma.

D=— lim ——— (8)

Le calcul de D nécessite une vérification (pour déterminer si le systeme est diffusif ou non) et un
post-traitement des résultats de la simulation (calcul de la pente de la courbe MSD) conformément
a 'Equation 8.

Simulation NEMD En fonction du systéme simulé, les simulations NEMD peuvent étre divisées
en NEMD en vrac et NEMD confiné. Le premier simule un ensemble de molécules sans surfaces
de contact, similaire au systeme en EMD. Le second simule a la fois les surfaces de contact et le
fluide a lintérieur. Différentes méthodes NEMD peuvent également étre identifiées en fonction de la
maniere dont le cisaillement est appliqué au systeme. Pour les systemes en vrac, le cisaillement peut
étre appliqué soit en déformant la boite de simulation (algorithme SLLOD [104]) soit en échangeant
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artificiellement la quantité de mouvement entre les deux régions extrémes des molécules de fluide
(algorithme Miiller-Plathe [105]). Pour le systeme NEMD confiné, le cisaillement est appliqué en
appliquant directement un mouvement aux surfaces de contact (murs coulissants [106, 107]). Les
différences entre ces trois méthodes sont résumées dans le tableau 1.

Type de simulation ‘ NEMD en vrac NEMD confiné
Nom de la méthode ‘ SLLOD Miiller-Plathe Murs coulissants
- . Déformation de Echange en Mouvement appliqué sur
11 . . .
Origine du cisaillement la boite de simulation quantité de mouvement surfaces de contact
Systeéme simulé ‘ Molécules Molécules + surfaces de contact

Table 1: Les trois méthodes NEMD différentes.

Dans ce travail, la méthode des murs coulissants est choisie pour caractériser la contrainte d’Eyring
du fluide. Pour le caractériser a une pression p et une température 7" données, des simulations sont
réalisées dans des conditions isobares et avec la présence d’'un thermostat, la température est bien
controlée, donc elle peut aussi étre considérée comme un environnement isotherme.

Les systemes NEMD contiennent des molécules de fluide confinées entre des surfaces solides de fer
rugueux. Une nano-rugosité des surfaces de fer est créée par la loi d’auto-échelle fractale [31], ou
I'exposant de Hurst est fixé a 0,8 [108], et la rugosité quadratique moyenne (RMS) est fixée & 0,8 nm
pour quantifier la rugosité. Les atomes de fer sont liés par le champ de force empirique classique de
la méthode des atomes embarqués (EAM) [109], qui est largement utilisé dans le cas des systémes
métalliques [110, 111]. La section transversale de la surface solide mesure environ 5nm*5nm dans les
directions x et y et a une épaisseur d’environ 3-5nm dans la direction z, comme illustré dans la Figure
11. Des conditions aux limites périodiques sont imposées dans les directions x et y. Aucune hypothese
n’est faite sur le profil de vitesse des systemes NEMD confinés. Selon une étude précédente de Porras-
Vazquez et al. [16], une épaisseur minimale de film d’huile de 10 nm est nécessaire pour prévenir
les effets de surface comme le stratifiage dans les structures de fluide en raison du confinement. Par
conséquent, un systéme contenant 720 molécules SQ ou 1440 molécules BB est utilisé, comme illustré
dans les Figures 11 et 12.
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Figure 11: La surface rugueuse du systéeme NEMD confiné.

Le processus de simulation comporte trois étapes : équilibrage, compression et cisaillement. Toutes les
étapes sont exécutées en utilisant ’ensemble canonique thermodynamique (NVE), comme précédem-
ment décrit dans la simulation EMD. Cela signifie que le nombre total de molécules, le volume et
I’énergie totale sont maintenus constants pendant la procédure, ce qui signifie également que ’action
interne du systéme est conservée. Un thermostat Nosé-Hoover est appliqué a l’ensemble du sys-
teme (fluides et solides) pour contrdler la température, mais seulement dans la direction y pour
éviter d’affecter le cisaillement dans la direction x et la pression dans la direction z. Un coefficient
d’amortissement de 0,1 ps est choisi pour le thermostat.

L’énergie du systeéme est d’abord minimisée. Cette étape dure 0,5 ns pour randomiser les positions des
molécules de fluide (5x 10° étapes temporelles). Ensuite, pendant ’étape de compression, une pression
constante est appliquée sur la surface supérieure avec le méme thermostat utilisé pour contréler la
température, fonctionnant pendant 2 ns (2 x 10° étapes temporelles). Enfin, lors de 1’étape de
cisaillement, une vitesse constante est appliquée a chaque surface solide pour créer un cisaillement.
La vitesse est imposée sur les surfaces supérieure et inférieure, mais dans des directions opposées.
De maniére similaire a ce qui est fait dans les simulations EMD, I’étape de cisaillement est ensuite
exécutée sans limite de temps prédéfinie pour obtenir le meilleur rapport signal/bruit, avec la méme
configuration qu’en EMD (CPU, RAM, temps d’horloge maximum) ; le temps de simulation typique
est de plusieurs dizaines de ns. Les résultats ont prouvé étre capables d’éviter une augmentation de
température dans toutes les conditions testées. Le systeme NEMD confiné utilisé dans la présente
étude est illustré dans la Figure 12.
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Figure 12: Systeme NEMD confiné des 1440 molécules de BB utilisées dans cette étude.

Modélisation du contact ponctuel TEHD

Sur la base des travaux de Habchi et al. [63], Doki-Thonon [74], Wheeler [75] et Wheeler et Raisin
[112], un modele de contact TEHLnN (Thermal EHL non-Newtonian) stationnaire a été développé
dans les travaux antérieurs en utilisant le logiciel d’analyse par éléments finis COMSOL Multiphysics.
Le modele calcule simultanément le profil de pression dans le film de fluide (équation de Reynolds
généralisée); la déformation élastique des surfaces (conduisant au calcul du profil d’épaisseur du
film); le champ de température dans le fluide et les solides en contact (via les équations d’équilibre
énergétique); et I’équation d’équilibre des forces (équilibre de charge). Pour résoudre ces équations, la
loi constitutive rhéologique du fluide est nécessaire. Cela inclut sa densité et sa viscosité en fonction
de p, T et 7.

Equations principales

Equation de Reynolds généralisée

Le champ de pression dans un contact ponctuel EHD thermique en régime permanent avec un lubri-
fiant non newtonien est donné par 1’équation de Reynolds généralisée de Yang et al. [113], comme
indiqué dans I'Equation 9.

0 p\ Op 0 p\ Op o , .
S H(2) 25| (2) E-antem =0 )
or |[\n/, Ox oy |[\n/,.0y Ox

Les directions x et y sont dans le plan de contact et la direction z est dans la direction de I’épaisseur

du film h. Comparée a sa version classique [114], ’équation de Reynolds généralisée prend en compte
la variation des propriétés du fluide a l'intérieur du film de lubrifiant en utilisant des valeurs intégrées

calculées a partir de 'opérateur (p) . L’équation de Reynolds est résolue uniquement dans une
N/ e
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région 2D 0., €. représente la surface de contact a la surface d’une géométrie élastique linéaire
3D () représentant un solide de contact équivalent, comme on peut le voir sur la Figure 13. Les
conditions aux limites pour I’équation de Reynolds sont une pression nulle aux bords de la zone de
Reynolds 0€).. Les propriétés rhéologiques a travers 1’épaisseur du film sont ensuite utilisées pour
résoudre ’équation de Reynolds généralisée. Le calcul de ces valeurs est effectué dans une géométrie
3D indépendante de la masse équivalente, pour prendre en compte la distribution de p, T', et 4 dans
I’épaisseur du film, comme le montre la partie en pointillés sur la zone de contact 9€). sur la Figure
13.

o)

Figure 13: Géométrie du modele élastique (masse équivalente ), zone de Reynolds 99, et géométrie du
modele non newtonien (représentée par des pointillés). Les conditions aux limites sont marquées en bleu et
rouge.

Equation d’élasticité

La pression calculée a I'intérieur de la zone de contact 0€2. sert de condition aux limites pour calculer le
déplacement élastique de la surface supérieure sur le solide équivalent 2, comme le montre I’Equation
10.

Ozx Toy Taxz
V.-c=0 0 0= | Tay Oyy Ty: (10)
Trz Tyz Ozz
La surface inférieure 0€, (surface grise sur la Figure 13) est fixée. Dans le domaine 0%, la con-

trainte normale dans la direction z o, est fixée a la pression —p calculée par I’équation de Reynolds
généralisée. Les autres frontieres sont libres de se déplacer.

Epaisseur du film et équations d’équilibre de charge
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Pour les contacts sphére-plan que nous avons étudiés dans le présent travail, I’épaisseur du film A sur
la zone de contact est donnée par I’Equation 11.

:172+y2

+0(z,y) (11)
ou d(x,y) = w(z,y,z = 0), c’est-a-dire sur le domaine 9. sur la Figure 13. Le terme hg est le
résultat de I'équation d’équilibre de charge, qui relie la pression générée dans le lubrifiant a la charge
normale W.

/ /S pla, y)dady = W (12)

Equations thermiques

Le champ de température est obtenu en résolvant les équations de chaleur au sein d'une géométrie
3D, comme le montre la Figure 14. Elle comprend les domaines §2; et {2, représentant les solides
supérieur et inférieur, et 2y en gris clair représentant le fluide. Deux zones en gris foncé représentent
les interfaces solide-fluide.

T == T()
/
Q
T=T,
If lubricant enters contact I
N
y Z
\I_, X Qp
a0,
T - T()

Figure 14: Géométrie du modele thermique et conditions aux limites correspondantes pour les solides et le
fluide. Les zones blanches ), et €2, représentent les solides supérieur et inférieur, la zone grise {25 représente
le fluide et les surfaces grises foncées représentent les interfaces solide-liquide.

Dans les solides, en I’absence de mouvement dans la direction y, la chaleur est transférée par conduc-
tion, décrite par ’'Equation 13. Cette équation est résolue pour les solides supérieur et inférieur, ot
u, est la vitesse de la surface solide dans la direction x, ¢ est la capacité thermique spécifique, k est
la conductivité thermique et I'indice s représente les propriétés du solide.
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pscsux% —V.(ksVT) =0 (13)

L’équation de chaleur dans le film de fluide est écrite comme 'Equation 14. u fo(,y,2) et upy(x, vy, 2)
représentent la vitesse du fluide en tout point du film de lubrifiant dans les directions x et y.

oT oT 0 oT
Prcf (ufm(xvyv Z)% + Ufy(:c,y, Z)@y) - @ <k62’> = Qcomp + Qshear (14)

Qcomp €t Qshear représentent respectivement les sources de chaleur de compression et de cisaillement,
comme le montre ’Equation 15 [74].

T Opy -
comp — T am iy -V )
Qeomp py OT (uf b

o anm 2 8Ufy 2
Qshear”!( 9z > +< 9z >

Pour le probléeme stationnaire dans cette étude, les conditions aux limites pour les équations de

(15)

chaleur sont les suivantes : pour les surfaces supérieure et inférieure (99 et 9§, sur la Figure 14), la
température est fixée comme la température initiale Ty. Pour les autres surfaces, T' = Ty si le fluide
ou le solide entre dans la zone de contact ; sinon, kg—z; =0 [74].

Expériences tribologiques

Pour évaluer 'approche de modélisation quantitative, des expériences tribologiques ont été réalisées
pour BB et SQ, en utilisant le tribometre a bille-sur-disque Jerotrib au LaMCoS - INSA de Lyon
décrit dans [40]. Les courbes de frottement mesurées sur le BB et le SQ ont d’abord été fournies
dans [40] et [115] respectivement. Etant donné que ces expériences ont été réalisées indépendamment
de cette these par d’autres chercheurs a LaMCoS, les lecteurs sont invités a consulter les références
ci-dessus pour plus de détails.
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Characterisation du fluid

Ce chapitre présente la détermination des parametres, a savoir la viscosité Newtonienne 7y et la con-
trainte d’Eyring 7., pour I'équation constitutive d’Eyring des deux fluides étudiés. Ces parametres
sont essentiels pour modéliser avec précision le comportement rhéologique des fluides dans les condi-
tions EHL.

Caractérisation de la viscosité Newtonienne (faible cisaillement)

Les simulations EMD ont été utilisées pour déterminer la viscosité Newtonienne d’un fluide. Les
valeurs de viscosité Newtonienne obtenues ont été comparées aux mesures du viscosimétre haute
pression de Bair [116] pour SQ et de Ndiaye et al. [40] pour BB. Les conditions de simulation pour
les deux fluides sont résumées dans le tableau 2.

SQ BB
p [MPa] 0.1-2000 0.1 - 2000
T[K]  313-2000 313 - 2000

Table 2: Conditions de simulation de SQ et BB.

Viscosité Newtonienne par la méthode Stokes-Einstein

Le concept de la méthode de Stokes-Einstein a été décrit précédemment. Cette méthode nécessite
deux informations : le coefficient de diffusionD et la longueur caractéristiquer., qui peuvent tous deux
étre calculés par des simulations EMD. Dans cette étude,D est dérivé en tragant la courbe MSD etr,
est dérivé en estimant le volume de chaque molécule. Un ensemble d’équations d’Arrhenius est établi
pour modéliser les coefficients de diffusion en utilisant leD calculé (et lesE,(p) etDg correspondants)
etr. est ensuite utilisé dans les équations de Stokes-Einstein pour calculer la viscosité Newtonienne
en fonction de la température et de la pression. Un résumé du modele de viscosité Newtonienne est
présenté dans 1’Equation 16.

kpT
nn(p, T)[Pa.S] = 67D (p, T)ra
~Ez(p) ~EPP (p)
2 S a \P 2 a b
E5%(p) [k fmol] = 20.672 + 0.012p EBB(p) = 20.519 + 0.011p
DIOm ] = 4.17 x 1078 DEB[m? /] = 1.06 x 1077
reQ[A] = 5.44 rBBIA] = 4.11

Les résultats prédits sont comparés aux données expérimentales pour valider cette approche. La vis-
cosité Newtonienne mesurée dans la méme gamme de conditions de fonctionnement par le viscosimetre
haute pression pour SQ [116] et BB [40] est utilisée. La Figure 3.9 montre les comparaisons.
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Figure 15: Comparaison entre les mesures de viscosité Newtonienne (symboles, SQ [116] et BB [40]), et la
prédiction par la méthode de Stokes-Einstein (lignes pointillées) de (a) SQ et (b) BB.
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Comme prévu, la méthode de Stokes-Einstein prédit une corrélation exponentielle entre la viscosité
Newtonienne et la pression, donnant une tendance “linéaire” sur le graphique log-lin. Cependant, la
prédiction et les données expérimentales montrent des tendances différentes. Alors que cette différence
entre les deux ensembles de données est relativement petite autour de la pression atmosphérique, ou
la prédiction et la mesure sont du méme ordre de grandeur, elle augmente de plusieurs ordres de
grandeur a mesure que la pression augmente. De plus, la méthode de Stokes-Einstein ne parvient
pas a prédire la croissance plus rapide qu’exponentielle (ou comportement super-Arrhenius) [87, 88]
observée pour le fluide a hautes pressions.

Les causes possibles de cette erreur sont analysées une par une. Des exemples incluent des erreurs
dans le calcul deD etr., ou des erreurs cumulatives tout au long du processus. Cependant, aucun
de ces facteurs n’est suffisant pour expliquer le décalage des résultats prédits et 'apparition d’un
comportement plus rapide qu’exponentiel, la véritable signification de la “viscosité Newtonienne”
mesurée expérimentalement est discutée.

La viscosité Newtonienne calculée a partir du coefficient de diffusion reflete les propriétés du fluide en
vrac dans le régime diffusif, c’est-a-dire les propriétés d’un fluide détendu a 1’équilibre. La diffusion
ou I’écoulement est un concept d’échelle temporelle ; sur des échelles de temps suffisamment longues,
méme la matiere considérée comme solide peut « s’écouler », comme le mouvement de la crofite
terrestre. Pour les expériences comme pour les simulations, il existe une limite au calcul du coefficient
de diffusion (ou viscosité) a I’équilibre. Ce processus peut devenir excessivement long et « trop
ennuyeux a observer » [117], en raison de l'augmentation du temps de relaxationt,.; causée par
I’augmentation de la pression. Des exemples de cette situation peuvent étre I'incapacité d’entrer dans
I'état de diffusion dans le temps de simulation limité en raison du tres longt,e; ( tsimy < trer), d’oit
I'incapacité de calculerD (et doncny sur une approche de diffusion), comme décrit précédemment.
Dans les expériences, comme celles utilisant un viscosimetre a bille tombante, la bille tombe trop
lentement en raison de la viscosité extrémement élevée, rendant impossible la mesure de sa valeur
(tops < trer). Par conséquent, la mesure expérimentale de la « viscosité Newtonienne », en réalité,
est une mesure de la viscosité a faible cisaillement [116]. Egaler la viscosité a faible cisaillement et la
viscosité Newtonienne est basé sur ’hypothese qu’a des taux de cisaillement tres faibles, la réponse
du fluide est Newtonienne. Cette supposition pose des problemes & deux égards. Premierement, dans
la mesure de la viscosité a faible cisaillement, des forces extérieures sont appliquées a 1’échantillon,
le plagant dans un état de non-équilibre. Cela diverge légérement de la définition de la viscosité
Newtonienne (définie a 1’équilibre) et de la viscosité prédite par la méthode de Stokes-Einstein, basée
sur des simulations réalisées a 1’équilibre. De plus, il reste a déterminer si la réponse du fluide est
Newtonienne dans tous les cas, car les hautes pressions entrainent des temps de relaxation plus longs
et des taux de cisaillement critiques plus faibles. Dans ce dernier cas, méme un « faible cisaillement »
pourrait encore initier un amincissement au cisaillement. Dans le premier cas, 'augmentation det,.;
peut poser des problemes dans ’état de I’échantillon pendant la mesure. En effet, dans ces conditions
séveres, ’échelle de temps de relaxation pourrait étre égale ou méme dépasser la durée de la simulation
ou de l'expérience [118]. Dans un tel cas, les valeurs de viscosité mesurées expérimentalement ne
refleteraient pas le fluide dans un état liquide. Concevablement, ces mesures de deux phases différentes
sont tres susceptibles de montrer des tendances différentes, rappelant la transition exponentielle a plus
rapide qu’exponentielle largement observée dans les viscosimetres avec une augmentation du taux de
cisaillement [88]. De plus, il est important de noter que ces deux problémes peuvent se cumuler. Cela
signifie que dans certaines mesures de viscosité a faible cisaillement, la viscosité mesurée pourrait
correspondre a la viscosité d’amincissement au cisaillement d’un fluide dans un état solide, qui peut
différer du concept de viscosité Newtonienne.
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Comme les résultats de prédiction montrent des écarts de plusieurs ordres de grandeur, nous pouvons
conclure qu’a ce stade, la méthode de Stokes-Einstein basée sur des parametres dérivés de la simulation
EMD ne peut pas fournir une prédiction satisfaisante du frottement dans des conditions EHL. Par
conséquent, une autre méthode est choisie pour caractériser la viscosité Newtonienne.

Détermination du modéle de viscosité Newtonienne

Les pressions auxquelles sont effectuées les mesures expérimentales de viscosité (pression maximale de
1350 MPa pour SQ et 700 MPa pour BB) sont inférieures a la pression trouvée dans les contacts EHD
réels. Néanmoins, les modeles de viscosité sont couramment ajustés sur ces résultats expérimentaux
dans la littérature pour étre extrapolés aux conditions EHL. Le plus couramment utilisé est le modele
WLF-Yasutomi (modifié), déja publié pour SQ [85] et BB [40]. Cependant, la loi WLF-Yasutomi
a une limitation mathématique, a savoir la pression de transition vitreuse p,. Compte tenu de la
possible haute pression des conditions EHL sur lesquelles la présente étude est axée, cette limitation
doit étre contournée. Par conséquent, un autre modele de viscosité newtonienne, la loi d’échelle de
viscosité créée dans la présente étude (voir ’'Equation 17), est utilisé.

_ (TN (VY
7= \1r ) \Va
nN:AeXp(ng_q+C'g0_Q), 0<g<l, 1<@Q

Le parametre d’échelle ¢ de la loi d’échelle de viscosité nécessite la connaissance du volume relatif,
qui est défini par I’équation d’état de Tait. La loi d’échelle de viscosité créée dans ce travail peut
étre ajustée aux mesures expérimentales de viscosité des deux fluides, conduisant aux parametres
d’ajustement donnés dans le tableau 3.

AlPas]  BIK] CK] q[] QF gl SDI[%]
SQ[Cette étude] 3.531 x 107 6.016 0.133 0.999 3.954 3.521  10.77
BB|[Cette étude] 6.807 x 1075 4.280 0.155 0.871 6.037 4569  4.13

Table 3: Parametres de la loi d’échelle de viscosité de SQ et BB.

Les courbes de viscosité résultantes sont illustrées a la Figure 16. Les mesures expérimentales de
viscosité (symboles solides) et les deux lois de viscosité newtonienne (lignes pointillées pour WLF-
Yasutomi, lignes en pointillés pour la mise a I’échelle de la viscosité) sont comparées. Il peut étre
observé que pour une température donnée, les deux lois coincident bien avec les données expérimen-
tales, fournissant une description cohérente de la viscosité newtonienne a basse pression, 0-1400 MPa,
pour SQ et 0-700 MPa pour BB. Notamment, aucun modele ne semble prédire avec précision le com-
portement plus rapide que ’exponentiel autour de 1400 MPa pour SQ, ce qui conduit a une possible
plus grande déviation des mesures expérimentales avec 'augmentation des pressions.
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Figure 16: Comparaison entre les mesures de viscosité newtonienne (symboles, SQ [116] et BB [40]), la loi
WLF-Yasutomi (lignes pointillées) et la loi d’échelle de viscosité créée dans ce travail (lignes en pointillés)
de (a) SQ et (b) BB.
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Caractérisation de la contrainte Eyring

Pour caractériser la réponse du fluide au cisaillement, il est important de garantir que la simulation
offre un bon rapport signal sur bruit, ce qui nécessite que 1’étape de “cisaillement” de la simulation
soit la plus longue possible. Le profil de température de chaque résultat a été tracé pour vérifier qu’il
n’y avait pas d’augmentations de température excessives. Le profil de vitesse a été tracé pour vérifier
si un profil de vitesse de Couette avait été atteint. La contrainte en régime permanent obtenue a été
utilisée pour le post-traitement afin d’obtenir la viscosité non newtonienne et la contrainte d’Eyring.
La plage de conditions de simulation NEMD pour SQ et BB est présentée dans le tableau 4.

T [K] p [MPa]
SQ  293-373 100 - 2000
BB 293 -373 200 - 1000

Table 4: Conditions testées en NEMD pour SQ et BB.

L’étude précédente de Jadhao et Robbins [80, 119] a conduit a la dérivation de la contrainte d’Eyring &
partir de simulations MD en ajustant la loi d’Eyring (forme approximative a des taux de cisaillement
tres élevés) sur les données de taux de contrainte de cisaillement. Dans la présente étude, la loi
d’Eyring originale est directement ajustée aux données de contrainte de cisaillement versus taux de
cisaillement pour calculer la contrainte d’Eyring.

Le processus d’ajustement peut étre réalisé en utilisant la méthode des moindres carrés. Cependant,
bien que la loi d’Eyring n’ait que deux parametres : 7. et nn , le processus d’ajustement semble
incertain lorsque les deux parametres sont autorisés a varier. Par conséquent, en pratique, ce processus
d’ajustement est simplifié en fixant les valeurs de ny données par la mesure expérimentale, ou, si
nécessaire, a la valeur interpolée par le modele de viscosité newtonienne choisi pour cette étude.
Ainsi, le seul parametre & ajuster par la méthode des moindres carrés a partir du résultat NEMD est
la contrainte d’Eyring. Cette approche est choisie afin de dériver une contrainte d’Eyring cohérente
avec ny. Cela signifie que la paire de parametres (ny, 7. ) représente le meilleur ajustement des
données NEMD par la loi d’Eyring.

Squalane

Q 5Q

La contrainte d’Eyring de SQ, notée 7'5 , est d’abord calculée. En complément, 7¢ * provenant de la
littérature [80] ou calculée en appliquant la méme méthode proposée dans ce travail sur les résultats
NEMD de la littérature [31, 16] sont superposées aux résultats de la présente étude dans la Figure
17.
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Figure 17: Contrainte d’Eyring de SQ en fonction de la pression, et pour différentes températures.
Comparaison entre les résultats de cette étude (NEMD confiné, points et lignes pointillées) et les données
de la littérature : Jadhao et Robbins [80] (NEMD en volume, carrés et lignes pointillées), Ewen et al. [31]

(NEMD confiné, triangles et ligne pointillée-tiret). Porras-Vazquez et al. [16] (NEMD confiné, triangles
inversés). Différentes couleurs sont utilisées pour distinguer les températures.

La comparaison montre qu’il n’y a pas de consensus clair sur la valeur de la contrainte d’Eyring de SQ),
et des divergences existent entre les différents auteurs. Cependant, les ng Q dérivés de la simulation
de la présente étude sont comparables a ceux de la littérature. Ces divergences peuvent résulter des
différences entre les simulations NEMD. Pour ces raisons, et dans le but d’unifier la méthodologie
de recherche, seules les données de la présente étude sont utilisées par la suite. La variation de la
contrainte d’Eyring de SQ 729 par rapport a la pression p [MPa] et & la température T' [K] est ajustée
par une fonction donnée dans I’Equation 17 (valide dans la plage des p et T testées). Les parametres
résultants sont donnés dans le Tableau 5. Ce modele sera implémenté dans le modele de contact
FEM. Les données de contrainte d’Eyring issues des simulations NEMD et 1’équation dérivée sont
superposées dans la Figure 18.

75Q[M Pa] = A(T) <1 ~exp <B§’T))> +C(T)

AT)=axT+as B{T)=bxT+by CI)=c1*T+cy
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al [MPa/k] a2 [MPa] bl [MPvk] b2 [MPa] cl MPvk] c2 [MPal
0.0598  -11.4683 4.6973 -1209 0.0505  -10.0967

Table 5: Parametres de I’équation de la contrainte d’Eyring de SQ.
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Figure 18: Contrainte d’Eyring de SQ de cette étude (symboles) et équation de la contrainte d’Eyring
(écrite comme “régression”, lignes pointillées) en fonction de la pression et de la température.

Benzyl Benzoate

According to the results depicted in Figure 19, the Eyring stress for BB, denoted as 725, displays a
rather straightforward relationship with pressure and temperature. Notably, within the range of the
tested pressures and temperatures, TfB appears to be directly proportional to the pressure, albeit
with a negative gradient. A similar trend was observed by Evans and Johnson [65] for another traction
fluid known as Santotrac 50. A linear fit of the results associates 75P with the pressure p [MPa] and

temperature 7' [K], as described in Equation 18.
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Figure 19: BB Eyring stress as deduced from this research (depicted by symbols) juxtaposed with the linear
regression (represented by dashed lines) in relation to both pressure and temperature.

7BB[M Pa] = 0.149T — 0.014p — 30.21 (18)

In a manner analogous to the case with SQ, the defining equation for 722 remains valid strictly

&
within the examined pressure range (spanning from 200 MPa to 1000 MPa) and temperature (ranging
between 293 K and 373 K). It’s an evident assertion that the Eyring stress cannot plunge to zero,
or even manifest negative values with an escalation in pressure. Yet, upon a closer examination of
Figure 19, it becomes apparent that 722 tends towards a minimal, yet non-zero, asymptotic value.
Currently, the available data is inadequate to substantiate this supposition. However, this hypothesis

could be the subject of scrutiny in subsequent investigations.

Modele de synthése de la viscosité des fluides

Selon la viscosité newtonienne et le stress d’Eyring des fluides, les modeles de viscosité généralisés
pour les deux fluides sont construits pour prédire la viscosité a une pression, une température et
un taux de cisaillement donnés. Ces deux parametres sont dérivés soit de mesures expérimentales
(viscosité newtonienne) soit de résultats de simulation (stress d’Eyring). Pour SQ, les données de
viscosité newtonienne proviennent d’un viscosimetre a haute pression [120] réalisé par Bair [116],
tandis que les résultats de simulation proviennent de Jadhao et Robbins [80]. Pour BB, les données
de viscosité newtonienne proviennent des mémes mesures de Ndiaye et al. [40] et les résultats de
simulation de la présente étude sont utilisés pour comparaison.

Comme derniére étape pour valider les modeles de viscosité généralisés, la viscosité non-newtonienne
prédite a été comparée pour les deux fluides aux mesures expérimentales effectuées sur des rhéometres
a haute pression. Les données de viscosité non-newtonienne de SQ proviennent de Bair et al. [73].
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Celles de BB proviennent d’expériences rhéologiques réalisées & LaMCoS par Bouscharain [121]. Les
comparaisons sont montrées a la Figure 20, ou (a) est SQ a 293K et des pressions de 100 MPa a 955
MPa. (b) est BB a 303 K, 313 K, et des pressions de 300 MPa et 400 MPa.

Il peut étre observé que la viscosité généralisée prédite par le modeéle d’Eyring est en bon accord avec
les mesures expérimentales et les données de simulation NEMD. Les modeéles prévoient avec précision
le plateau de viscosité newtonienne (& partir des mesures de viscosimetre a haute pression), les données
de viscosité-taux a des taux de cisaillement modérés (a partir des mesures de rhéometre) et les données
de viscosité-taux a des taux de cisaillement modérés a élevés (a partir de la simulation NEMD). Une
déviation est observée dans la prédiction de la transition plateau-éclaircie par cisaillement de SQ par
rapport aux mesures de rhéometre de Bair et al. & 796 MPa, 875 MPa et 955 MPa (indiquée par la
fleche noire a la Figure 20). La transition non-newtonienne expérimentale est retardée par rapport a
celle prédite. Jadhao et Robbins ont rapporté un résultat similaire [80] lorsqu’ils ont tenté d’adapter
le modele d’Eyring aux mémes données expérimentales, ils ont également trouvé que pour ces données
de Bair et al. [73], le modele Carreau s’adapte mieux dans cette région. Ces prédictions quantitatives
de viscosité généralisée démontrent la faisabilité et la fiabilité de I'approche de modélisation de la
viscosité proposée dans cette étude. La prédiction de frottement peut alors étre effectuée avec ces
modeles a ’échelle du contact.
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Figure 20: (a) Comparaison de la prédiction de viscosité généralisée SQ (Eyring, lignes en pointillés) a 293
K et des pressions de 100 MPa & 955 MPa, avec des mesures de viscosimetre & haute pression de Bair [116]
(symboles fermés & moitié gauche), des mesures de rhéométre de Bair et al. [73] (symboles ouverts), des
résultats de simulation de Jadhao et Robbins [80] (symboles fermés) et de cette étude (symboles ouverts
avec une croix) (b) Comparaison de la prédiction de viscosité généralisée BB (Eyring, lignes en pointillés) a
303 K, 313 K, et des pressions de 300 MPa et 400 MPa, avec des données de viscosité newtonienne de
Ndiaye et al. [40], des mesures de rhéometre de Bouscharain [121] (symboles ouverts) et des résultats de
simulation de cette étude (symboles ouverts avec une croix).
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Prediction du frottement EHD

Prédiction du frottement a partir du modele TEHLnN

Le modele complet de viscosité d’Eyring établi dans le Chapitre 3 est implémenté dans le modele
de contact TEHLnN décrit au Chapitre 2 pour prédire le frottement. Les simulations numériques
du contact sont choisies pour étre réalisées dans les mémes conditions opérationnelles que la mesure
expérimentale du frottement afin de comparer la prédiction numérique aux données expérimentales.
Les conditions de 'expérience sont résumées dans le tableau 6.

Fluide SQ BB
Température ambiante Ty [K] 313 313, 333
Charge de contact W [N] 46, 108, 254 32, 61
Pression de Hertz maximale p, [MPa] 900, 1200, 1600 800, 1000
Vitesse d’entrainement wu, [m/s] 0.8 2.5(313 K), 5(333 K)
Rapport glissement/roulement SRR [%] 0.1-80 0.1-50

Table 6: Conditions expérimentales tribologiques de SQ et BB.

Ces conditions tribologiques sont d’abord tracées par rapport aux données de viscosité Newtonienne
pour voir a quel point elles sont représentatives. Elles sont présentées sous forme de croix noires
dans la Figure 21. Ces dernieres représentent la viscosité newtonienne de SQ ou BB a la température
ambiante (réservoir de lubrifiant) et la pression de Hertz des expériences du tribometre. Les valeurs
de viscosité sont obtenues a partir de la mesure expérimentale du viscosimeétre ou extrapolées en
utilisant le modele de viscosité sélectionné. Comme le montre la Figure 21, pour SQ, les conditions
d’essai correspondent a une viscosité a l'intérieur ou proche de la plage de mesure expérimentale,
tandis que pour BB, les conditions d’essai sont situées plus loin dans la zone extrapolée.
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Figure 21: Comparaison entre les mesures de viscosité (symboles pleins) et les prédictions des lois d’échelle

de viscosité (lignes en pointillés). (a) SQ, données expérimentales de [116]. (b) BB, données expérimentales

de[40]. Les conditions opérationnelles pour les expériences de frottement de cette étude sont marquées par
des croix noires.

Pour un contact acier-acier, les courbes de frottement mesurées et prédites sont montrées dans la
Figure 22 (SQ) et la Figure 23 (BB). Les prédictions TEHLnN sont représentées par des points
rouges, et les mesures tribologiques sont représentées par des carrés noirs.
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Dans le cas de SQ, la simulation TEHLnN a prédit quantitativement le coefficient de frottement,
y compris les régimes linéaire et de fluidification du cisaillement des courbes de frottement. Plus
intéressant encore, ils ont réussi a prédire la non-linéarité du coefficient de frottement en fonction
de la vitesse glissante, en particulier pour les pressions plus élevées. Cela démontre la validité du
modele de viscosité Eyring en fonction de la pression et de la vitesse de cisaillement pour décrire le
comportement non-newtonien du lubrifiant & haute pression et a haute vitesse de cisaillement.

Pour BB, méme si les prédictions de la simulation sont assez proches des données expérimentales,
quelques différences peuvent étre observées. Cela pourrait étre attribué a une simplification du
modele, a des erreurs d’extrapolation de la viscosité a haute pression, ou encore a d’autres phénomenes
non pris en compte dans le modele.

En conclusion, 'intégration du modele de viscosité d’Eyring au modele TEHLnN a permis d’obtenir
des prédictions du frottement plus précises, en particulier pour les conditions a haute pression et
a haute vitesse de cisaillement, démontrant I'importance de prendre en compte le comportement
non-newtonien des lubrifiants dans ces conditions.

Etude de la génération du plateau de frottement

Malgré les divergences observées pour BB, la simulation TEHLnN prédit toujours quantitativement
le frottement mesuré expérimentalement des deux fluides et en particulier du plateau de frottement.
Autrement dit, le plateau de frottement peut étre reproduit dans un modele de contact réaliste qui
prend en compte a la fois les effets non-Newtoniens modélisés par le modele de viscosité d’Eyring et
les effets thermiques dus a la compression et a la source de chaleur de cisaillement dans 1’équation de
I’énergie. Pour pouvoir discuter plus en détail de 'origine du plateau de frottement, ces deux effets
devaient étre découplés. Pour cela, deux simulations supplémentaires sont effectuées pour chaque
condition de fonctionnement dans les Figures 22 et 23, les simulations non-Newtoniennes isothermes
empéchent la montée en température due a la génération de chaleur. Et des simulations Newtoniennes
thermiques ont été réalisées en considérant uniquement la viscosité indépendante du cisaillement (prise
comme 7y).
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Selon les résultats montrés dans les Figures 24 et 25, ni les effets thermiques ni les effets non-
Newtoniens seuls ne peuvent reproduire le plateau de frottement observé expérimentalement. En
conséquence, le plateau de frottement semble étre dii & une combinaison d’amincissement par cisaille-
ment (effet non-Newtonien) et d’amincissement thermique (effet thermique). Le régime “en plateau”
des courbes de frottement ne semble pas étre di uniquement a une propriété intrinseque du lubrifiant.
Il dépend également de I’échauffement visqueux dans le contact, y compris des matériaux constituant
les corps solides et des conditions de contact.

Cette conclusion peut également étre liée a la variation de ~peq. = l dans la zone de contact. En

fait, lorsque les conditions de contact changent, le taux de cisaillemeng critique 4. change également.
Par conséquent, le 4,..q. change pour le méme SRR. Combiné a l'effet thermique, cela détermine le
frottement sous des conditions spécifiques. Cela peut expliquer pourquoi les plateaux de frottement
ont tendance & se produire a des pressions de contact élevées (pour le méme SRR) : un taux de
cisaillement critique plus bas dii a une haute pression le rend plus facile a atteindre un haut ,eq,,
et la viscosité plus élevée rend également l'effet thermique plus prononcé. De plus, on pourrait
supposer, sur la base de ces déductions, que 'apparition de plateaux de frottement est générique. Un
Ared. suffisamment élevé et un effet thermique suffisamment fort (a un taux de cisaillement élevé)

finiront par saturer le frottement ou méme le faire baisser. Bien que I'on ne sache pas encore lequel de
ces deux effets est en position dominante dans ce processus, car la présente étude démontre qu’aucun
des deux ne peut reproduire indépendamment le plateau de frottement observé dans I’expérience.

Etant donné I'influence non négligeable des effets thermiques sur le frottement EHD, il est raisonnable
de conjecturer que, dans les mémes conditions de contact (pression, température et taux de cisaille-
ment/SRR), différentes caractéristiques thermodynamiques introduites en faisant varier les solides en
contact peuvent modifier la dissipation thermique et ainsi provoquer des réponses frottementnelles
différentes. Ainsi, le frottement dans un ensemble de contacts acier-saphir a également été prédit et
comparé a ceux dans des contacts acier-acier dans les mémes conditions, dont les détails sont donnés
dans I’Annexe D. Malheureusement, la différence dans les propriétés thermiques des deux solides
n’est pas suffisamment significative pour conclure fermement sur leur influence sur leur frottement,
d’autres études sont nécessaires.
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Conclusion generale

Cette these propose une stratégie originale pour prédire le frottement dans le contact élastohydrody-
namique (EHD), fondée sur une caractérisation a priori du fluide.

Dans le premier chapitre, un état de l'art sur le frottement EHD est présenté. Ce chapitre met
en lumiere la difficulté de modéliser correctement le seuil de frottement observé expérimentalement.
Jusqu’ici, de nombreux chercheurs ont eu recours a des modeles empiriques pour introduire artifi-
ciellement des plateaux de frottement, se privant ainsi d’une approche véritablement “prédictive”.

Le deuxieme chapitre détaille la stratégie proposée, articulée autour de deux volets majeurs : la
détermination des propriétés rhéologiques du fluide, en se concentrant spécifiquement sur la viscosité
généralisée, et la mise en place d’'un modele de contact EHD thermique capable de reproduire les
champs de pression et de température du véritable contact. Le modele de viscosité d’Eyring est
privilégié pour sa simplicité et sa caractérisation facile grace a ses deux parametres. La caractérisation
des propriétés rhéologiques en conditions EHL est toutefois complexe, d’ou le recours aux simulations
de dynamique moléculaire pour compléter les données existantes. Deux fluides, le squalane (SQ) et
le benzoate de benzyle (BB), sont sélectionnés pour la démonstration.

Dans le troisieme chapitre, les parametres du modele d’Eyring sont définis. La viscosité Newtonienne
est d’abord approchée par des simulations de dynamique moléculaire en équilibre. Toutefois, face a
des limitations, un modele dérivé d’expériences est finalement retenu. Les simulations de dynamique
moléculaire hors équilibre permettent ensuite de déterminer la contrainte d’Eyring. Les modeéles de
viscosité généralisée pour les deux fluides sont alors établis.

Le quatrieme chapitre décrit le développement du modele de contact TEHLnN pour la prédiction
du frottement. Le modele d’Eyring est intégré, permettant une prédiction du frottement a partir de
quantités physiques indépendantes du contact. Bien que les prédictions montrent quelques écarts, elles
parviennent a anticiper quantitativement le frottement pour les deux fluides. L’analyse subséquente
suggere que c’est le modele de viscosité d’Eyring qui est responsable des écarts. Des simulations
supplémentaires montrent que le plateau de frottement est le résultat combiné d’effets non-Newtoniens
et thermiques.

En conclusion, cette these offre une nouvelle perspective sur la prédiction du frottement EHD, en
s’appuyant sur une caractérisation préalable du fluide et en soulignant I'importance des effets non-
Newtoniens et thermiques combinés.
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Nomenclature

a Hertzian contact circle’s radius
ai,as,b1,bs,c1,co SQ Eyring stress model parameters

Ay, Ay, B1,Bs,Cy,Co  WLF model parameters

A B,C,q,Q Viscosity scaling model parameters

Apa, Bea Fitting parameters of activation energy law

Gy Volume-temperature variation constant(Tait)

Br Bulk modulus-temperature coefficient(Tait)

Cy Friction coefficient

c, ¢ Specific heat capacity of i component

D Diffusion coefficient

Dy, Compliance matrix

Dy Pre-exponential factor of diffusion coefficient

0 Elastic displacement of solid surface

E; v Young’s modulus and Poisson’s ratio of solid 7 respectively
E Equivalent Young’s modulus and Poisson’s ratio

E, Activation energy

Ey Kinetic energy

n Generalised viscosity

NN Newtonian viscosity

Mg Glass transition viscosity

MR, N0 Newtonian viscosity value at reference state (paim,Tr) and initial state

(Patm,To) respectively
Nred. Reduced viscosity

Ney 1o Generalised Reynolds equation integral terms

xlix
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NOMENCLATURE

Q, U
§Qy

0Qy, O,
p

Pn

bH

Patm

Py

D

¥

Fij

Qcomp, @shear
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Deformation of solid in the j-direction in a plane having i as a normal
Force

Shear rate

Critical shear rate

Reduced shear rate

Film thickness

Film thickness constant parameter
Dimensionless film thickness

Thermal conductivity of ¢ component
Initial bulk modulus(Tait)

Initial pressure rate of change of bulk modulus(Tait)
Pre-exponential factor of initial bulk modulus(Tait)
Mass of ¢ component

Mean square displacement

Carreau exponent

Number of molecules in the simulation box
Dimension factor

Equivalent mass

Contact domain

Contact domain’s boundray

Top and bottom solids respectively

Fluid domain

Top and bottom surfaces respectively
Pressure

Hertzian pressure

Hertzian dry contact pressure field
Atmospheric (initial) pressure

Glass transition pressure

Mean pressure in the contact area
Viscosity scaling parameter

Off-diagonal stress tensor

Compression and shear heat sources respectively



NOMENCLATURE

PR, PO

Pes Pes Pe» Py
T's

Th

Te

R

Ru, R,
Rvisco

Ta
Tlim, TLSS
TL
Te
Tij

U
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li

Density value at reference state (paem,T'r) and initial state (pgim,To) respec-

tively

Generalised Reynolds equation integral terms
Stokes or Stokes-Einstein radius
Hydrodynamic radius

Characteristic length

Equivalent radius of curvature

Radius of curvature in x and y-direction
Logarithmic reduced viscosity slope

Contact area

Slide-to-roll ratio

Stress tensor

Normal stress component in the i-direction
Time

Relaxation time

Simulation time

Experimental obervation time

Temperature

Ambient (initial) temperature

Reference temperature

Glass transition temperature

Glass transition temperature constant parameter
Shear stress

Average shear stress in contact

Maximum shear stress or limiting shear stress
Maximum average shear stress in contact

Eyring stress

Shear stress component in the j-direction in a plane having i as a normal

Elastic displacement vector of solid
Velocity of ¢ component
Sliding velocity

Entrainment velocity



NOMENCLATURE lii

U, U, W Elastic displacement components in the x, y and z-direction respectively
Ufg, Ufy Fluid flow velocity components in the x and y-directions respectively

V Volume

Vi Volume of simulation box

Vi Volume at reference state

W Contact load

T,Y, 2 Space dimensions

XY, Z Dimensionless space dimensions

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0086/these.pdf © [R. Xu], [2023], INSA Lyon, tous droits réservés



Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0086/these.pdf © [R. Xu], [2023], INSA Lyon, tous droits réservés



Introduction

Transport and industry consume two-thirds of the total energy consumed annually [1]. Among them,
overcoming friction is the largest part of energy consumption, accounting for between 25 to 30%
in transport, while in the industry, it is around 15 to 20% [1]. Reducing friction losses would lead
to significant energy savings, with consequent economic and environmental benefits. For example,
advanced friction control technologies could reduce friction losses in passenger cars by around 18%
over the next five to ten years, saving 117,000 million litres of fuel per year. This benefit is increasingly
recognised in the context of growing environmental concerns and the implementation of carbon-neutral
policies in all countries. Over a further 15 to 20 years, it is estimated that friction losses could be
reduced by more than 60%, saving 385,000 million litres of fuel and reducing C'Os emissions by 960
million tonnes per year [2, 3].

Rolling element bearings (REBs) are a commonly used mechanical component designed to minimise
friction in pivot joints. Modern REBs (see Figure 26) typically consist of the following parts: two rings
arranged in concentric circles (known as the inner ring and outer ring), rolling elements positioned
between the rings, and a cage to guide the rolling elements. REBs carry the moving load through
these rolling elements. The rolling elements induce rolling friction, which substitutes the sliding
friction, with the former generally being much smaller than the latter under equivalent loads.

/ ~ , +—— Outerring (or)

«+—— Rolling element

i . «—— Inner ring (ir)

Figure 26: Deep groove ball bearings.
https://www.skf.com/us/products/rolling-bearings/ball-bearings/deep-groove-ball-bearings.

In addition to the environmental issues mentioned above, there is also an economic motivation. The
global bearing market was valued at USD 118.7 billion in 2020 and is expected to grow at a compound

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0086/these.pdf © [R. Xu], [2023], INSA Lyon, tous droits réservés


https://www.skf.com/us/products/rolling-bearings/ball-bearings/deep-groove-ball-bearings

annual growth rate of 8.5% from 2021 to 2028 (see Figure 27).

86
79 m
- m W

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

B EBall Bearings Roller Bearings u Others

Figure 27: Germany bearings market by product, 2016-2028 (in Billion USD)
www.grandviewresearch.com/industry-analysis/bearings-market.

The demand for bearings with low maintenance, high efficiency and long life is growing with the
market. It is therefore important to have reliable and relevant friction prediction models to optimise
bearing design and reduce friction losses.

In most rolling bearings, contact between non-conforming surfaces operates under the elastohydro-
dynamic lubrication (EHL) regime, where a very thin film of lubricant (~ 100 nm) separates the
surfaces and is subjected to very high pressure (> 1 GPa). In these conditions, the shear rate can
reach high values, and the high pressure significantly increases the viscosity of the lubricant. Besides,
the pressure in the EHD contact is not uniformly distributed throughout the film but increases from
the inlet (pgm) towards the centre until the maximum value (considered as the Hertzian pressure
pp) and then decreases towards the pg, at the outlet (see black line in Figure 28). High shear rate
(10*—107 571 and pressure distribution also lead to significant, non-uniform shear heating, resulting
in a large temperature gradient across the film (see red line in Figure 28). All these complexities
bring up several difficulties in the prediction of friction. Firstly, there is a lack of experimental char-
acterisation of lubricant properties under such severe conditions (i.e. high pressure, high shear rate).
Secondly, physical phenomena associated with these severe conditions are not totally understood
(i.e. possible phase transitions, velocity accommodation mechanism), and the complex coupling of
operating conditions in contact makes it difficult to interpret the result and derive an understanding
of mechanics. However, the construction of relevant and robust (i.e. non-empirical) models must be
based on a full understanding of contact mechanics.
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Figure 28: Typical pressure (black line) and temperature (red line) distributions in an EHD contact.
Simulation results from this study of a steel-steel contact lubricated with squalane, at the ambient
temperature Tp=313K, Hertzian pressure p,=900MPa, entrainment velocity u.=0.8"/s and slide-to-roll
ratio=0.6.

Objectives

The main objective of this research is to propose a strategy for achieving quantitative friction predic-
tion in the EHL regime. The complexity of this task arises from the extreme conditions of pressure,
film thickness, shear rate, shear heating, and the strong coupling between these operating conditions.
Experimentally, rheological characterisation methods are limited to restricted ranges of pressure and
shear rate. Molecule dynamics simulations appear to be a promising approach to fill the gap in
fluid characterisation, yet they are constrained in terms of computational time and complexity of
the chemical composition of the lubricant. The challenge lies in the integration of experimental and
molecular dynamics characterisations of lubricants (under high pressure and high shear rate at vari-
ous temperatures) into a continuum mechanics-based numerical model of EHD contacts. This model
must consider heat generation and transfer within the lubricant and towards the surfaces.

Outline
This thesis consists of four chapters.
In Chapter 1, the state-of-the-art of existing friction prediction methods is reviewed.

In Chapter 2 the strategy and tools of the present approach are detailed. First, experimental
measurements and molecular dynamics (MD) simulations are described to provide a strategy for fluid
characterisation. Second, a contact model based on continuum mechanics is constructed.

In Chapter 3 the results of fluid characterisation are presented. The rheological law is derived from
the data obtained.

In Chapter 4 friction of a thermal non-Newtonian EHD contact is predicted, and compared to
friction measurements on experimental test rigs.
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State of the art

Tribology is the scientific study of friction and wear between surfaces in relative motion. Although the
term “tribology” wasn’t introduced until the 1960s by Jost in his report [122], the first quantitative
analysis of friction dates back to the 15th century. It was then that Leonardo da Vinci introduced
the concept of the coefficient of friction, defined as the ratio of friction to the applied normal load.
His observations also led him to identify two fundamental laws of tribology for dry contact. He
concluded that two objects of the same weight but with different contact areas will have the same
friction (friction is independent of the nominal contact area) and that friction doubles when the weight
doubles (friction is proportional to the normal load) [123]. These two observations were formalised
as “laws” by Amonton in 1699 [124]. Later, in 1785, Coulomb experimentally discovered that friction
in a dry contact is independent of the relative sliding velocity [125].

Friction leads to energy consumption and wear. One way to reduce this is by lubricating the contact.
Compared to the term “tribology”, the history of lubrication is considerably older. Primitive humans
may have noted that crushed plants and mud facilitated the dragging of stones—a primordial form
of lubrication [126, 127]. More intensive use of lubricants had to wait until the invention of the wheel
and bearings. Archaeological evidence [128] suggests that ancient civilisations (Egypt, Mesopotamia,
and China) already used lubricants to ease the transport of building materials and lubricate their
chariots. The Greco-Romans are believed to have used grease mixed with lime and olive oil as a
lubricant. Roman statesman Cato the Elder documented in his book “De Agri Cultura” how the
by-products of olive oil production were used to lubricate axles [128]. In the Middle Ages, with the
widespread use of iron and copper machinery, the second generation of lubricants appeared. These
were composed of animal oils, vegetable oils, or a mix of the two. Up until this point, lubrication was
still based on empirical selection rather than scientific analysis [129].

The modern scientific understanding of friction, lubrication, and wear began in the 19th century,
with the advent of more complex, faster, and larger machines bringing about the need for more
intricate and specialised lubricants. With the growth of the oil industry, petroleum lubricants rapidly
dominated the field [129]. During this period, several landmark studies were conducted by scientists
and engineers, including Hertz [130] and Reynolds [114]. Reynolds’ equation describes simplified fluid
mechanics of a thin viscous flow of an incompressible fluid and, crucially, it connects the kinematics
of the contacting surfaces and its geometry to the generation of pressure in the lubricant. This type
of lubrication is termed “hydrodynamic” (as opposed to “hydrostatic” lubrication, where pressure is
generated by an external system). The phenomenon of pressure generation is vital to understanding
the load-bearing capacity of lubricant films. Indeed, the Reynolds equation serves as the basis for all
modern lubrication theories. A comprehensive understanding of these lubrication theories is essential
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1.1. LUBRICATION REGIMES 6

for optimising the design of mechanical components, extending their lifespan, and minimising energy
loss and wear.

1.1 Lubrication regimes

Friction or friction coefficient (defined as friction divided by load) in a lubricated contact is a non-
linear function of the contact load, the lubricant viscosity and the lubricant sliding velocity. This
theory was first proposed by Stribeck in 1902 [131]. According to the Stribeck curve, as shown in
Figure 1.1, operating conditions can lead to three different lubrication regimes depending on the
thickness of the film separating the solid surfaces.

A Full-film

Boundary Mixed Elasto- Hydrodynamic
Hydrodynamic -
— ] —
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»
Viscosity - Speed
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Film thickness or

Figure 1.1: Stribeck curve, illustrating the dependence of friction coefficient with the film thickness h or the
operating conditions of the lubricated contact. A relation is drawn between the oil film thickness and the
root-mean-square roughness A,.,,s of the contacting bodies in each lubrication regime. Adapted from [97].

The three lubrication regimes are boundary lubrication, mixed lubrication, and full-film lubrication.
At low sliding speeds, low lubricant viscosity and/or high loads, direct contact between surfaces
transpires. This is recognised as the boundary lubrication regime. In this regime, friction exhibits
the characteristics of dry friction and is independent of speed. As the fluid viscosity or sliding speed
increases, or the load decreases, more lubricant enters the contact, thus augmenting the thickness
of the lubricant film. When the film thickness escalates up to a level approximating the average
height of the surface asperities, the contact enters the mixed lubrication regime. In this regime,
friction diminishes as the film thickness increases to its lower limit. At this juncture, the lubricant
film’s thickness is roughly three times the average height of the asperities. There is no direct contact
between the surfaces, and all the load is borne by the hydrodynamic pressure generated within the
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1.2. FRICTION BEHAVIOUR IN EHD REGIME 7

lubricant film. This final regime is referred to as full-film lubrication. In this regime, friction values
are low and wear is virtually negligible.

The present study focuses on the full film lubrication regime. With the contacting surfaces separated
by a lubricant film, two sub-regimes can be distinguished. Conformal surfaces (e.g. as in journal or
thrust bearings) lead to a wide contact area and the pressure is not high enough to cause significant
elastic deformation of the surfaces (typically less than 50 MPa). This sub-regime is known as the
hydrodynamic (HD) lubrication regime. When the pressure in the contact becomes high enough (up
to 3GPa) to deform the surfaces significantly (a few micrometres), it is considered as the elastohydro-
dynamic (EHD) lubrication regime, which is often associated with non-conforming contact surfaces
(e.g. as in rolling element bearings or gears) [132].

High pressure in such regimes leads to a significant change in the viscosity of the lubricant [4].
Predictive film thickness models are based on the fact that the formation of oil film depends on the
entrainment velocity and the viscosity at the contact entrance, while friction in the contact depends
mainly on the viscosity at the contact centre. Early research focused on predicting film thickness was
fulfilled in the 1950s [48, 49]. Nowadays the film thickness predictions are achieved and show very
good agreement against experimental results [75, 133, 134].

1.2 Friction behaviour in EHD regime

As is the case for dry contacts, friction due to lubricant shearing in the full film EHD contact is
typically quantified by the friction coefficient C, defined as the ratio between the tangential force
Fr (opposed to the sliding) and the normal applied load Fy.

Fr

@y

(1.1)
where the tangential force Fr can enable to derive the contact mean stress 7, over the contact area
S such as:

FT = Tq X S (1.2)

In experiments, friction is measured at a given sliding speed. The average shear stress 7, can subse-
quently be derived from the estimated contact surface area as per the Hertz theory [130]. The Hertz
theory delineates the form and size of the contact area and provides an estimation of pressure dis-
tribution. On the other hand, another value, namely the slide-to-roll ratio (SRR), is often employed
alongside the coefficient of friction. SRR, denoted as SRR=2%, is defined as the ratio between the

Ue
sliding velocity Au = u; — up and the entrainment velocity u. = M, where u; and uy represent

2
the sliding velocities of the upper and lower surfaces, respectively.

When CYy is plotted with respect to SRR on the same graph, as shown in Figure 1.2, it can be seen
that the friction experiences different regimes as the SRR increases. At low SRR, friction increases
almost linearly with SRR, which is often attributed to the Newtonian response of the lubricant. This
linear dependence holds until the friction coefficient reaches a critical value. Thereafter, the friction
coefficient increases slower with SRR. This indicates that friction experiences a shear-thinning regime.
These two regimes are shown in the left part of Figure 1.2.
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1.2. FRICTION BEHAVIOUR IN EHD REGIME 8

Finally, at very high SRRs, a significant decrease in friction coefficient can be observed, as shown
in the right part of the curve in Figure 1.2. This is due to shear heating involving an increase in
temperature in the fluid film. This last regime is known as the thermal thinning regime.

However, at moderate to high SRR, the friction coefficient may reach a maximum value and may
exhibit a plateau regime, as shown in the centre of Figure 1.2. This means that the friction coefficient
no longer increases with the SRR but becomes independent of it, the same way as dry friction. From
this maximum friction force, a maximum average shear stress 77, can be derived (see Equation 1.2).
In the literature, this friction plateau is sometimes referred to as the “limiting shear stress” (LSS)
phenomenon. The LSS was first proposed by Smith [5]. He attributed this to the fact that if the stress
in the lubricant film exceeds a threshold, it would “break” like a plastic solid. A similar conclusion was
reached by Plint [23]. Later, he developed a theory involving a shear plane within the lubricant film
which accommodates the difference in speed between the contact surfaces, with solidified lubricant
layers on either side of this plane moving at the speed of the two contact surfaces [135]. However,
since friction is measured in contact (tribology), it should be distinguished from the shear stress
measured in the bulk fluid (rheology). This will be discussed again in the following sections.

Plateau regime
0,08 4 (Friction plateau)
v
[ ] u ] [ ]

2 . o .
$0064 m
() -
g AN | /
3 Nonlinear regime Thermoviscous regime
S 0,04 4" (shear thinning regime) (shear heating regime)
i
i

0,02 \

Linear regime

m  Squalane at T,;=313K, p,=1.6GPa
0100 T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50

SRR (%)

Figure 1.2: A typical friction coefficient versus SRR curve. Experimental data from the present study.

Prediction of friction requires accurately characterising the rheological properties of bulk fluid, as
described in the following.

For a Newtonian fluid, the viscosity would be defined as 7 = 1%, where % is the shear rate. To be
able to take into account the previous physical phenomena happening in the EHD contact, we will
rather define a generalised viscosity as given by Equation 1.3.

T = T](paT7 ’7)7 (13)

For the lubricant probed over the range of experimentally accessible pressures and temperatures,
an increase in pressure increases viscosity, while an increase in temperature decreases it [136, 137].
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1.2. FRICTION BEHAVIOUR IN EHD REGIME 9

In terms of viscosity variation with shear rate, a Newtonian and a shear thinning (non-Newtonian)
regime can be identified, as shown in Figure 1.3.
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Figure 1.3: Evolution of the bulk shear stress (left) and the dynamic viscosity (right) at constant pressure
and temperature with the applied shear rate. A Newtonian fluid presents a constant viscosity, which
translates into a constant slope in the shear stress diagram. Adapted from [138].

Like the friction curve, in Figure 1.4, the ultimate behaviour of a bulk lubricant could appear with
a maximum shear stress 7y, or T7r,gs. It is important to understand and predict this phenomenon
quantitatively as it represents the maximum stress a lubricant could sustain locally in an EHD
contact. Ultimately, this would make it possible to minimise energy losses due to friction in contacts
by optimising the design of mechanical components and the formulation of lubricants. It is also the
most important factor in selecting the lubricant to be used according to Bair and Winer [139].
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Figure 1.4: Model for shear stress-shear rate in bulk lubricant. Adapted from [6].

While there are reliable models and numerous experimental validations for predicting lubricant thick-
ness [140], the theory fails to predict friction quantitatively [41, 141]. Although progress has recently
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1.3. SCENARIO AND CHARACTERISATION OF LIMITED FRICTION 10

been made in predicting friction in the Newtonian and shear thinning regimes [55, 56, 142], predicting
friction in the plateau regime remains one of the problems challenging the tribological community.
This is mainly due to the lack of characterisation of the rheological properties of the fluid under high
pressure and high shear rates (simultaneously). In recent years, there has been a great deal of interest
in studying experimentally the rheological properties of fluids under typical EHD nominal conditions.
Unfortunately, despite the effort that has been put into developing these empirical models, no rheo-
metric instrument has yet been able to reach the very severe conditions found in some EHD contacts.
The high-pressure rheometers have technical limitations and are limited to lower contact pressures
(~1 GPa), and shear stress (few MPa), sometimes far from EHD conditions.

It should be emphasised that, despite some similarities, the viscosity of a fluid is not always equivalent
to the apparent viscosity calculated from average values in tribological experiments. That is, one
should not simply equate 7, (of Figure 1.2) with 7 (of Figure 1.3 and 1.4), nor equate 77, with 7755.
As Bair [7] points out, a stress curve is not a flow curve. The response of fluids to shear rate is not
the same as the relationship between mean shear stress and mean shear rate obtained from traction
curves. This confusion widely exists in the EHD community [8, 9, 10]. It arises from the assumption
that the generation of the friction plateau is an inherent property of the fluid (which is explained in
detail below) and that the rheological properties of the fluid can be derived from the friction curve.

LSS describes a fluid volume property, which is a rheological property measured in a rheometer or
equivalent. In such a test, the fluid is uniformly loaded, but in a tribometer, it experiences a wide
pressure distribution. The stress measured in a rheometer should be considered as the consequence
of material property, whereas the stress derived from friction measured in a tribometer is an average
value in the whole contact. Therefore, in this paper, the appropriate term to describe this limiting
friction value is friction plateau. Most importantly, the rheological properties of the fluid should be
characterised in a contact-independent manner. Friction predictions should be based on these a priori
properties.

1.3 Scenario and characterisation of limited friction

Many hypotheses for the origin of the friction plateau can be found in the literature. In this section,
three main families of explanations will be presented:

o the local kinematics of the lubricant.
o the inherent properties of the lubricant.
e the viscous heating in the lubricant.

These scenarios are already detailed in research [11, 12].

1.3.1 Local kinematics

One hypothesis to explain the origin of the friction plateau is the local kinematics of the fluid flow.
This hypothesis could be divided into three main scenarios: a. wall slip, b. shear localisation and c.
plug flow. Note that in some local kinematics scenarios, modification of the laminar flow is induced
by the vitrification of the lubricant. In this case Section 1.3.2 and Section 1.3.1 are closely related.
In some others, it is induced by the thermal dissipation in the fluid film, which relates Section 1.3.2
and Section 1.3.3.
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a Wall slip

The assumption of no-slip boundary conditions between liquid-solid interfaces is questionable in
practice. Evidence of boundary slip in contacts has been demonstrated both experimentally [13, 14]
and by molecular dynamic simulations [15, 16] under specific operating conditions. Schnell [17] first
demonstrated experimentally that wall slip can occur between a hydrophobic surface and water.
Subsequent studies have further demonstrated that this phenomenon occurs not only in simple fluids
(e.g. water and hexadecane) [17, 18] but also in complex fluids (e.g. polymers) [19], and not only on
the hydrophobic surface [17, 20] but also on the smooth surface, even under total wetting conditions
[19]. This observation is supported by molecular dynamics simulations [15]. Li et al. [21] further
suggested that the slip length increases non-linearly with shear rate and exponentially with pressure.

Further experimental results provided evidence for wall slip in contact. For example, Wong et al.
[143] recorded a series of real-time interferograms on impact dimple with a polybutene oil (PB1300)
using an optical EHD experimental platform. They also varied the velocity in the ball-disc contact.
These impact pit interferograms are shown in Figure 1.5.

Pure rolling
Pure ball sliding
FAR

wy= 91 /s |

Figure 1.5: Interferograms of the impact dimple displacement at different configurations for constant ball
velocity and t=4s. Adapted from [143].

The black and red arrows on the right-hand side of the diagram indicate the magnitude and direction
of the velocity in the test. It was concluded by the authors that their displacement depends only on
the motion of the disc and not on the motion of the ball. Furthermore, by varying only the speed
of the ball, with a maximum of 75 #m/s, they found that the speed of the dimple was constant and
approximately equal to the speed of the disc. Beyond this value, the speed of the dimple increases
as the ball speed increases. They concluded that there was a wall slip at both the lubricant-ball
interface and the lubricant-disc interface.

In other studies [144, 145], tests carried out with polyphenyl ether (5P4E) at room temperature with
a maximum pressure of 1.33 GPa showed no dimple displacement at all. They attributed this to the
lubricant being in a glassy state. Kaneta et al. [22], by direct measurement of the film thickness in
the EHD contact, also found that the lubricant film exhibits solid-like behaviour in the pure rolling
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1.3. SCENARIO AND CHARACTERISATION OF LIMITED FRICTION 12

case and evidence of wall slip occurs at, or near, the interfaces when the film is very thin.

Finally, Pit et al. [18] suspect that wall slip was the origin of the friction plateau behaviour when
they showed evidence of wall slip in a two-sapphire disc contact with hexadecane. They concluded
from their result that the molecular scale roughness will greatly inhibit the occurrence of wall slip. In
the absence of wall slip, momentum will be transferred from the surface to the fluid, thus increasing
the effective friction. Despite this evidence, wall slip has not been directly observed in representative
EHD contacts, presumably due to the extreme transit times, low film thicknesses and the presence
of relative motion at the contact surfaces.

b Shear localisation

The second scenario assumes that friction plateau occurs when shear deformation becomes localised
and forms shear bands in the lubricant film. Thermal localisation has been observed experimentally
by Bair et al. [24]. The recent experimental results identified another type of shear localisation [25]:
isothermal shear localisation. Isothermal localisation occurs when the pressure is close to the glass
transition pressure of the lubricant. This implied that the shear localisation can be either thermally
induced or mechanically induced.

Plint [23] first uses shear localisation to explain the friction plateau. He explained the friction plateau
measured on two-roller machines by the limiting shear strength of the lubricant (hydrocarbon-based
lubricant). As the value of the plateau depended on the temperature of the lubricant, he suggested
that a shear failure developed in the fluid film and described this localised deformation as a thermally
softened region. Unfortunately, the formation of these shear bands is very difficult to characterise,
since conventional rheology and tribology measurements are average measurements in a volume of
fluid, whereas by definition it is a local process. Nevertheless, observations of these shear bands were
made in 1993 in high-pressure flow visualisation cells, i.e. outside contact (see Bair et al. [24] for more
details). 10 years later, Bair and McCabe [26] took this exploration a step further. They show that
two types of shear bands can be observed (Figure 1.6), one aligned with the flow direction and the
other aligned with the cross-film direction. They also successfully predicted the formation of the shear
band using the Mohr-Coulomb slip model. The shear stress in the lubricant film could be unevenly
distributed due to heat generation, and thus the stress would be “localised” and form a shear band.
This should be due to the strong dependence between lubricant viscosity and temperature and the
poor thermal conductivity of lubricants. This results in a temperature gradient in the lubricant film,
which can lead to inhomogeneous shear. They were able to distinguish between two types of shear
bands, thermally-induced and mechanically-induced, depending on the operating conditions.

Nevertheless, Bair never linked these findings in rheological experiments to his tribological results, so
they could not be used to explain the formation of friction plateaus. These shear bands have never
been observed in a living EHD contact. However, this does not stop some researchers from suggesting
that shear localisation may cause a friction plateau [11, 27].
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Figure 1.6: Micrographs of mechanical shear bands observed in a high-pressure flow visualisation cell at the
given state conditions. Adapted from [26].

c Plug flow

The last scenario was first proposed by Jacobson [28]. He suggested that a large portion of lubricant
behaves as a solid core or plug due to extremely high viscosity while a very thin zone near the
contacting solid surface is sheared. The core is in a liquid-glassy state. A schematic of the plug flow
is shown in Figure 1.7.

Ug ball
——

> shear zone

- plug of highly

Umean viscous lubricant

- shear zone

Up disc

Figure 1.7: Plug flow mechanism and shear zones in through-film profile. Adapted from [29].

Since then, the existence of this mechanism has been demonstrated by experimental results obtained
by different methods. For instance, Sperka et al. [29] used the Particle Tracking Velocimetry (PTV)
technique to determine the velocity profiles in an EHD contact (with Hertzian pressure around 600
MPa) of mineral oil with graphite nanoparticles. They showed that the velocities of particles are
different through the film thickness at the entrance of contact but later become uniform in the
contact and approximately equal to the mean velocity of the lubricant. They attributed this result to
the formation of a plug-flow mechanism where a large portion of lubricant flows at mean velocity and
velocity gradient occurs near solid surfaces (Figure 1.8). Ponjavic et al. [30] used photo bleached-
fluorescence imaging velocimetry to visualise a contact of polybutene with a sphere and a flat surface.
Their results show the existence of critical pressure below which the velocity profile is nearly linear
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and above which a plug flow could occur. This critical pressure was found to be dependent on the
molecular weight of the tested oils (PB920, PB1300, PB2300).
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Figure 1.8: Optically tracked particle speed profiles compared with the speed of disc and ball. The grey
area depicts the mean lubricant speed, including tracking speed uncertainty. Adapted from [29].

In a later study of friction in EHD contact using molecular dynamics simulations, Ewen et al. [31]
found that for cases where friction plateau did not occur, only Couette flow or shear localisation is
observed in the fluid. In contrast, the presence of friction plateau is accompanied by a transition
from shear localisation to plug flow. Although more research is needed to confirm this relation, plug
flow presents itself as an interesting scenario because it can link several scenarios stated previously.
The core is mostly considered to be in a glassy state, making it a case of shear localisation where the
shear is localised in a zone near the surface. And if the thickness of the shear region becomes small
to the molecular size, it could be considered as wall slip.

Although there is growing evidence that very high shear stresses in EHD contacts produce local
kinematic transitions that lead to deviations from Couette flow in both bulk lubricant and in contact,
such transitions are difficult to characterise experimentally, and their effect on the friction response
and the deeper physical mechanism are not well-understood [11, 32].

Moreover, these mechanisms may involve other parameters relating to contact complexity. For in-
stance, Porras-Vazquez et al. [16] show with MD simulations that a change of surface roughness
or wettability could change the local kinematics. However, if the film thickness is high enough, the
friction response is not impacted.

1.3.2 Intrinsic property of the lubricant: molecular structure vs phase change

Friction plateau being an inherent characteristic of the lubricant is the main assumption widespread
in the literature [33], but there exist two approaches that are dissociated. For some researchers,
the generation of friction plateau is thought to depend on the nature of the fluid, i.e. the structure
of the molecule [31, 34]. While for the others the friction plateau generation is dependent on its
thermodynamic state [16, 35].

Research relating EHD friction to the molecular structure of the lubricants was initially driven by
the formulation of traction fluids used when high friction was required. Hentschel [146] found that
irregularly shaped molecules have higher friction than spherical or elliptical molecules. Subsequently,
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Muraki [147] studied both cyclic and branched molecules and found that the EHD friction coefficient
measured with the latter increased with branching. Tsubouchi et al. [148] further summarised five
characteristics that favour high EHD friction: (1) high molecular stiffness, (2) large size, (3) short
chain length, (4) high melting point and (5) low molecular polarity. This is because, at very high
pressures and strain rates, intermolecular slip is hindered if the molecules cannot be easily rotated
or deformed. Besides, high polarity prevents molecules from stacking closely together. Conversely, it
would rather allow the molecules to maintain a certain space, making them easy to rotate or deform.
In addition, molecules with a linear structure are more likely to align in different layers, minimising
their interactions and reducing friction.

Zhang et al. [34] carried out a series of tribometer tests on 38 base oils. The isothermal EHD friction
curves obtained showed that the traction fluids reached their limits under the test conditions (slid-
to-roll ratio up to 50%), while the low friction base oils did not. They concluded that the molecular
structure of the base fluid has a significant effect on friction in EHD contacts. Around the same time,
Ewen et al. [31] used both tribometer experiments and molecular dynamic simulations of a lubricant
sheared between two confined surfaces to investigate the effect of molecular structure, pressure and
shear rate on friction in EHD contact for four fluids, two lubricants: Squalane, DEHS, and two
traction fluids DM2H, DCMP. The results of their experiments and simulations are shown in Figure
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Figure 1.9: Mean shear stress vs log(strain rate) for fluids at 80°C and 0.5-2.0 GP; Squalane (a), DEHS (b),
DM2H (c), DCMP (d). Thermally-corrected experimental data are shown as filled diamonds. Isothermal
NEMD data are shown as filled circles, and the NEMD data with a temperature rise are shown as open

circles. Adapted from [31].

They conclude from the experimental results that friction plateau is observed under the test conditions
for the two traction fluids in Figure 1.9 (c) and (d). In addition, no significant differences are observed
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in the mean shear stress measured on fluids with similar molecular structures. For lubricants in Figure
1.9 (a) and (b), no friction plateau is observed and the difference in mean shear stress between them
has been attributed to the number and type of branched chains the molecules have. For NEMD
simulation results, good agreement was found between simulations and experiments, especially for
lubricants. For traction fluids, the overestimated stress and friction plateau values noted for MD
simulations may come from the force field or the difference in thermal dissipation due to lower film
thickness in simulations than in experiments. They concluded that friction plateau can occur in
traction fluids but not in lubricants, and the difference is related to the structure of the molecule.

However, the “intrinsic property” conjecture has always been challenged by another slightly different
approach. It states that the friction plateau generation does not depend on the nature of the lubricant
but on its thermodynamic (liquid or glassy) state [16, 35]. Therefore the friction plateau is achievable
under specific thermodynamic conditions whatever the nature of the fluid. These conditions vary
according to the lubricant.

Glass transition refers to the molecular structure of the fluid starting to behave like a solid due to the
freezing of the microscopic Brownian diffusion. This transition is difficult to define, as it depends on
thermodynamics [149]. 35 years ago, Alsaad and coworkers [36] already characterized the influence of
pressure and temperature on the onset of glass transition of 5P4E thanks to Brillouin Light Scattering
and dilatometry experiments. They compared the pressure and temperature nominal conditions of
transition in a volume of fluid with the operating conditions in a contact. They concluded that
glass transition could be expected to occur in EHD contact and influence friction and film thickness.
Other studies directly derived glass transition characterisation from friction experiments. Johnson
and Cameron [37] measured a friction plateau (or limitation of traction) at intermediate sliding speed
(0.1-0.5 ™/%) that could be explained by a plastic solid behaviour of the lubricant beyond critical shear
stress. Johnson and Roberts [38] also highlighted a viscoelastic transition of mineral oil with increasing
pressure, characterised by a point contact disk machine. Ohno et al. [39] further demonstrated that
as the pressure increases, the behaviour of the lubricant transitions from the viscous regime to the
viscoelastic regime and eventually to the elastoplastic regime.

Although these results are based on experiments without simultaneous friction measurements and
therefore do not directly explain the physical origin of the friction plateau, they seem to show that
the molecule of the fluid undergoing glass transition is a necessary condition for the friction plateau
to occur. For a traction-like fluid (benzyl benzoate), Ndiaye et al. [40] correlated the pressure at
which a friction plateau can be measured experimentally with the nominal glass transition pressure
of the fluid, measured in a volume of fluid [35]. They showed that for Hertzian pressures below
the glass transition pressure of the fluid, no friction plateau is observed. For such pressures, the
macroscopic apparent viscosity of the contacts, expressed as the ratio of the average shear stress to
the central shear rate, appears to increase exponentially with pressure. On the other hand, as soon
as the Hertzian pressure exceeds the glass transition pressure of the lubricant, the apparent viscosity
of the contact stabilised and fiction tests show a plateau.

This correlation was subsequently confirmed by Porras-Vasquez et al. [16], who performed non-
equilibrium molecular dynamic simulations (see Chapter 2) on two fluids (squalane and benzyl ben-
zoate). They compared their numerical results with experimental friction data measured on a tri-
bometer. Based on the phase diagrams they constructed for the two fluids, they selected two operating
conditions corresponding to either a liquid or a solid-like state. They found that for both fluids and
in both numerical simulations and tribometer experiments, no friction plateau was observed in the
liquid state operating conditions (Figure 1.10 (a) and (c)). However, for the solid-state conditions,
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the friction plateau was observed for both fluids in simulations and experiments (Figure 1.10 (b) and
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Figure 1.10: Coefficient of friction versus shear rate for Benzyl Benzoate at 313K at (a) 0.5GPa and (b)
2GPa, and Squalane at (c) 353K and 2GPa and (d) 313K and 1.2GPa. For the latter case, a direct
comparison is made between simulations and friction measurements. The dashed line marks the separation
between experimental (left) and MD results (right). Adapted from [16].

They also compared numerical simulations carried out on smooth and rough surfaces. Their results
showed that the coefficient of friction is of the same order of magnitude regardless of the surface.
This led them to conclude that in systems with sufficient oil film thickness, the friction response is
independent of the contact surface.

1.3.3 Thermal effects

Severe conditions in EHD contact may induce viscous dissipation which locally increases the lubricant
temperature in the contact, up to 100 °C locally [41, 42]. This is more likely to occur when the
contact conditions are a combination of factors such as high pressure up to several GPa [11], high
shear rates up to 10”s~!, and high fluid viscosity. The study of the thermal effects in EHL first
appeared in the study by Cheng et al. [43, 44] in 1965, and subsequently, many authors have proposed
different ways to explain the rise of temperature in oil film [45, 46, 47]. As mentioned previously, the
temperature increase in EHD contact can lead to a significant decrease in fluid viscosity. Yet, it has
long been neglected in the literature. Thus, in early theoretical studies of EHL such as in Dowson
and Higginson’s work [48] or Grubin’s work [49], the consequence of thermal effects on viscosity was
ignored, and the viscosity value in the oil film was assumed to be an only pressure-dependent. It was
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Crook [50, 51] in 1961 who first revealed the impact of shear heating on the viscosity of lubricants.

It was also Crook [51] who first made the connection between shear heating and friction. He attributes
the maximum friction values to the reduction in viscosity due to heat generation, while the reduction in
friction at very high shear rates means that the thermal effect becomes dominant. However, in several
studies (particularly some of those mentioned below) the operating conditions, either experimental
or numerical, are assumed to be isothermal. This means that shear heating cannot explain the
friction plateau. Ndiaye [12] found that friction plateaus were observed in contacts with carefully
selected operating conditions to minimise shear heating and operate in apparent isothermal conditions.
However, it is important to note that they did not directly measure or control the temperature
inside the contact, but rather controlled the temperature at the contact entrance and determined
the heat generation by monitoring the temperature of oil in the reservoir. More direct evidence
comes from simulations. For example, Habchi et al. [52], Porras-Vasquez et al. [16] and Ewen et
al. [53] performed different simulations in a (nominal) isothermal environment, and friction plateau
was observed. Furthermore, the results of these simulations were successfully compared with the
experimental data. In conclusion, the effect of shear heating on the friction response remains unclear.
At present, shear heating is mainly associated with friction plateau in shear localisation theory [23,
24, 25, 26, 54].

1.4 Characterisation of friction plateau

Assuming that the friction plateau is an inherent property of the fluid and according to this shortcut
that the rheological properties of the fluid can be obtained from the friction curve, researchers directly
describe the friction plateau using empirical models derived from tribological experiments [55, 56, 57,
58, 59, 60, 61, 62, 63, 64]. There are of course more practical reasons for this, namely the difficulty
of reproducing the extreme conditions of EHD contacts in rheological experiments [11]. However,
as these empirical laws are derived from the traction curve rather than the flow curve, they do not
reflect the nature of the fluid itself, which prevents them from being true predictions. This type of
friction prediction approach is presented in the classical form of Equation 1.4.

Fr=1,%x8 with { Ta=mny Jor 77’,7 <7 (1.4)

To =T for my>rTL
The pioneering experimental work on friction plateau characterisation was done by Johnson and
Tevaarwerk [9] in 1977. They performed friction experiments using a disc machine and investigated
the dependence of the limiting stress value on pressure. According to their theory, there is a linear
relationship between the mean shear stress derived from the friction plateau 77, and the mean pressure
in contact p = %ph7 where py, is the Hertzian pressure (maximum pressure) in the contact area. The
relation is shown in the Equation 1.5

T, = To + ap (1.5)

Again, it is important to note that in their research 77, was determined by tribological experiments
and should be distinguished from the rheologically determined LSS value 77,95. 79 is an extrapolation
of the friction plateau value at zero pressure. However, it has no physical meaning as there is no
friction plateau at this pressure. Its typical value was in the range of 1-5 MPa, extrapolated by
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Jacobson [150]. « is called the 77-pressure coefficient with a typical value in the range of 0.05-0.1,
measured by Johnson and Tevaarwerk [9].

This model was further developed by others, including Hoglund and Jacobson [66, 67], Hirst and
Moore [68], and Evans and Johnson [65]. They extended the test to a wider range of fluids, including
mineral oil, synthetic oil and grease, different contact surfaces, including steel and tungsten, and a
wider range of pressures and temperatures. All the researchers show that 77 is proportional to the
mean pressure in contact, regardless of the type of fluid. Hoglund and Jacobson [66] found that there
is a critical pressure at which the increase in 7, with pressure changes from non-linear to linear. They
called this critical pressure the “solidification pressure”, sometimes interpreted as the glass transition
pressure [12]. They also found that this critical pressure increases with temperature.

For the difference due to fluid type, Hoglund and Jacobson [66, 67] found that all mineral oils show a
consistent 7z -pressure dependence, meaning that they have consistent 97z /ap. In the case of synthetic
oils, it is highly dependent on their chemical nature (molecular structure). Finally, for different
contact surfaces (steel and tungsten carbide), Hirst and Moore [68] showed that the 77 value is
independent of the nature of the contact surfaces. However, considering that conventional tungsten
and steel have very similar thermal diffusivity (¥/(pc.)), where k is the thermal conductivity, p the
density and ¢, the specific heat capacity of solid), this last conclusion may not be entirely correct
because of the similarity of the thermal effect in two different contact surfaces.

Moreover, 77, may be temperature dependent. Hoglund and Jacobson [66] first showed that « de-
creases with temperature. Later, Evans and Johnson [65] tested two lubricants (HVI and 5P4E) and
a traction fluid (Santotrac). They found that lubricant’s 77, is independent of temperature, but for
traction fluid, 77, decreases when temperature increases.

In addition to the above studies based on tribological experiments, there have also been studies based
on rheological experiments. In 1990, Bair and Winer [69] characterised the pressure and temperature
dependence of 77,55 using a high shear stress rheometer with two fluids (a mineral oil LVI260 and a
synthetic oil 5P4E). Their results show that, at a given temperature, the 77,55 increases with pressure
but the 77g5-pressure coefficient is not a constant. Due to the lower pressures in the experiments
(<200 MPa), the tested fluids considered did not enter the glassy state. This finding is similar to the
previously mentioned Hoglund and Jacobson [66] result that the 77, of the fluid exhibits a nonlinear
increase before a critical pressure, which is considered to be the glass transition pressure.

Later in 1992, Bair and Winer [42] carried out further studies of Evans and Johnson [65] performed
in a high-pressure rheometer to investigate the pressure and temperature dependence of 77g5. They
extended the tests to a wider range of pressures, above and below the glass transition pressure, and
more temperatures. The results are shown in Figure 1.11. According to the results, for the lubricant
5P4E, 1155 depends on both pressure and temperature. This variation follows a model shown in
Equation 1.6

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0086/these.pdf © [R. Xu], [2023], INSA Lyon, tous droits réservés



1.4. CHARACTERISATION OF FRICTION PLATEAU 20

12 1 %0
n
a
x
~
w o8k
w
i
@
=
0
c
=
T
o ‘r
20

u p=
z Pg
[
5 o Pg
S 7 20c

1 1 1 [

0 40 a0 KPS| 120
L 1 1 1 L J
/] 0.2 0.4 0s 0.8 1.0

Figure 1.11: Pressure and temperature dependence of LSS. Adapted from [139].

71550, T) = MT) x p with A(T) = 0.095 — 0.0035T (1.6)

Note that in Equation 1.6, p and T are coupled, and p is the pressure in the cell therefore homogeneous
everywhere in the fluid. Similar models for 7 (p, T') with coupled p and T proposed by others can be
found in the literature [151, 152].

In a recent study, Ndiaye et al. [40] proposed for the first time an uncoupled 77, model. They used
a ball-disc tribometer to test two fluids, the benzyl benzoate and a lubricant (Shell T9). The 77, is
described by the Equation 1.7

L(p,T) = Ap— BT + o (1.7)

where A is the 77 -pressure coefficient, [ is the 77 -temperature coefficient and 7q is a constant. These
parameters depend on the nature of the fluid. Here the average pressure p was used since they derived
this model from tribological experiments in contact.

Finally, we can conclude that the value of 7, or 77,55 depends on the nature of the fluid, pressure,
temperature and probably also on the contact surface. Despite the many attempts, the limitations of
these approaches are obvious. Most models [9, 40, 65, 66, 67, 68] are derived from tribological tests
and are therefore not predictive. Besides, the 71 value given by these models is a single, integrated
value that does not take into account local variation. This cannot be used to derive a generalised
friction prediction method. More importantly, these models are empirical and do not take into account
the physical mechanisms behind the limiting phenomena of shear stress/friction.
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1.5 Towards a quantitative friction prediction

Friction in EHL is governed by the rheological behaviour of lubricants. In order to predict friction,
the first requirement is to accurately characterise their rheological properties. Following Equation
1.3, a viscosity model must be defined.

In some early work [70], researchers attempted to use apparent viscosity derived from tribological
tests to characterise friction. As more accurate friction measurements became available, they turned
to characterising friction directly by fitting equations to traction curves, such as the Johnson and
Tevaarwerk equation [9]. This model was later accepted by researchers and further refined to better
fit experimental results and to account for temperature rise and pressure distribution in contact
[65, 71]. Based on these characterisations, numerous empirical models have been developed, including
sophisticated numerical models such as those of Jacod et al. [57, 72| and also some simple analytical
tools for engineering purposes such as Olver and Spikes [58] and Morales-Espejel and Wemekamp [59].
Despite these efforts, these methods use data derived from tribological experiments to reproduce the
friction value of the same experiments. Such methods work a posteriori and their use is limited to
operating conditions, making it impossible to extend them to other conditions or lubricants.

Significant advances in friction prediction have been made since the breakthrough of high-pressure
viscometer technology to measure the rheological properties of bulk fluids. The contact-independent
data collected over the range of pressure and temperature experienced in a contact enable accurate
friction prediction if a relevant viscosity model could be derived from them. Using these data,
researchers have successfully predicted EHD friction for both isothermal [60, 61, 62, 73] and thermal
environments [63] in Newtonian and shear thinning regimes. These pioneering works have inspired
many subsequent studies of thermal EHD contact, such as Doki-Thonon [74], Wheeler [75], Liu et
al.[56] and Bjorling et al. [55]. Despite the quality of the results obtained, a typical drawback of
these prediction approaches is the inability to predict the friction plateau. Therefore, friction plateau
models derived from the tribological experiment results are usually used to manually add an upper
limit and reproduce the experimental friction curves.

At this point, we can summarise the main drawbacks of existing approaches to predict friction as
follows:

e They are based on the assumption that friction plateaus are intrinsic fluid behaviour, on which
there is no consensus.

o These friction plateau models are purely empirical, derived from contact-dependent data. Which
do not take into account the complexity of the real contact and are not predictive. To make a
true friction prediction, the first requirement is to determine the rheological properties of the
fluids a priori, and this determination should be contact-independent.

Due to the experimental challenges associated with characterising fluid on independent rheometers
under conditions similar to an EHD contact (extreme pressure and shear), numerical simulations like
molecular dynamics present an interesting opportunity.

Voeltzel et al. [78] proposed a complete characterisation of an ionic liquid using MD simulations,

along with a Carreau (generalised viscosity) model [76], as demonstrated in Equation 1.8.

N—-1

n=nn (Hf) 2 (1.8)

Cc
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They discovered that the Carreau model fits the MD data very well as long as ny (the so-called
“Newtonian viscosity”), the critical shear rate 4., and the Carreau exponent N vary with pressure
and temperature. This is in contrast to previous literature where the Carreau model was used with
constant 4, and N [79].

Meanwhile, Jadhao and Robbins [80] characterised the viscosity of squalane using MD data and
fitted results with the Eyring model [77] (as shown in Equation 1.9) across a wide range of pressures,
temperatures, and shear rates. In their approach, two fitting parameters of the Eyring law were
determined, namely ny and the Eyring stress 7e.

n = € sinh’! <W> (1.9)

Y Te

These findings provide a potential route to accurately describe the rheology of fluids under EHL
conditions. Therefore, an a priori fluid characterisation of fluid rheology is crucial. This includes
the Newtonian viscosity (ny), the critical shear rate (9.), Eyring stress (7), and possibly the Car-
reau exponent (depending on the model used), and their variations with pressure, temperature, and
shear rate. These could be achieved with the help of MD simulations and would provide an ideal
complement to experimental approaches. Together, they could form the foundation of a quantita-
tive fluid characterisation approach to capture the intrinsic fluid behaviour, independent of tribology
experiments.

Finally, to align with experimental friction measurements, a quantitative friction prediction model
would need to incorporate the previously defined rheological intrinsic behaviour of the lubricant and
take into account the pressure and temperature distribution across the contact area. This can be
achieved by solving the equilibrium relations of continuum mechanics (mass, force, energy equilibrium)
inside and around the contact, as outlined by Habchi et al. [61], Doki-Thonon [74], and Bjorling et
al. [55].

1.6 Conclusion

Lubricants in EHD contact are exposed to severe conditions: high pressures, high shear rates, and
abrupt changes in pressure and temperature in relation to shear rate behaviour across the contact
area. These extreme conditions lead to distinctive macroscopically observed friction, diverging from
a linear increase and into a friction plateau. Various hypotheses and scenarios have been proposed
in the literature to account for this, yet none have been experimentally validated, and there is no
accepted consensus in the literature.

Significant strides in friction prediction have been made alongside enhancements in experimental
rheological fluid property characterisation. However, an a priori description of the fluid’s limiting
response remains absent. As a result, the current prediction approach is unable to predict the
friction plateau. It still relies on empirical models derived from tribological experiments, which
prevents it from being deemed truly predictive. Numerical methodologies, such as molecular dynamics
simulations, appear to be the ideal tools to bridge this gap, providing a necessary a priori complement
to the rheological characterisation of the lubricant. Ultimately, a quantitative EHD friction prediction
would need to incorporate an appropriate intrinsic characterisation of the lubricant into continuum
mechanics equations able to consider the pressure and temperature distribution across the EHD
contact area.
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Strategy and methodology

The proposed friction prediction approach consists of two parts: (I) the numerical characterisation
of the rheological properties of fluids at the molecular scale and (II) the implementation of these
properties in a continuum model at the contact scale. The former involves predicting the intrinsic
properties of the fluids in an isothermal, isobaric environment with the help of molecular dynamic
(MD) simulations. The latter at the scale of the contact area, considers the distribution of the
operating parameters such as pressure, temperature, and film thickness. A finite element (FE) contact
model is built to simulate a realistic EHD point contact considering the thermal effect and non-
Newtonian lubricants. It should lead to a numerical friction prediction comparable to experimental
measurements on tribometers.

2.1 Strategy

2.1.1 Overall strategy

Thus far, despite recent significant advancements [6, 87, 88, 153, 154], the limitations of experimental
characterisation tools for lubricants have impeded the formulation of robust constitutive equations
under extreme pressure and shear conditions. This has hindered the prediction of friction plateaus
in contact. Owing to this insufficient rheological characterisation, the study leans towards numerical
approaches.

As previously mentioned, molecular dynamics (MD) simulations overcome experimental challenges
by not being constrained by ranges of temperature, pressure, or shear rate. However, MD simulations
and experiments face contrasting difficulties. While experiments struggle to attain high sliding and
high pressure, simulations at low sliding necessitate longer simulation times to achieve a steady state,
which is occasionally unattainable due to computing power limitations. Consequently, these two tools
complement one another in characterizing the fluid bulk properties.

On the other hand, friction as a macroscopic quantity is challenging to obtain directly from MD
simulations. Indeed, due to limited computing power, current MD simulations are confined to a
relatively small scale and are not applicable to the scale of a real contact area (e.g. as in rolling
element bearings). Consequently, MD simulations cannot reproduce the complexity of the EHD
contact (described in Chapter 1). Simulations on a larger scale (in terms of time and space) are
necessary. A finite element method (FEM) appears to be a suitable numerical approach to solving
continuum mechanics equations. This approach enables coupling the flow with the solid surface
deformations and the thermal dissipation in the contact. However, a constitutive equation for the

24
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lubricant is required in the FEM model.

Until now, previous continuum approaches [55, 56, 57, 58, 59, 60, 61, 62, 63, 64] implemented two
distinct constitutive equations: a rheological law for low shear stresses and an empirical friction
plateau model for high shear stress, as presented in Section 1.4. This facilitated the modelling of a
friction plateau but with the disadvantage of being non-predictive, as previously mentioned. In the
current approach, we attempt to implement a single rheological model that accurately describes the
shear-thinning behaviour of fluids while also being able to predict the generation of a friction plateau.

To validate this approach, the numerical friction data will be compared with friction measurements.

2.1.2 Choice of the rheology model

One of the classical approaches to model non-Newtonian rheology in the literature uses the Carreau-
type models [56, 60, 61, 63, 73], which adequately describes the linear and shear-thinning regime
but fails to capture the plateau regime as long as the critical shear rate 4. and Carreau exponent N
chosen as constant.

On the other hand, the Eyring model is based on the thermal activation concept. Macroscopic
models linking molecular scale behaviour to macroscopic friction originated with the work of Prandtl
[81, 82] and Eyring [77], where both authors independently developed their theory based on the same
concept: the rate of a process depends on the thermal energy possessed by an atom or molecule and
the mechanical forces exerted on it. These models were originally developed for chemical processes,
but have been extended to viscous shear flows. The essence of these processes is the rate of molecules
diffusing in a volume of fluid at rest, i.e., the rate of molecules crossing the energy barriers. It is
calculated as the Arrhenius equation (at equilibrium, i.e., in the absence of external forces):

ro = Ael ™ F/ksT) (2.1)

where A is a constant, E, is the thermal activation energy, kg is the Boltzmann constant and 7T is the
absolute temperature as shown in Figure 2.1(a). The molecular diffusion is activated if its thermal
energy kpT exceeds the energy barrier Fj,.

In the non-equilibrium case, a force f is applied to the system. It will decrease the height of the
energy barrier by a factor fAx in the direction of the applied force and increase it by the same
amount in the opposite direction, as shown in Figure 2.1(b). Az is the activation distance, which is
the distance required for the particle to reach the top of the energy barrier. The new process rate in
the direction of the force ry and in the opposite direction ry are as follows

Eq — fAI/kBT

ry=Ae”
Ty = Ae ~ FatfAz/kpT

(2.2)

In the system where the processes in both directions are possible, a net rate could be written as

o B A
Fret = A(e E, fAz/kBT A Eq +fAI/kBT) — zko Slnh fJ (23)
kT
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(a) (b) force, f

——

Activation
f energy, E;

Figure 2.1: (a) Activation energy barrier in the absence of an applied force on the molecule represented as a
sphere. (b) Influence of an applied force f on the effective energy barrier. Adapted from [70].

Because this approach combines mechanical and thermal energies, it is known as the “stress augmented
thermal activation”, or SATA concept.

Eyring model

Henry Eyring developed his famous model of viscosity using the SATA concept in 1936 [77]. The
Eyring model assumes that the onset of flow is caused by the rearrangement of individual molecules
of an adjacent molecular plane, as shown in Figure 2.2. The mathematical derivation of the Eyring
equation can be found in [70].

In Eyring’s theory, without an external force on the fluid, there will be no flow because the barrier
height is a unique E, that allows the flow process to occur with equal probability in both directions.

Figure 2.2: Eyring’s schematic model of viscous flow of simple molecules. Adapted from [70].

With an applied force, it produces a difference in velocity between adjacent planes. An expression
for Au could be derived from Equation 2.3.

Au = 2koA sinh <£§$> (2.4)

where )\ is the distance the molecule travels in one jump or the distance between two energy minima
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which corresponds to the two lowest positions in Figure 2.1. So A = 2Az as it is twice the activation
distance. Taking Ay as the distance between the molecular plans, the shear rate is written as:

. Au 2k . fA
= — = h 2.
" A1 A St <2kBT> (25)

Further, assuming that Ao Ag is the area of the molecule on which the force is acting, the shear stress

could be written as 7 = , replacing f in 2.5 by the shear stress, the expression for the effective

A2A3
viscosity 7, defined as the shear stress divided by the shear rate n = z, could be written as:
Y

A
=T et (2.6)
T 2korsink (325e)
kT Ao A
For very low applied shear stress (low shear rate) 7 < & , the expression Sinh(T 2 3) becomes
Ad2 A3 2kpgT
A2 A
ust T2 A 2T3’ the low shear viscosity (Newtonian viscosity) could be derived from equation 2.6.
B
low shear kBT)\l
iy = o7 2.7
TN BN 27)

2kpT

The term
2A3
behaviour becomes non-Newtonian (shear thinning regime), similar to the critical shear stress 7. that

can be seen in Figure 1.4. Using 7. and Equation 2.7 to substitute Equation 2.6, one have:

is called the Eyring stress 7.. It describes the threshold in stress at which the

I/ T (2.8)
"IN 7, sinh (Tl)

Equation 2.8 is the shear thinning behaviour described by the Eyring model, which is expressed as
the effective viscosity over its maximum (Newtonian) value. Substitute n with 7 and 4, one have:

T T

N T, sinh (Tl)

sinh <T> _ vy (2.9)

Te Te
T — sinh! Ny
Te Te
Finally, the Eyring equation of viscosity and shear stress is shown in Equation 2.10. The Eyring

model originated from the SATA concept, and it is remarkably simple, with only two parameters.
All makes it widely used by EHD researchers.
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n = %smh-l (’Z”) (2.10(a))
¢ = 7, sinh! (”;V’V) (2.10(b))

However, whether the Eyring model can be applied to all types of fluids is controversial. Eyring
and his co-workers believed that the model only gave “a satisfactory explanation for the viscosity of
simple fluids” [155]. Fortunately, most lubricants used today are mixtures of small molecules with
low viscosity, which is close to the type of fluid for which the Eyring model was developed [70].

In the following, the Eyring model is chosen over the Carreau-type models for two reasons. The
first reason for this choice is its mathematical form, which tends to describe a shear stress plateau
at high shear rates. This can be highlighted by calculating the logarithmic reduced viscosity slope
Ryisco = aloglo (7.7T6d.)

dlogyg (Yred.)
rate as Yped. = 7/4., with 4. being the Eyring rate, which is equal to 7 /nx. The Eyring rate represents
the shear rate threshold at which significant shear thinning occurs, sometimes called the critical shear
rate 4., in the present study, these two notions are unified using <. and therefore 4,..q. = 7/5.. The
result of Ryisco as a function of 4.4 is shown in Figure 2.3. Calculation details are provided in
Appendix A.

. Where the reduced viscosity is defined as 7,4, = /n~ and the reduced shear
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Figure 2.3: Variation rate (slope) of the reduced viscosity 7,..q. as a function of reduced shear rate ;.cq..

The figure demonstrates that the logarithmic reduced viscosity slope Ryisco Versus “peq. tends to -1,
implying that the viscosity becomes proportional to 4. Consequently, the shear stress in the fluid,
T = 77, tends towards a constant, which is the definition of limiting shear stress. Therefore, the
Eyring model is intrinsically capable of describing the limiting behaviour of bulk lubricants.

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0086/these.pdf © [R. Xu], [2023], INSA Lyon, tous droits réservés



2.1. STRATEGY 29

The second reason to choose Eyring is its ability to accurately fit data over a wide range of operating
conditions despite its simplicity. Jadhao and Robbins [80] studied the rheological properties of SQ
and bi-disperse Lennard-Jones (LJ) fluids using confined NEMD simulations. Examining the shear-
thinning viscosity, they discovered that the transition from Carreau to Eyring is generic for the
studied fluids and is triggered by the increase in Newtonian viscosity. For SQ, transition takes place
at Newtonian viscosities higher than 1 Pa.s, as illustrated in Figure 2.4. A similar transition from
Carreau to Eyring was also observed in another polyol ester lubricant (PEC6) by Lin and Kedzierski
[83]. This transition could be explained by the SATA concept [77]. Indeed, the fundamental principle
of the Eyring model is that particles must cross a single energy barrier to initiate flow. At low
viscosity, the wide range of molecular conformations leads to a wide distribution of similar energy
barriers (in all directions), which does not align with the single energy barrier assumption of Eyring’s
theory. However, at high viscosity, the particle only needs to cross the lowest energy barrier (which is
unique). This lowest energy barrier is considered to be the one in the direction of shear and lowered
by the applied force, as shown in Figure 2.1(b). And the decreased amount of the energy barrier is
expressed by the parameter —E, — f Az shown in Equation 2.2. This is thought to be the fundamental
reason for this Carreau to Eyring transition [106]. In the low viscosity case, the higher number of
fitting parameters in the Carreau law enables obtaining a better fit on short ranges of shear rates.

5
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Figure 2.4: SQ viscosity variation at 293K with respect to strain rate. Data come from rheological
experiments and NEMD simulations, the different symbols distinguish the different pressures. Adapted
from [80].

The viscosity of squalane is accurately described by the Eyring model under most EHL conditions
(pressure and temperature), as found by Jadhao and Robbins [80] (see Figure 2.4), Lin and Kedzierski
[83], and Prentice et al. [84]. Besides, Jadhao and Robbins demonstrated that the Eyring model could
describe the reduced viscosity 7,4, of SQ over 25 orders of magnitude of the reduced shear rate ¢4,
(see Figure 2.5). In contrast, the Carreau model with N = 0.5 (written as n in the figure) fails to
reproduce the variation in shear thinning rate over the same range. This implies better versatility of
the Eyring model for EHL conditions since the 4, (and consequently 4,.4.) drastically varies over the
wide distribution of operating conditions in the EHD contacts. Indeed, pressure increases from zero
to a few gigapascals in the contact area, and the shear rate can reach 10351
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Figure 2.5: Reduced viscosity 7,4, as a function of reduced strain rate %,.q.. Data come from rheological
experiments and NEMD simulations. Adapted from [80].

As seen in Equation 2.10, the Eyring model requires only two parameters varying with pressure
and temperature: the low shear (Newtonian) viscosity 7y and the Eyring stress .. ny reflects the
temperature and pressure viscosity dependence of the fluid at rest. 7. determines the onset of the fluid
shear thinning. Compared to the Carreau model, which has three fitting parameters, this simplicity
significantly facilitates the characterisation process. Moreover, by fitting two parameters on data
independent from the contact, the resulting Eyring model is considered predictive.

2.1.3 Choice of the fluids studied

The friction prediction approach proposed in this work should be independent of the lubricating fluid.
Therefore, two fluids with opposite tribology behaviour are chosen: a lubricant (squalane, SQ) and
an organic traction-like fluid (benzyl benzoate, BB).

SQ is an organic lubricant with the formula C14H120>. It has been a reference fluid in EHL for 60
years [85]. Its properties are well-characterised by a large amount of data that can be found in the
literature, such as Bair et al. [85, 116]; Comunas et al. [156]. These data will be further used as a
reference or for comparison in this study. Like most molecules of base oil lubricants, SQ molecules
have a linear alkane structure, which is long and flexible, as shown in Figure 2.6(a). The primary
function of a lubricant is to provide a protective oil film between the contact surfaces and to reduce
friction. Therefore, it needs to be viscous enough to maintain the film thickness but not too viscous
in order not to increase friction.

BB is an organic fluid with the formula (CH3)oCH(CHy)sCH(CHs)(CH2)3(CH2)sCH(CHs). It
is proposed as a reference (see Habchi et al. [61], Porras-Vazquez et al. [16]) to mimic traction
fluid behaviour. The rheological properties of BB have been rarely studied in the literature, but a
few references are available [12, 97]. Traction fluids must provide an adequate traction coefficient
or energy transmission under certain conditions, such as in continuous variable transmission (CVT)
gearboxes. In contrast to SQ, BB molecules have a bulky and small structure, as shown in Figure
2.6(b). The saturated ring makes the molecules difficult to rotate and thus increases the traction
force. Traction fluids also need to be able to form a high-viscosity oil film at high pressures and
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a low-viscosity oil film at low temperatures [97]. Studies of rheological properties using the Eyring
model for BB, similar to those of SQ, are missing in the literature on BB. Though BB is a complex
molecular, at this point we assume that the Eyring model will be suitable to reproduce BB rheological
behaviour. This assumption will be discussed later.

(a) (b)

Figure 2.6: Schematic representation of (a) Squalane molecule and (b) Benzyl Benzoate molecule.

2.2 Fluid characterisation: experimental approach from the liter-

ature

To fully characterise the rheological behaviour of the selected fluids, the following properties are
required: density and generalised viscosity. Since the latter is given by the Eyring model in this
study, therefore, Newtonian viscosity and Eyring stress also need to be determined. Due to the lack
of a method to determine Eyring stress experimentally, it will be determined by MD simulations and
will therefore be presented later in Section 2.3. This section focuses on the rheological experiment
methods to characterise Newtonian viscosity and density.

2.2.1 Rbheological experiments

The determination of the Newtonian viscosity has been extensively studied in the literature [86, 87,
88], in particular, its dependence on pressure, as it is the parameter at the origin of the greatest
variation in viscosity. An accurate description of this variation over the pressure range of interest is
essential for friction prediction [70]. For EHD contact conditions, the pressure can be of the order of
or greater than the glass transition pressure of the lubricant, causing the lubricant to enter a glassy
state and resulting in a sharp increase in viscosity. This requires rheological apparatus capable of
applying very high pressures and still measuring a quantity representative of the fluid behaviour. At
present, high-pressure viscometers (HPV) are the most efficient tools for this type of measurement,
although they do not allow measurement at pressures close to or higher than the glass transition. SQ
and BB have been rheologically characterised versus pressure and temperature using HPVs. Three
distinct HPVs have been used to measure the viscosity of SQ, described in [157, 158]. They have made
it possible to probe SQ from atmospheric pressure up to 1200 MPa and at temperatures between 293
K and 373 K. Viscosity data was provided in [116]. BB has been probed from atmospheric pressure
up to 700 MPa and at temperatures between 313 K and 403 K. Viscosity data was first provided
in [40]. Another possible alternative is numerical simulation at the molecular scale, which will be
presented hereafter.

The rheological measurement data, collected either experimentally or numerically, are then used to fit
a rheological model, such as the WLF-Yasutomi [89] model or the thermal scaling model [64], which
are described hereafter and will be later used to predict friction.
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Besides, the relative volume of the fluid is measured by the experimental method, such as dilatometers
or bellows piezometers [90]. These data are later fitted to the empirical equation of state to give the
state of the fluid at different p and T'. In the present study, the classical Tait equation of state [91] is
used. The density p can also be derived from the Tait equation via the reference density pr measured
by density meters at atmospheric pressure pus, and at the reference temperature Tg.

a William-Landel-Ferry (WLF) Yasutomi model

The quantitative analysis of the lubricant viscosity has to be based on equations of state such as
temperature-pressure correlations, which are not always available, although the viscosity itself could
easily be measured with a viscometer [4]. The William-Landel-Ferry (WLF) model [137] first allowed
the temperature dependence of viscosity to be described. To make it suitable for EHL conditions,
Yasutomi et al. [159] proposed a modified version of the WLF model to describe the dependence of
viscosity on both temperature and pressure, derived from the concept of free volume. The free volume
is the volume within a fluid that allows the free movement of molecules. As the free volume approaches
zero, the mobility of molecules decreases and the viscosity increases [160]. The WLF-Yasutomi model
is widely used in EHD studies and has undergone several iterations since its creation. The most
recent version by Bair [89] is shown in Equation 2.11. Its mathematical form is a function that grows
exponentially with pressure and diverges as it approaches a critical thermodynamic condition (p, and
Ty), identified as the glass transition.

—2.303C x (T'—T,(p)) x F(p))

NN = Ng X €Xp 2.11

oo (LGN T T 2 R —

where Ay, Ay, By, By, C1,Cy are fit parameters, Ty(p) is the glass transition temperature, and F'(p)
is the dimensionless relative thermal expansivity of free volume:

Tg(p) = Tgo + A1 % ln(l + As Xp)
F(p) = (1 + By) (2.12)

14 is the viscosity value at the glass transition. Commonly the literature uses the value of 7, = 10'2
Pa.s [149, 161, 162].

In addition to providing a good description of viscosity in the pressure range of experimental measure-
ment, the WLF-Yasutomi model also provides a reliable extrapolation for fluids with high inflexion
pressure (strong fluid) for pressures up to 300 MPa above the measured pressure [89], but is less
reliable for fluids with low inflexion pressure (fragile fluid) [163]. However, this model has a major
drawback due to its mathematical form: it has a mathematical limit p, and cannot describe viscosity
in the glassy state (for p > py), which considerably limits its use in EHL conditions.

b Viscosity scaling model

The viscosity of many organic liquids could be described by a thermal scaling law ny = f(p) de-
pending on a scaling parameter ¢, written as:

-G
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¢ is determined by the relative temperature 7/7; and the relative volume V /vy, with Tr and Vg are
respectively the reference temperature and reference volume. The relative volume could be expressed
from any equation of state (as Tait [91] or Murnghan [164]). ¢ is a material constant related to the
internal energy of molecule [165]. Several scaling laws f could be found in the literature. In the
present study, a viscosity scaling law based on the normalised Ashurst-Hoover equation proposed by
Bair and Laesecke [64] is created:

ny = Aexp (By 1+ C’gaiQ), 0<g<l, 1<@Q (2.14)

The fitting parameters A, B,C, q,Q are obtained by adjusting the law on experimental viscosity
measurements. e.g. measurements from high-pressure viscometers. It is important to note that in
this study, our aim was only to find the mathematical model that best fits the viscosity measurement
data. Even though this model and Bair and Laesecke [64] model have similar parameters, the physical
meaning of each parameter is not necessarily the same. The advantage of this law is that it has no
mathematical limits compared to the WLF-Yasutomi equation.

c Tait equation of state

The Tait equation of state is used to give the variation of the relative volume of fluid with pressure
and temperature required by the viscosity scaling model created in the present study (see Equation
2.13).

V 1 P
— =11 o (T =T l1—-——In(1+—=—(1+ K]
o= a0 =T x 1= b (14 = 0+ ) )|

(2.15)
V. _rr
VR p
where Ko = Kooexp (—fkT), and K{, a,, Ko and Sk are the parameters of the Tait equation
of state. The parameters for SQ are taken from Bair [116] and the reference density is taken from
Mylona et al. [166]. The parameters for BB are derived from the results of the same test as SQ
performed by Bair [167] and the reference density of BB has been measured at LaMCoS - INSA de
Lyon with an Anton Paar DMA4500M density meter. Values are given in Table 2.1.

K [] a,[K™1] K[GPa] Br K™Y prlkg/m3] at 313.15K  SD [%]
SQ[116] 11.74 8.36 x 1074 8.658 6.232 x 1073 795.8[166] 0.05
BB[167] 10.44 7.47x107*  13.707  6.107 x 103 1102.3[This study] 0.07

Table 2.1: Parameters of Tait equation of state and density measurements for SQ and BB.

2.3 Fluid characterisation: molecular dynamic approach

To complement these data, especially for the non-Newtonian response (Eyring stress) of both fluids
and for operating conditions inaccessible to experimental methods, numerical characterisation tools
at the local scale are needed. In this context, MD simulations are a suitable approach as they provide
access to the behaviour of lubricants at the molecular scale. In addition, it is possible to control
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pressure and temperature and to reach nominal EHL conditions that are inaccessible in rheological
experiments. Several MD studies of confined fluids under such conditions have been published in
recent years. These include not only simple Lennard-Jones molecules [32, 168, 169] but also more
complex and realistic molecules [16, 31, 80, 170]. The results of MD simulations have been shown to be
comparable in evolution with viscosity measurements (rheology) [73, 119] and friction measurements
(tribology) [16, 31].

All the MD simulations performed in this study are coded in LAMMPS [92] and run on the LaMCoS
cluster or the P2CHPD cluster, one of the three regional computing centres of Lyon, located at the
University of Lyon I. The MD simulation allows us to apply controlled extreme conditions, such as
high pressures and high shear rates, at constant temperatures.

2.3.1 MD Algorithm

MD simulations are based on the physical interactions between particles at the atomic scale through
a given force field. The evolution of systems over time is calculated by solving Newton’s motion
equations. At each time ¢ of the simulation, the position of each particle is known. Depending on the
chosen force field, the potential energy of each particle, the force acting on it (defined as the gradient
of the potential energy) and its acceleration are calculated successfully. The Verlet algorithm [93] is
then used to calculate the new position of each particle.

A time step of one femtosecond (107%9s) is chosen in the present study. The choice of the force field
depends on the description of the molecule. Two families can be classically adopted: the all-atom (AA)
and the united-atom (UA) force fields. In the AA force field, each atom in the molecule is explicitly
treated and parameterised. In the UA force field, non-polar hydrogen atoms are grouped with carbon
atoms and treated as “pseudo-atoms” such as CH, CHs or C'Hs. According to the literature, the
UA force fields provide an accurate structure but consistently underestimate the friction coefficients
and friction-velocity behaviour from experimental observations [106]. Therefore, for MD simulations
of systems containing long-chain linear molecules, AA force fields are recommended [94], such as the
“long chain optimised potential for liquid simulations all-atom” (L-OPLS-AA) force fields [95, 96].
The L-OPLS-AA force fields have been used to simulate many different lubricants, such as SQ [16, 31]
and diethylhexyl sebacate [31], as well as traction fluid DM2H, Santotrac 2000 [31] and BB [16]. These
simulations have been shown to give results close to experimental data on friction coefficients. In this
study, the L-OPLS-AA force fields are used in MD simulations for both SQ and BB, the same choice
as in the study of Porras-Vazquez [97].

Finally, MD simulations can be performed either at equilibrium (EMD) or with external energies
brought to the system (non-equilibrium molecular dynamics, NEMD).

2.3.2 EMD simulation

In this study, we first attempt to characterise the Newtonian viscosity at the equilibrium using EMD
simulations. EMD simulate the bulk fluid in an isobaric-isothermal state at equilibrium to characterise
the fluid viscosity in volume. Two methods are tested: the Green-Kubo and the diffusion (Stokes-
Einstein) methods. The initial system sample is made using the open-source LAMMPS builder project
by Ewen and Echeverri [171], which uses Moltemplate [172] and ASE [173] modules. The simulation
box measures approximately 5 nm*5 nm*5 nm and contains 150 molecules for SQ and 360 molecules
for BB. Periodic boundary conditions are applied in the three directions of the system. The EMD
system used in the present study is shown in Figure 2.7.
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Figure 2.7: EMD system of the 360 molecules of BB used in this study.

The simulation procedure of the EMD simulations began with the equilibrium stage, which involved
minimising the system energy to reach equilibrium. This process allows the system to adopt a
stable and energetically favourable configuration before proceeding to the subsequent stages of the
simulation. Later, the Nosé-Hoover thermostat and barostat [98] are applied to the system: first, a
canonical ensemble (NVT) is applied, which means that the total number of molecules, the volume,
and the temperature are kept constant during the process. This stage lasts for a period of 10,000
time steps to stabilise the system temperature. Secondly, the isothermal-isobaric ensemble (NPT) is
applied, which means that the total number of molecules, the pressure, and the temperature are kept
constant during the process. This stage takes ten times as long as the previous one (100,000 time steps)
to achieve the desired pressure stabilisation of the simulation while maintaining temperature stability.
Finally, with both pressure and temperature stabilised, the simulation is run in the thermodynamic
canonical ensemble (NVE), which means that the total number of molecules, the volume, and the total
energy are kept constant throughout the process. This stage is carried out for the required time and
the calculation of the viscosity or diffusion coefficient is carried out in this last stage. In practice, this
last stage is run for no preset time limit to obtain the best signal-to-noise ratio. All EMD simulations
in the present study use the same configuration: one node, fifteen cores, and fifteen gigabytes of RAM
run for the maximum wall-clock time allowed by the cluster (5.5 days for the P2CHPD cluster and 8
days for the LaMCoS cluster). The typical simulation time amounts to several tens of nanoseconds
(with a maximum of 71.5 ns).

a Green-Kubo method

At equilibrium, the Newtonian viscosity of the fluid can be estimated within the linear response
regime of stress to strain rate. Green-Kubo [99, 100] demonstrated that transport properties (diffusion
coefficient and Newtonian viscosities) can be related to the duration of fluctuations. They can be
expressed as integrals of autocorrelation functions. The Newtonian viscosity ny is related to the
ensemble average of the off-diagonal stress tensor P;;. It has three components: Py, Py, and P,..

v
 3kgT

nN

[ wsorso)a (2.16)
0
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In Equation 2.16, kp is the Boltzmann constant, V' is the volume of the fluid, and T is the temperature
of the sample. Viscosity calculated by the Green-Kubo method is presented in Appendix B.

b Stokes-Einstein method

Another method to derive the Newtonian viscosity from EMD simulations consists of applying the
Stokes-Einstein equation (Equation 2.17). This equation combines the approach of Einstein for the
description of Brownian motion [101] and Stokes’ theory of particle drag in low Reynolds number
fluids [102]. The Newtonian viscosity is derived from the diffusion coefficient:

kT
67 Dryg

NN (2.17)

In Equation 2.17, ry is the Stokes or Stokes-Einstein radius. It is widely used synonymously with the
hydrodynamic radius 7, [174]. rs (or 1) is defined as the radius of a non-slip hard sphere with the
same diffusion rate as that of the particles. Generally, this radius is determined by the Stokes-Einstein
equation from known Newtonian viscosity ny and diffusion coefficient D. For the Stokes-Einstein
equation to hold, this radius should also be independent of temperature [175]. Numerous studies on
different fluids have shown that these two radii are comparable to the size of the average building
units of the fluid [175, 176, 177, 178, 179]. It is therefore a reasonable approximation to use the
physical radius of the molecules. In this study, this length is unified as the “characteristic length”
and denoted by 7., which represents the radius of the simulated fluid molecule at a given pressure
and temperature.

To calculate the diffusion coefficient, the mean square displacement (MSD) of molecules is measured.
The MSD measures the average squared distance of molecules due to Brownian motion from their
initial position [93]. Three different regimes of the molecules can be identified in time, as shown in
Figure 2.8.

Ballistic Caalna regime Diffusive
P regime ging reg regime

MSD ~ t2

/|

MSD

trel

|
|
|
|
|
|
|
:
|
|
|
|
|
|
|
|
|
l

v

Time

Figure 2.8: MSD as a function of time. Adapted from [97].

For a very short time at the beginning of the simulation, a molecule is subjected to its initial inertia
and moves in a uniform linear motion until it collides with neighbouring molecules. This regime is
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known as the ballistic regime. After this short inertia-dominated regime, molecules collide randomly
and become temporarily trapped in a “cage” of surrounding molecules leading to restricted mobility.
This regime is known as the caging regime and induces a plateau in the MSD evolution in time. This
caging regime lasts up to the relaxation time t,..;, when the molecule has accumulated enough energy
to overcome the energy barrier and begins to diffuse, entering the diffusive regime. It should be noted
that in the diffusion regime, the MSD increases almost linearly with time (MSD ~ ¢! ), and D is
linked to the relaxation time t,.; [180] by:

4r?
trol = —= 2.18
rel D ( )

Indeed, Einstein first related the diffusion coefficient to the MSD as a function of observation time
tops- According to his theory, for a very long ¢, (which tends to infinity), the MSD is proportional
to tops- The coefficient of proportionality is the diffusion coefficient [93, 103]. This indicates that D
is defined as shown in Equation 2.19, where n is the dimension of the system. It is worth noting
that t,,s implies the observation time in the experiment, and for numerical simulations, this notion
corresponds to the simulation time tg;,,.

1
D= — lim dMSD
2n t—oo  dt

(2.19)

The calculation of D necessitates verification (whether the system is diffusive or not) and post-
processing of the simulation results (calculation of the slope of the MSD curve) in accordance with
Equation 2.19. Details are provided in Chapter 3.

2.3.3 NEMD simulation

Depending on the system simulated, NEMD simulations can be divided into bulk NEMD and confined
NEMD. The former simulates a bulk of molecules without contact surfaces, similar to the system in
EMD. The latter simulates both the contact surfaces and the fluid within it. Different NEMD methods
could also be identified depending on how the shear is applied to the system. For bulk systems, shear
can be applied either by deforming the simulation box (SLLOD algorithm [104]) or by artificially
exchanging the momenta between the two extreme regions of the fluid molecules (Miiller-Plathe
algorithm [105]). For the confined NEMD system, the shear is applied by directly applying motion
to the contact surfaces (Sliding walls [106, 107]). The differences between these three methods are
summarised in Table 2.2.

Simulation type ‘ Bulk NEMD Confined NEMD
Method name ‘ SLLOD Miiller-Plathe Sliding walls
Origin of shear D.eformz.ltlon of  Exchange in Motion applied on
simulation box momenta contact surfaces
System simulated ‘ Molecule bulk Molecule bulk + contact surfaces

Table 2.2: The three different NEMD methods.

According to Ewen et al. [53], the Miiller-Plathe method always underestimates viscosity due to the
absence of external forces, which is inconsistent with experiments and therefore not considered in the
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present study. The “sliding walls” method (Confined NEMD) has the longest history of use. It was
invented by Ashurst and Hoover [181] in 1975 and has been developed in recent years with several
fluids tested, including SQ [16, 31] and BB [16]. On the other hand, the SLLOD method emerged
later in the 1980s [80] and has also undergone significant development in recent years. Bair et al.
[107] published the first non-Newtonian rheology comparison between NEMD simulation prediction
using the SLLOD algorithm and rheometer measurements. Since then, several studies have been
successfully carried out using bulk NEMD, such as the study by Liu et al. [182] and Jadhao and
Robbins [119]. These studies have shown that the NEMD method (sliding walls and SLLOD) provides
a good characterisation of the behaviour of fluids under shear.

In general, bulk NEMD simulation is performed at constant volume, and the flow profile is always
assumed to be linear (Couette flow) [106]. As a consequence, it is considered to be more represen-
tative of the rheological characteristics of the fluid. The results are often validated with rheometer
measurements [107, 119, 182].

The confined NEMD simulations are performed at constant pressure, with the presence of surfaces,
the shear is transferred to the fluid through the solid surface motion, as in real contact. Although
there is a large difference given the complexity of real contacts, such as pressure distribution, thermal
effects, and the topography of the surface, some researchers considered the confined NEMD to be
close to real contact [106]. In the literature, results of confined NEMD are used to compare with
tribological experiment measurements [16, 106]. In this work, the sliding wall method is chosen to
characterise the Eyring stress of the fluid. To characterise it at a given p and T, simulations are
performed under isobaric conditions and with the presence of a thermostat, the temperature is well
controlled, so it can also be considered as an isothermal environment.

Like EMD systems, the confined NEMD systems of both fluids are also built using the LAMMPS
builder project [171] with Moltemplate [172] and ASE [173]. The systems contain confined fluid
molecules between solid surfaces of rough iron. A nano-roughness of iron surfaces is created by the
self-fractal scaling law [31], where the Hurst exponent is set to 0.8 [108], and the root mean square
(RMS) roughness is set to 0.8 nm to quantify the roughness. Iron atoms are bounded by the classical
empirical embedded atom method (EAM) force field [109], which is widely used in the case of metallic
systems [110, 111]. The cross-section of the solid surface is approximately 5nm*5nm in the x and y
directions and has a thickness of about 3-5nm in the z-direction, as shown in Figure 2.9. Periodic
boundary conditions are imposed in the x and y directions. No assumption is made on the velocity
profile of confined NEMD systems. According to a previous study by Porras-Vazquez et al. [16], a
minimum oil film thickness of 10 nm is required to prevent surface effects like layering in the fluid
structures due to confinement. Therefore, a system containing 720 SQ molecules or 1440 BB molecules
is used, as shown in Figure 2.9 and 2.10.
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Figure 2.9: The rough surface of confined NEMD system.

The simulation process has three stages: equilibration, compression, and shear. All stages are run
using the thermodynamic canonical ensemble (NVE), as previously described in the EMD simulation.
It refers to the total number of molecules, the volume, and the total energy being kept constant
during the procedure, which also means that the internal action of the system is conserved. For
NEMD simulations, the inevitable consequence of the NVE ensemble is an increase in temperature
since no heat dissipation can take place while external energy (compression and shear) is constantly
added. Yet, the fluid characterisation should be carried out for a given temperature and pressure, in
other words, in an isothermal and isobaric process. Therefore, to avoid the unrealistic temperature
rise, the use of a thermostat becomes a necessity. In previous studies [31, 97], the temperature of
confined NEMD simulations was controlled by a Langevin thermostat located inside the solid surface.
This thermostat is clearly limited in its ability to control temperature rise, especially for the central
part of the film thickness, as it takes time for the heat to transfer. To correctly characterise the real
response of the fluid to shear, a more effective method to control temperature is necessary. As a
consequence, we apply a Nosé-Hoover thermostat to the whole system (both fluids and solids) but
only in the y-direction to avoid affecting shear in the x-direction and pressure in the z-direction. A
damping coefficient of 0.1 ps is chosen for the thermostat.

The energy of the system is first minimized. The system is then equilibrated using a Nosé-Hoover
thermostat with a damping coefficient of 0.1 ps applied to the whole system. This stage runs for
0.5 ns to randomize the positions of fluid molecules (5 x 10° time steps). Then, in the compression
stage, a constant pressure is applied on the upper surface with the same thermostat used to control
temperature, running for 2 ns (2 x 10% time steps). Finally, in the shear stage, a constant velocity is
applied to each solid surface to create shear. The velocity is imposed on both the top and bottom
surfaces but in opposite directions. Similarly to what is done in EMD simulations, the shearing
stage is then run for no preset time limit to obtain the best signal-to-noise ratio, with the same
configuration as in EMD (CPU, RAM, maximum wall-clock time) typical simulation time is several
tens of ns, details are described in Section 3.2. The results are proven to be able to avoid temperature
rise under all the conditions tested, as shown in Chapter 3. The confined NEMD system used in the
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present study is shown in Figure 2.10.

U, 4mm i==—mfFixed in z

Figure 2.10: confined NEMD system of the 1440 molecules of BB used in this study.

The primary output of these confined NEMD simulations is the shear stress versus shear rate response.
The shear rate is implicitly applied through the enforced velocity of the moving walls. The shear
stress is derived as the total tangential force exerted on the atoms in the red region depicted in Figure
2.10, divided by the area (which is 5 x 5 nm?). More details are presented in Chapter 3.

2.4 TEHD point contact modelling

Based on the work from Habchi et al. [63], Doki-Thonon [74], Wheeler [75], and Wheeler and Raisin
[112], a stationary thermal EHL non-Newtonian (TEHLnN) contact model was developed in the
former work in the finite element analysis software COMSOL Multiphysics. The model simultaneously
calculates the pressure profile in the fluid film (generalised Reynolds equation); the elastic deformation
of the surfaces (leading to the calculation of the film thickness profile); the temperature field in the
fluid and contacting solids (via energy equilibrium equations); and the force balance equation (load
equilibrium). To solve the equations, the rheological constitutive law of the fluid is required. This
includes its density and viscosity as functions of p, T', and .

2.4.1 Main equations

a Generalised Reynolds equation

The pressure field in a steady-state thermal EHD point contact with non-Newtonian lubricant is given
by the generalised Reynolds equation from Yang et al. [113], as shown in Equation 2.20.

R OF ST R
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x and y directions are in the contact plane and the z-direction is in the film thickness A direction.
Compared to its classical version [114], the generalised Reynolds equation takes into account the
variation of fluid properties within the lubricant film using integrated values calculated from the

operator <p> , shown in Equation 2.21.
n

e
P Ne 4 1"
— ] = —FPe— P
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The entrainment velocity u. is derived from the top and bottom surface velocities, respectively u; and

Up, as Ue = (“LQUZ’) The equivalent fluid properties across the film thickness are defined in Equation

2.22:
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where the subscript ; stands for properties of the fluid, n(x, y, z) is the viscosity described here by the
Eyring model (see Section 2.1.2), which depends on pressure, temperature, and shear stress (or shear
rate). The Eyring viscosity model depends on two parameters: the Newtonian viscosity ny is here
defined by a viscosity scaling model based on experimental measurement (see Section 3.1.3), and the
Eyring stress extracted from homemade NEMD simulation (see Section 3.2.5) as defined in Section
2.3.3. p(x,y,z) is the density described by the Tait equation of state [91] (see Section 3.1.3). The
Reynolds equation is solved only in a 2D region 0., §2. represents the contact surface at the surface
of a 3D linear elastic geometry €2 representing an equivalent contact solid, as seen in Figure 2.11.

The boundary conditions for the Reynolds equation are zero pressure at the edges of the Reynolds
area 0€),.
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o)

Figure 2.11: Geometry of elastic model (equivalent mass €2), Reynolds area 9€). and geometry of the
non-Newtonian model (sketched by dotted lines). Boundary conditions are marked in blue and red.

The viscosity n(z,y,z) and the density p(z,y,z) are transformed into the 2D space values
Ne(x,y),ni(x,y), pe(x,y), pi(z,y), and p’(x,y) via Equation 2.22. These values are then used to
solve the generalised Reynolds equation, as shown in Equation 2.21. The solution is carried out in a
3D geometry independent of the equivalent mass, to take into account the distribution of p, T', and

4 in the film thickness, as shown in the dotted part over contact area 9€2. in Figure 2.11.

b Elasticity equation

The pressure calculated within the contact area 02, serves as a boundary condition for calculating
the elastic displacement of the upper surface on the equivalent solid €2, as shown in Equation 2.23.

Ozx Txy Txz
V.-o=0 where o= | Tay Oyy Tyz (2.23)

Tez Tyz Ozz

The Equation 2.23 is solved to obtain the displacement field U(z,y, 2) = {u, v, w} in the equivalent
solid and in the 3 directions of space (x,y,z). The stress tensor o is expressed as a function of the
strain tensor and compliance matrix D,,.
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Ogx 1—v v v 0 0 Exa
Tyy Vo1 -v Y 0 0 0 Eyy
o | _ E’ v Vo1 =v o 0 0 €2z (2.24)
Tay (1+v)(1—20) 0 0 0o = o0 0 Eyz
Tyz 0 0 0 0o = 0 €2
Tor ) .0 0 0 0 0 22| ey
D,

Where the ¢ is the deformation of the equivalent solid, with e = 1/2 (VU +vVvTu ) The compliance
matrix D,, is calculated according to the equivalent body theory [61, 142], with E; and Es, v and
v are Young’s modulus and Poisson’s ratio of the two contacting bodies. The equivalent Young’s
modulus and equivalent Poisson’s ratio are written as Equation 2.25 [61, 142].

B - E%EQ (1 + V2)2 + E22E1 (1 + 1/1)2 o Eivs (1 + 1/2) + Eo1q (1 + Vl)
[Ey (1+ 1) + B (14 1)) Er(1+ 1)+ By (1+ 1)

(2.25)

The bottom surface 9, (grey surface in Figure 2.11) is clamped. In the domain 9€)., the normal
stress in z-direction o, is set to the pressure —p calculated by the generalised Reynolds equation.
Other boundaries are set to be free to move.

¢ Film thickness and load balance equations

The film thickness h over the contact area is given by Equation 2.26.

2 y2
— 494 2.26

h({C, y) = hO +

where 0(z,y) = w is the deformation of the contact surface (x,y,z=0), i.e. on the domain 9. in
Figure 2.11. The term hg is the result of the load balance equation, which relates the pressure
generated in the lubricant to the normal load W.

//Sp(x,y)dmdy =W (2.27)

2 2

x
o7 + R represents the separation due to the original geometry of the contacting solids,
T y

under the assumption that the geometry of the sphere can be approximated by a parabola at the
point of contact. It is expressed using the radius of curvature of the equivalent geometry [183] R,
and R,. Since the contacts we focus on are sphere-planar contacts, a single equivalent radius of a
circle R as R = R, = R, could be used in the x and y directions so that the Equation 2.26 becomes:

The term

m2_'_2

2R

h(z,y) = ho + +4(2,y) (2.28)
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d Heat equations

The temperature field is given by solving the heat equations within a 3D geometry, as shown in Figure
2.12. It includes the domains €); and ), representing the upper and lower solids, and € in light
grey representing the fluid. Two dark grey areas stand for the solid-fluid interfaces.

T == T()
/
Q
T=T,
If lubricant enters contact I
N
y Z
\I_, X Qp
a0,
T - T()

Figure 2.12: Geometry of the thermal model and corresponding boundary conditions for solids and fluid.
White areas §; and ), represent top and bottom solids, the light grey area {2y represents fluid and dark
grey surfaces represent solid-liquid interfaces.

In the solids, with the absence of motion in the y-direction, heat is transferred by conduction, de-
scribed by Equation 2.29. This equation is solved for both the top and bottom solids.

oT
psCstiy— — V- (ksVT) =0 (2.29)
Ox
where u, is the velocity of the solid surface in the x-direction, c is the specific heat capacity and k is
the thermal conductivity and subscript s stands for the properties of the solid.

In the fluid film, according to the thin film assumption, convection in the z-direction is neglected.
Moreover, according to Wheeler [75], considering the high Peclet number in EHL, conduction along the
x and y directions is also neglected. Furthermore, the heat generation in the fluid film by compression
Qcomp and shear Qgpeqr needs to be taken into account. The heat equation in the fluid film is written
as Equation 2.30.

oT oT 0 oT
PfCf <ufx(xayvz)al‘ + Ufy(x,y, Z)ay> - % <kfaz> = Qcomp + Qshear (2~30)

where u s, (x,y, 2) and upy(x,y, 2) represent the velocity of the fluid at any point in the lubricant film
in the x and y directions, as shown in Equation 2.31 [74].
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dp ?z ne [*1 1
u (33,%2):(/ —dz—— [ —dz +77(ut—ub)/ —dz + up
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8p</zz ne [*1 )
Upy(X,y,2) = — —dz — — —dz
o(@9:7) dy\Jon  mJomn

Qcomp and Qgpeqr represent the compression and shear heat sources, respectively, as shown in Equa-
tion 2.32 [74].

(2.31)

Qcomp = —prg',? (U} : %)

Ouy \ 2 Oy \ 2

Qshear =1 [( 8£x> + ( a£y> ]

For the stationary problem in this study, the boundary conditions for the heat equations are the
following: for the top and bottom surfaces (0€; and 0, in Figure 2.12), the temperature is set as

the initial temperature Ty. For the other surfaces, T = Ty if the fluid or the solid enters into the
contact area; otherwise, kg—;‘: =0 [74].

(2.32)

2.4.2 Non-dimensionalisation of equations

Non-dimensionalisation is a common approach used in multivariate problems that scales variables to
a value close to unity and facilitates the understanding of their variation and interactions. It also
provides a simpler form to facilitate the numerical solving of the system of equations. This approach
is used in the present study.

Since EHD pressure distribution and elastic deformation are very close to the one of a dry con-
tact described by Hertz theory [130], Hertzian dry contact pressure field py(z,y) is used to non-
dimensionalise the pressure in equations of the contact model. For the circular contact of this study,
it is written as Equation 2.33.

pr(z,y) = ph\/l - (£>2 N (Q)Q if Vatty?<a (2.33)

0 otherwise

where py, is the Hertzian pressure, representing the maximum pressure in contact, and a is the radius
of the contact area, such as:

W a=y SWh (2.34)

Ph=5ra? 2F

where E’ is the equivalent Young’s modulus of the contacting solids (see Equation 2.25).

The following dimensionless variables are defined relative to the Hertzian parameters and the density
po and Newtonian viscosity 7o value at initial (atmosphere) pressure and ambient temperature Tj.
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x=2 y=Y z_2 g=% 5=Y =Y
a a a a a a
p . hR _ _ppe 7 (2.35)
p=L g="2 5 7=
2 Iis
Phn a PO o

Equations in Section 2.4.1 are non-dimensionalised with these dimensionless variables. The dimen-
sionless generalised Reynolds equation is written as:

ax |fax| Tay [Fav| " aa ) =0 (2.36)
— 2 —
) A= (3) =[]
€ aph n e 77
1
pe:/o ﬁde
1 Z 1 Z/
([ = o[ 5o
0 0 n (2.37)
1 / Lz / Ziz
Te 0 ne

- pene(ut — ub + Pelp

x
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The dimensionless film thickness equation, load balance equation as well as elasticity equation are
written as follows:

X24Y2
HX,Y)=Ho+ =1 L 5(X,Y)
2R
w 2.38)
(X,Y)dXdY = (2.
s P o

V.-o(u,v,w) =0

The dimensionless heat equations in solids are written as in 2.39:

uy OT o (- oT o (- 0T o (- 0T
Ps € ks— | — == ks== | — == | ks== | = 2.
Ps O 0X 8X< ax) 8Y< aY> az( az) 0 (2:39)
T T _ [ ks
where T' = T s = o ks = e And finally, the dimensionless heat equation in fluids and heat
0

source equations are written as 2.40.
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_ oT oT
pprCfTo <fo(X, Y, Z)aiX + Ufy(X, }/, Z)ay,>
— Topy (. =
CQcomp - _Eﬁph (uf ’ VP) (240)

Oufy 2+ Oufy 2
0Z 0z

0 (kR*TH0T\ _
- 87 < H2a3 82) - Qcomp + Qshear

=2
A non iR
Qshear = H2a3

2.4.3 Numerical Solution

As suggested by Habchi [142], a penalty method is used to treat the cavitation problem at the contact
outlet.

The solution of the entire non-Newtonian thermal model requires several solution stages. In order to
favour the convergence of the solution, the equivalent isothermal Newtonian model by neglecting shear
and thermal effects is solved and used as an initial value for subsequent solutions. This approximation
is then used as an initial condition to perform the final stage of solving the non-Newtonian thermal
model.

Finally, to facilitate the calculations for high-viscosity cases (due to high pressure and/or low temper-
ature), the load ramping method is also used. This means that the simulation is first run at a higher
temperature (to obtain lower viscosity) and then gradually reduced to the desired temperature value.
The results at the higher temperature will be used as initial conditions for the next iteration, thus
improving the convergence of the Newton-type method.

2.5 Tribological experiments

To evaluate the quantitative modelling approach, tribological experiments were performed for BB
and SQ, using the ball-on-disc tribometer Jerotrib at LaMCoS - INSA de Lyon described in [40]. The
bottom of the ball dips into the reservoir full of lubricant to ensure fully flooded conditions. The ball
was made of either steel or tungsten carbide, with a roughness of 5 nm and 20 nm, respectively. 3
disks were used, in steel, sapphire and tungsten carbide, with a roughness of 10 nm, 8 nm and 20
nm, respectively. The two specimens (ball and disc) as well as the lubricant tank were thermostatted
at three different temperatures for each fluid during the tests, from 293 K to 353 K. Normal loads
were widely varied to explore a large range of Hertzian pressures, from 0.8 GPa up to 3 GPa. The
two specimens (the ball and the disc) are independently controlled so that tests were performed at
constant entrainment speed u.. It induced a central film thickness of the order of 100 nm to ensure
EHL condition but varying SRR (see Section 1.2 for definitions of u. and SRR).

Friction curves measured on the BB and SQ were first provided in [40] and [115] respectively. Because
these experiments were realised independently of this thesis by other researchers in LaMCoS, readers
should refer to the above references for more details.
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2.6 Conclusion

This chapter outlines the strategy and methodology pursued throughout this thesis. The two fluids
selected for this study are squalane and benzyl benzoate, chosen for their differing characteristics as
a lubricant and a traction-like fluid. The intrinsic rheological behaviour of these two fluids needs to
be determined independently of friction measurements on tribometers and to be implemented in a
model at the continuum scale.

The Eyring viscosity model is chosen for this investigation, with its ability to intrinsically account for
an asymptotic limiting shear stress (e.g. in scenarios of high pressure leading to long relaxation times),
and because it requires only two parameters for full determination, making it an ideal candidate. In
order to establish the Eyring model for both fluids, the Newtonian viscosity ny and Eyring stress 7
have to be determined through a contact-independent approach. This is achieved through rheological
measurements and molecular dynamics (MD) simulations. The Newtonian viscosity is either measured
experimentally or calculated using equilibrium molecular dynamics (EMD) simulations. The response
of the fluid to an imposed shear rate at any given pressure and temperature is obtained through non-
equilibrium molecular dynamics (NEMD) simulations. 7, in terms of pressure p and temperature T'
for both fluids can be derived from NEMD results. The process of characterisation and results will
be presented in Chapter 3.

These fluid characterisations will then be integrated into a thermal EHL non-Newtonian (TEHLnN)
contact model at the continuum scale. Friction will subsequently be predicted and compared with
experimental data from tribometers. This process will be discussed in detail in Chapter 4.
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Characterisation of fluid

This chapter presents the determination of the parameters namely Newtonian viscosity 7y and Eyring
stress 7, for the Eyring constitutive equation of the two fluids studied. These parameters are crucial
for accurately modelling the rheological behaviour of the fluids under EHL conditions.

In the process of determining the Newtonian viscosity, the Stokes-Einstein relation is invoked, and
the diffusion coefficient is calculated using equilibrium molecular dynamics (EMD) simulations. This
method of estimating Newtonian viscosity will subsequently be compared with results obtained from
high-pressure viscometer measurements.

For the determination of the Eyring stress, confined NEMD simulations are employed. These simu-
lations are carried out under isothermal and isobaric conditions, and the shear stress and the corre-
sponding shear rate will be obtained.

Once both parameters are determined, the generalised viscosity (Eyring) models for the two fluids are
established taking into account the viscosity variation with pressure, temperature and shear rate. The
predicted viscosity is compared with rheological measurements to validate the models. The validated
models will then be used in the TEHD contact model to predict friction, which will be presented in
Chapter 4.

3.1 Newtonian (low shear) viscosity characterisation

EMD simulations were used to determine the Newtonian viscosity of a fluid, as presented in Chapter
2, Section 2.3.3. The resulting Newtonian viscosity values were compared with measurements from
the high-pressure viscometer of Bair [116] for SQ and Ndiaye et al. [40] for BB. The simulation
conditions of both fluids are summarised in Table 3.1.

SQ BB
p [MPa] 0.1-2000 0.1 - 2000
T[K]  313-2000 313 - 2000

Table 3.1: Simulation conditions of SQ and BB.
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3.1.1 Newtonian viscosity by Stokes-Einstein method

The concept of the Stokes-Einstein method is described in Section 2.3.2b. As shown in Equation
2.17, this method requires two pieces of information, the diffusion coefficient D and the characteristic
length r., both can be calculated by EMD simulations. In the present study, D is derived by tracing
the MSD curve, and 7. is derived by estimating the volume of each molecule.

_ kgT
~ 6mDr,

NN

a Coefficient of diffusion

Previously, Porras-Vazquez [97] performed a wide study of the diffusion behaviour for both BB and
SQ by deriving the coefficient of diffusion D from MSD curves, as shown in Figure 3.1(a) and (b).
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1
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Figure 3.1: Coefficient of diffusion of (a) SQ and (b) BB derived from EMD simulation by tracing MSD
curves. Adapted from [97].

He found that the diffusion coefficients of the two fluids show a linear relationship with the inverse

1
of the temperature T in a log-lin plot, implying that D satisfies the Arrhenius equation:

—EB,
D = Dgexp <k:BT> (3.1)

where Dyg is a pre-exponential factor of D, kg is the Boltzmann constant kg = 1.380649 x 10_23J/K
and T is the temperature. FE, is called the activation energy, which can be related to the energy

1
barrier concept in the SATA theory. Because of the exponential dependency of D with respect to T
FE, can also be related to the slope of each set of D in the log-lin plot shown in Figure 3.1.

Accordingly, Porras-Vasquez calculated the variation of the activation energy F, of the two fluids
with respect to pressure, as shown in Figure 3.2.
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Figure 3.2: Activation energy of (a) SQ and (b) BB derived from diffusion coefficient. Adapted from [97].

This theory provides a first step for viscosity prediction at high pressure. However, care must be
taken about the orders of magnitude of the diffusion coefficient, which might have been derived from
simulation too short to reach the relaxation time. Indeed, since the calculation of D from the MSD
curve is only valid in the diffusive regime (see Section 2.3.2b), the simulation time ¢, must be longer
than the relaxation time ¢,.;. According to Equation 2.18, to reach the diffusion regime (tsimy > trer)
and obtain a diffusion coefficient D of the order of 107257°/s (as shown in Figure 3.1(b)) would
require a simulation time (not wall-clock time) longer than ¢,¢ ~ 472/D ~ 10° s = 1.2 days, as 7. is
of the order of several A (1071%mn). This is clearly beyond the reach of the computing power ability.
Knowing that the typical EMD simulation time we can achieve with the available resources is of the
order of nanoseconds or tens of nanoseconds (10™%s to 10785s), the minimum diffusion coefficient that
can be calculated from EMD simulations in this study is around 107!2m/s. It corresponds to the
area framed in a dashed line in Figures 3.1(b).

In the present study, to focus on the diffusive regime of the fluid, EMD simulations have been run
without any restriction on the simulation time, simulations run until the maximum wall-clock time
is reached, according to our computing facilities of 8 (LaMCoS) or 5.5 (P2CHPD) days, which is
the server limit. According to the results, the longest simulation time achieved with this strategy
was 71.5 ns, and diffusion is still not reached. During the calculation of the diffusion coefficients in
post-processing, a verification step is added to check if the system has entered the diffusive regime.
This was done by measuring the last part of the simulation results to see if the slope of the MSD in
time is of the order of 1, as described in Section 2.3.2b. Figure 3.3 illustrates this verification step
for two systems of SQ at 500 MPa at different temperatures, where case (a) is in the diffusive regime
because the power index b is close to 1 and case (b) is not.
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Figure 3.3: Verification for the diffusive regime. (a) SQ 1000K 500 MPa run for 4 ns, (b) SQ 313 K 500
MPa run for 71.5 ns.

Due to the lack of a priori estimates of t,. for the two fluids tested in relation to pressure and
temperature, this verification step can only be done a posteriori. In the present study, we use the
last 20% to 40% of the total simulation duration for verifying the diffusive regime. For example, for
case (a) in Figure 3.3, with a total simulation time of 4 ns, all the last 40% is in the diffusive regime,
and the data range for calculating D is the last 40% of results. Whereas in case (b), with a total
simulation time of 71.5 ns, even the last 20% is non-diffusive, thus at this condition no D can be

calculated. The diffusion coefficients of SQ and BB calculated in the present study with respect to

1
— are shown in Figure 3.4.
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Figure 3.4: Diffusion coefficient calculated from EMD simulations performed in the present study. (a) SQ
and (b) BB.

These diffusion data can be considered in relation to literature data. For instance, the experimental
measurement from Mondello et al.[184] and simulation result from Prentice et al. [84] and Mondello
et al. [184, 185] for D of SQ at 293 K and at atmospheric pressure pgsm (0.1 MPa) can be found
in the literature. In references [184] and [185], the diffusion coefficient was calculated using constant
volume simulations with UA force fields. In reference [84], both UA and AA force fields were used,
and the diffusion coefficient was calculated using the same MSD method (see Equation 2.19) as in
this study. The experimental results in reference [184] were obtained using the pulsed-field-gradient
nuclear magnetic resonance (PFG-NMR) method. These data have been compared with data from
this study at atmospheric pressure. The comparison is shown in Figure 3.5.
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Figure 3.5: Comparison of the diffusion coefficient of SQ D at atmospheric pressure. D is calculated from

the EMD simulations performed in the present study (empty black squares), the MD simulation result of

Prentice et al. [84] (empty red circles), Mondello and Grest [184] (empty blue triangles), Mondello et al.

[185] (purple diamonds), and experimental measurement by Mondello and Grest [184] (full green inverted
triangle).

Firstly, the diffusion coefficient D obtained in this study at 293 K and 0.1 MPa is in the same order
of magnitude as the experimental and simulation results of Mondello et al. [184, 185]. A particularly
good agreement is found with the simulation result of Prentice et al. [84]. This result shows that the
EMD simulations give an accurate estimation of D at atmospheric pressure.

Secondly, similar to the results of Porras-Vazquez [97], the D calculated in this study (see Figure 3.4)
1
also show a “linear” relationship with T on the log-lin plot, implying that they follow the Arrhenius

equation. Thus we can calculate the corresponding values of Dy by fitting the diffusion curves in

Figure 3.4 with the Arrhenius equation (see Equation 3.1) and the y-intercept provides Dy. The
results are shown in Figure 3.6.
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Figure 3.6: Parameter Dy of Arrhenius equation of SQ and BB.

It can be seen that the value of Dy for both fluids varies little with pressure, except at lower pressures
(p<200 MPa). This phenomenon is probably due to inaccuracies in calculating the diffusion coefficient
at lower pressures. Indeed, as can be seen in Figure 3.4(a) and (b), the lower pressure cases (e.g. 0.1
MPa, 25 MPa and 50 MPa) have fewer data than others. This is because the phase change (boiling)
at high temperatures and low pressure made it difficult to calculate D. The boiling points of the two
fluids at atmospheric pressure can be found in the literature [186] at 694.45 K for SQ and 596.65 K for
BB. On the other hand, at low temperatures, it was previously stated that the calculation of D by the
MSD requires a longer simulation time. Fewer points and less accuracy have a non-negligible effect
on the value of Dy under these conditions. Consequently, in the following calculations, the values of
Dy are taken as the average of all data for p>200 MPa. For SQ this value is 4.17 x 10~8m?/s-1 and
for BB it is 1.06 x 10~7m*/s-1. They are shown as two dashed lines in Figure 3.6.
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Figure 3.7: Activation energy calculated from D of the present study. (a) SQ and (b) BB.

Thirdly, the corresponding activation energy F, can be derived from the slope of the Arrhenius fits,
as it was already done by Porras-Vazquez [97]. The results are shown in Figure 3.7.
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Compared to the E, of Porras-Vazquez [97], no inflexion point is observed, which is consistent with
the left part in Figure 3.2(b). Besides, the order of magnitude in Figure 3.2(a) and the left part in
(b) are close to the results from this study. The E,(p) from this study for both fluids follows a linear
law of the type E4(p) = Apq + Brap, where the fitting parameters Ag, and Bg, are shown in Table
3.2.

Fluid AEa [k‘]/mol] BEa [k‘]/mol.MPa] R2

SQ 20.672 0.012 0.946
BB 20.519 0.011 0.957

Table 3.2: The fitting parameters for the E, equations of BB and SQ.

Finally, the calculated minimum diffusion coefficient by EMD is of the order of 10~2m?/s (for SQ at
500 K and 2000 MPa), which is in agreement with the estimation made earlier in this section. Using
E,(p) and Dy, an Arrhenius-type equation for the diffusion coefficient D is established and used later
in the Stokes-Einstein equation (Equation 2.17) to predict the Newtonian viscosity.

b Characteristic length

The characteristic length r. is the last parameter to be determined in the Stokes-Einstein equation
(Equation 2.17). As stated in Section 2.3.2b, r. is assumed to be equal to the radius of an equivalent
sphere which represents the fluid molecule in the present study. Using the sphere volume formula
V = %m“g’, r. can be calculated. In EMD simulation, the total volume V; of the simulation box is
first calculated at a given pressure and temperature. The volume V' of each equivalent sphere is then
calculated as V' = V;/N,,, where N,, is the total number of molecules in the simulation box. It is
important to note that V; is not the total volume of the molecules. Rather, it is the total volume
of the molecules plus the free volume between the molecules. This means that the changes in free
volume caused by variations in temperature and pressure may introduce significant uncertainties in
the calculation of .. To investigate this influence, r. values at different pressures (0.1 MPa to 3000
MPa at 293 K and 2000 K) and temperatures (293 K to 2000 K at 3000 MPa) are first calculated.
Results are shown in Figure 3.8(a) and (b).
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Figure 3.8: Characterisation length of SQ (triangles) and BB (squares) as a function of (a) pressure at 293
K (black) and 2000 K (red), (b) temperature at 3000 MPa.
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In Figure 3.8(a), at lower temperatures (293 K), r. does not show significant changes with pressure.
However, at higher temperatures (2000 K), the r. of both fluids show dramatic changes with pressure
at lower pressures (<1000 MPa), likely due to the same phase change (boiling) observed in the
calculation of Dgy. But the values of r. gradually converge as the pressure increases. Finally, at very
high pressures (3000 MPa), the values for both fluids between the two boundary temperatures (293
K and 2000 K) are very close. Upon further analysis of the change in 7. with the temperature at
3000 MPa, as shown in Figure 3.8(b), it can be seen that 7. at high pressure shows an insignificant
variation with temperature. From 293 K to 2000 K, the increase in r, for both fluids is less than 1 A,
which is in agreement with the literature [175, 187]. This result demonstrates that while the change
in free volume does have a significant impact on the value of 7., high pressure and the resulting
high compression can minimise the space between the molecules, yielding relatively close results.
This value at high pressure is then assumed to be the closest approximation of the true r. value.
Therefore, in the present study, values of r. calculated at the maximum pressure tested in this study
(3000 MPa) are used to characterise r. for both fluids. Since this insignificant difference in the large
range of temperature from 293 K to 2000 K (< 1 A) has little effect on the viscosity calculation result,
it is reasonable to assume that r. is a constant. In practice, it has been taken as the value at room
temperature (293 K). For SQ, the value of . is 5.44 A; for BB, it is 4.11 A.

¢ Newtonian viscosity

EMD simulations have provided a set of Arrhenius equations to model diffusion coefficients from
calculated F4(p), Do and 7.. These parameters are then used in the Stokes-Einstein equations to
calculate the Newtonian viscosity as a function of temperature and pressure. A summary of the
Newtonian viscosity model is shown in Equation 3.2.

kT
nn(p, T)[Pa.S] = 67D (p. T)re
) C
_ESQ(p) —EBB(p)
DSQ(p. T)[m? /] — D59 —~a \P) )\ pBBm2/) — DBB a
(. T)PA = Do exp | = 7 A = Do e | = 7 (3.2)
ES9(p)[K9 /mol] = 20.672 + 0.012p EBB(p) = 20.519 + 0.011p
DS/ = 4.17 x 1078 DEBm /] = 1.06 x 107
reQ[A] = 5.44 rBBIA] = 4.11

The predicted results are compared with the experimental data to validate this approach. Newtonian
viscosity measured in the same range of operating conditions by the high-pressure viscometer for SQ
[116], and BB [40] are used. Figure 3.9 shows the comparisons.
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Figure 3.9: Comparison between Newtonian viscosity measurements (symbols, SQ [116] and BB [40]), and
prediction by Stokes-Einstein method (dashed lines) of (a) SQ and (b) BB.
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As expected, the Stokes-Einstein method predicts an exponential correlation between Newtonian
viscosity and pressure, giving a “linear” trend on the log-lin plot. This is due to the Arrhenius equation
in the diffusion coefficient. However, the prediction and experimental data show different trends.
While this difference between the two data sets is relatively small around atmospheric pressure,
where the prediction and measurement are of the same order of magnitude, it increases by several
orders of magnitude as the pressure increases. Moreover, the Stokes-Einstein method is not able to
predict the faster-than-exponential (or super-Arrhenius behaviour) [87, 88] growth experienced by
the fluid at high pressures. Indeed, mainly for BB at 313 K and 353 K, the Newtonian viscosity
growth gradually deviates from the original exponential growth and becomes faster with increasing
pressure. In other words, for BB, the simple Arrhenius-type law can not describe its viscosity-pressure
dependence. For SQ, although the experimental data are broadly consistent with the Arrhenius-type
law, a change in the slope can be seen around 100 MPa, with a slight difference in the slope on either
side and the same faster-than-exponential trend can be seen at high-pressure (313 K and around 1400
MPa).

An attempt to improve the prediction method is being made. One possibility is to consider the
changes in parameters Dy, details are provided in Appendix C.

3.1.2 Discussion on the Stokes-Einstein/molecular dynamics methods

To discuss the reasons for the difference between measurements and predictions, the first thing that
comes to mind is to criticise the physical parameters used to predict Newtonian viscosity. The possible
causes of the discrepancy between them via the Stokes-Einstein relation and diffusion coefficient from
EMD simulations have been investigated individually.

The first possibility is the inaccurate estimation of the characteristic length r.. As stated before,
each molecule is assumed to be a hard sphere (see Section 3.1.2b) and the impact of free volume is
integrated. This assumption can lead to a higher value of r. as the free volume cannot be eliminated.
Furthermore, the hard-sphere assumption seems to be a reasonable choice for compact molecules such
as BB. However, for molecules such as SQ, which have a chain structure, this assumption may not
always hold. In some studies [188], the hydrodynamic radius rp of such a chain-structured molecule
is considered to be the width of the cross-section associated with the fastest motion, i.e., its backbone
axis, which is likely to be much shorter than the radius of the equivalent sphere. However, it is difficult
to explain the deviation of prediction at high pressures solely by the errors in the estimation of r.
considering the possible difference of several orders of magnitude between the predicted Newtonian
viscosity and the actual measured values. Since this length is of such a small order of magnitude, and
its variations with pressure and/or temperature are always less than one decade in the tested range,
this will not have a significant effect on the prediction results.

The second possibility is errors in the calculation of the diffusion coefficient D and the resulting
estimates of Dy and F,(p). However, our calculation of the diffusion coefficients was conducted
strictly in accordance with the original theory [101], and the same method was used in another study
[175]. Additionally, we checked the diffusion states before each calculation to avoid potential errors.
These measures ensured that the calculated D was very close to the experimental measurements (see
Figure 3.4). On the other hand, fitting the prefactor Dy by a constant value could induce a subsequent
error at low pressure, as shown in Figure 3.6. A more advanced function to fit Dy(p) has been used
and described in Appendix C. This function made it possible to model the sharp decrease of Dgy for
p<200 MPa. It results in a Stokes-Einstein prediction of ny with Dy(p), as shown in Figure C.2. The
new prediction seems to have provided a trend that matches the variation of ny at lower pressures (<
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200 MPa). However, the predicted values also seem to be consistently shifted downwards relative to
the experimental measurements, which can actually be explained as the overestimation of the value
of . (see Stokes-Einstein Equation 2.17). The results showed that this approach did not significantly
affect the prediction of Newtonian viscosity at high pressure. Therefore, it is unlikely that there is an
individual error of sufficient magnitude that could cause a deviation of several orders of magnitude.
This possibility is thus ruled out.

As each of these uncertainties taken independently is not sufficient to explain the differences observed,
another aspect to consider is the cumulative effect of these uncertainties. There are several steps in
the overall method, and each step involves some degree of uncertainty. For instance, errors may
occur in the calculation of MSD by molecular dynamics simulations; in the calculation of D from
MSD; in the post-processing of the obtained D to gain information about E,(p), and Dy(p); and in
the individual calculation of r.. These errors accumulate step by step and are reflected in the final
calculation of the Newtonian viscosity. It is possible that the cumulative error is large enough to
cause the observed deviation. However, even taking into account the effect of error accumulation,
the Stokes-Einstein (relation involving Arrhenius diffusion law) method still fails to describe the
transition from exponential to faster-than-exponential behaviour with increasing pressure. Therefore,
a simple Arrhenius-type law would not be sufficient to reproduce the experimental measurements of
Newtonian viscosity. A question worth pondering is where this super-Arrhenius behaviour comes
from and whether the Stokes-Einstein approach is really comparable to the experimental approach.

The Newtonian viscosity calculated from the diffusion coefficient reflects the properties of the bulk
fluid in the diffusive regime, i.e., the properties of a relaxed fluid at equilibrium. Diffusion or flow is
a time-scale concept; on sufficiently long timescales, even matter that is considered to be solid can
“flow”, such as the movement of the crust of Earth. For both experiments and simulations, there
is a limit to the calculation of the diffusion coefficient (or viscosity) at equilibrium. This process
can become overly lengthy and “too boring to observe” [117], due to the increase in relaxation time
tre; caused by the increase in pressure. Examples of this situation can be the inability to enter the
diffusion state within the limited simulation time due to the very long t,¢; (tsimu < trer), hence the
inability to calculate D (and thus ny based on a diffusion approach), as previously described. In
experiments, such as those using a falling ball viscometer, the ball falls too slowly due to the extremely
high viscosity, rendering it impossible to measure its value (tops < tye;). Therefore, the experimental
measurement of “Newtonian viscosity”, in reality, is a measure of low-shear viscosity [116]. Equating
the low-shear viscosity and Newtonian viscosity is predicated on the assumption that at very low shear
rates, the fluid response is Newtonian. This assumption raises issues in two aspects. Firstly, in low-
shear viscosity measurement, external forces are applied to the sample, placing it in a non-equilibrium
state. This slightly diverges from the definition of Newtonian viscosity (defined in equilibrium) and
the viscosity predicted by the Stokes-Einstein method, which is based on simulations performed at
equilibrium. Furthermore, it remains questionable whether the fluid response is Newtonian in all
cases, as high pressures result in longer relaxation times and lower critical shear rates. In this latter
case, even “low shear” might still initiate shear-thinning. In the former, the increase in t,.; may bring
problems in the sample state during the measurement. Indeed, under these severe conditions, the
relaxation timescale might be equal to or even exceed the duration of the simulation or experiment
[118]. In such a case, the experimentally measured viscosity values would not reflect the fluid in
a liquid state. Conceivably, these measurements from two different phases are very likely to show
different trends, which are reminiscent of the exponential to faster-than-exponential transition that
has been widely observed in viscometers with increasing shear rate [88].

Lastly, it is important to note that these two issues may be compounded. This means that in certain
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low-shear viscosity measurements, the measured viscosity could correspond to the shear-thinning
viscosity of a fluid in a solid-like state, which may differ from the concept of Newtonian viscosity.

As the prediction results show deviations of several orders of magnitude, we can conclude that, at
this stage, the Stokes-Finstein method based on parameters derived from EMD simulation cannot
provide a satisfactory prediction of friction at EHL conditions. Therefore, an alternative method is
chosen to characterise Newtonian viscosity.

3.1.3 Determination of Newtonian viscosity model

As mentioned in Section 2.2, the pressures at which the experimental viscosity measurements are
made (maximum pressure 1350 MPa for SQ and 700 MPa for BB) are below the pressure found in
real EHD contacts. Nevertheless, viscosity models are commonly fitted on these experimental results
in the literature to be extrapolated to EHL conditions. The most widely used is the (modified)
WLF-Yasutomi model (see Equation 2.11, also displayed below), already published for SQ [85] and
BB [40]. Parameters are summarised in Table 3.3.

—2.303C) x (T — T, (p)) x F(I)))
Cy + (T' = Ty(p)) x F(p)
Tg(p) = TgO + A1 X In (1 + Agp)

F(p) = (1+ B)™

UN:ngeXp(

A; [°C] Ay [GPa™'] By [GPa™'] By[] Ci[] Cy[°Cl Ty [°C] n, [Pas]  SD [%]
SQ [85]  263.8 0.3527 13.73 -0.3426  11.66  39.17  -88.69  1.23 x 107 9.2
BB [40]  400.19 0.363 5.391 -0.399 16.00 14.55  -81.73 1.00 x 102 82

Table 3.3: Parameters of WLF-Yasutomi law for SQ and BB.

However, as mentioned in Chapter 2, the WLF-Yasutomi law has a mathematical limitation, namely
the glass transition pressure p,. Considering the possible high pressure of the EHL conditions on
which the present study is focused, this limitation must be bypassed. As a result, an alternative
Newtonian viscosity model, the viscosity scaling law created in the present study (see Equation 2.14,

o= () (%)

nN:Aexp(Bwfq—i—C'go*Q), 0<g<l, 1<Q

also displayed below), is used.

The scaling parameter ¢ of the viscosity scaling law requires knowledge of the relative volume, which
is defined by the Tait equation of state (see Equation 2.15, also displayed below). Values of the Tait
equation are given in Table 3.4. The parameters for SQ are taken from Bair [116] and the reference
density is taken from Mylona et al. [166]. The parameters for BB are derived from the results of the
same test as SQ performed by Bair [167] and the reference density of BB is measured at LaMCoS -
INSA de Lyon with an Anton Paar DMA4500M density meter.
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K} a,[K™1] K[GPa] Br K™ prlkg/m3] at 313.15K
SQ[116] 11.74 8.36 x 1074 8.658 6.232 x 1073 795.8[166]
BB[167] 10.44 7.47x10"*  13.707  6.107 x 1073 1102.3[This study]

Table 3.4: Parameters of Tait equation of state and density measurements for SQ and BB.

With the scaling parameter ¢ defined, the viscosity scaling law created in this work can be fitted
to the experimental viscosity measurements of both fluids, leading to the fitting parameters given in
Table 3.5.

AfPas]  BIK] CK] aqf] Q] gl] SD[%]
SQ[This study] 3.531 x 1075 6.016 0.133 0.999 3.954 3.521  10.77
BB|[This study] 6.807 x 107 4.280 0.155 0.871 6.037 4.569  4.13

Table 3.5: Parameters of the viscosity scaling law of SQ and BB.

The resulting viscosity curves are shown in Figure 3.10. The experimental viscosity measurements
(solid symbols) and two Newtonian viscosity laws (dotted lines for WLF-Yasutomi, dashed lines for
viscosity scaling) are compared. It can be observed that for a given temperature, both laws align
well with the experimental data, providing a consistent description of Newtonian viscosity at low
pressures, 0-1400 MPa for SQ and 0-700 MPa for BB. Notably, neither model seems to accurately
predict the faster-than-exponential behaviour around 1400 MPa for SQ, which leads to a possible
larger deviation from the experimental measurements with increasing pressures.
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Figure 3.10: Comparison between Newtonian viscosity measurements (symbols, SQ [116] and BB [40]),
WLF-Yasutomi law (dotted lines), and viscosity scaling law created in this work (dashed lines) of (a) SQ
and (b) BB.
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3.2 Eyring stress characterisation

NEMD simulations are performed using the method described in Section 2.3.3. To characterise the
response of the fluid to shear, it is important to ensure that the simulation gives a good signal-to-
noise ratio, which requires the “shear” step of the simulation to be as long as possible. In the actual
numerical process, the simulation time was set to at least 5 ns for SQ and 8 ns for BB (5 x 10° and
8 x 105 time steps). The temperature profile of the last 0.5 ns (5 x 10° time steps) of each result
was traced to check that there were no excessive temperature increases. The velocity profile of the
last 2 ns (2 x 10% time steps) of each result was traced to check if a Couette velocity profile had
been reached. The resulting steady-state stress versus shear rate data in the last 2 ns was used for
post-processing to obtain the non-Newtonian viscosity and Eyring stress. The NEMD simulation
range of conditions for SQ and BB are shown in Table 3.6. For each given pressure and temperature,
at least six different sliding velocities are considered, corresponding to shear rates in the range 108571
to 1019571,

T [K] p [MPa]
SQ 293-373 100 - 2000
BB 293 -373 200 - 1000

Table 3.6: Tested conditions in NEMD of SQ and BB.

The following quantities are obtained from NEMD simulations: film thickness, shear stress, temper-
ature distribution and velocity distribution along the sliding direction and through the film thickness
(xz plane) all detailed hereafter. For each case tested, the temperature distribution and velocity
profile are checked first. There should be no significant increase in temperature if the system is well
thermostatted. For a linear velocity profile (Couette flow), the corresponding shear rate can be cal-
culated from the film thickness and sliding velocity. The non-Newtonian viscosity can be calculated
as shear stress divided by shear rate, and the calculation of the Eyring stress is described in Section
3.2.5.

3.2.1 Film thickness

The film thickness h of the confined system is calculated as the distance between two surfaces. The
rough surfaces used in this study, refer to the distance between the lowest peak of the upper surface
and the highest peak of the lower surface, as shown in Figure 3.11. The expression for the film
thickness h is given in Equation 3.3:

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0086/these.pdf © [R. Xu], [2023], INSA Lyon, tous droits réservés



3.2. EYRING STRESS CHARACTERISATION 67

A
(]
Lubricant %
(Heightis shortened) £=
£
i
I Z{nax

Figure 3.11: Schematic representation of the determination of film thickness in NEMD simulations.

h= (i — znar) (3.3)

where 25" and 2"** are the minimum and maximum z-coordinates of the bottom and top surfaces

respectively, and (...) is the time average. This difference is averaged over the last 2 ns of simulation
to give the film thickness value.

3.2.2 Temperature profile

In MD simulations, the temperature T is calculated from the kinetic energy Fj of a statistically large
group of atoms divided by the degrees of freedom and the Boltzmann constant kg, written as follows:

2E,

T=_-— 3.4
3T (34)

To obtain the temperature profile, the simulation box is first divided into individual chunks of thick-
ness 0h and containing Ngtom atoms, as shown in Figure 3.12.
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Figure 3.12: Schematic representation of the method used to chunk the system.

The average temperature for each chunk Tep.nk is calculated as follows:

Natom 1, 2
2 DT gmiu;

Tchunk = 3kB Natom (35)

where m; and u; are the mass and velocity of each atom in that chunk.

Calculating each Topynr and plotting it against the number of chunks gives the temperature profile
of the entire film thickness h. Examples of BB and SQ at different contact conditions are shown in
Figure 3.13. For all NEMD simulations in this study, no excessive temperature increase in the film
thickness is observed (AT < 5 K). This demonstrates that the use of the Nosé-Hoover thermostat
with an appropriate damping coefficient (see Section 2.3.3) can effectively control the temperature

under shear.
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Figure 3.13: Temperature profile of NEMD simulations. (a) SQ at 353 K, 100 MPa, Au=0.164/ss, (b) SQ at

353 K, 1500 MPa, Au=0.164/ps. T values are averaged over 2 ns. The red dashed vertical line represents the

critical temperature (T+5 K) of the given contact condition, and the blue dashed horizontal lines represent
the interface between the contact surface and the fluid.
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Figure 3.13: Temperature profile of NEMD simulations. (c) BB at 373 K, 100 MPa, Au=0.164/s, (d) BB at
373 K , 2000 MPa, Au=0.16A/s. T values are averaged over 2 ns. The red dashed vertical line represents
the critical temperature (745 K) of the given contact condition, and the blue dashed horizontal lines
represent the interface between the contact surface and the fluid.

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0086/these.pdf © [R. Xu], [2023], INSA Lyon, tous droits réservés



3.2. EYRING STRESS CHARACTERISATION 71

3.2.3 Velocity profile

The chunks used to calculate the temperature profile are also used to calculate the velocity profile.
In each chunk, the velocity is calculated by summing the quantity of motion or [mass x velocity]
of each atom and dividing it by the sum of the masses. For the profile in the sliding direction, the
expression is as follows:

ZNatom Ml
. i=1 Ui
Uchunk = Natom

3.6
D i1 mi 30

A
The shear rate calculation 4 = Tu only holds if the velocity profile is linear. Thus, for each NEMD

simulation in this study, the velocity profile is examined to check for a linear profile (Couette flow),
as shown in Figure 3.14. As stated in Section 2.3.3, there are no assumptions about the velocity
profile in the confined NEMD simulations, so this check is crucial. The shear rate is the basis for the
subsequent process of calculating apparent non-Newtonian viscosity. In the present study, all velocity
profiles of the simulation results presented have been verified to be linear.
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Figure 3.14: Velocity profile of NEMD simulations. (a) SQ at 353 K, 100 MPa, Au=0.164/s, (b) SQ at 353
K, 1500 MPa, Au=0.164/s. Velocity values are averaged over 2 ns. The blue dashed lines represent the
interface between the contact surface and the fluid.
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Figure 3.14: Velocity profile of NEMD simulations. (c) BB at 373 K, 100 MPa, Au=0.164/ps, (d) BB at 373
K, 2000 MPa, Au=0.164/ps. Velocity values are averaged over 2 ns. The blue dashed lines represent the
interface between the contact surface and the fluid.
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3.2.4 Shear stress

The shear stress 7 is calculated from the tangential force Frr acting on one of the two surfaces moving
in the opposite direction of sliding, and the contact area S = L, x L,, where L, and L, are the

F
lengths of the surface in the x and y directions. 7 is calculated as 7 = “T n the NEMD simulation

used in this study, Frr is defined as the sum of the forces F; acting on Ngy, face atoms of the solid
surface. Thus, the shear stress is calculated as follows:

N.
Zi:frface FZ
= L= 3.7
- (37)
The value Ngypface corresponds to the number of atoms in the region of the solid surface to which
the velocity is imposed (see Section 2.3.3). The shear stress is calculated on each of the two surfaces,
and the shear stress value presented in the following sections represents an average of the two.

3.2.5 Eyring stress

The previous study by Jadhao and Robbins [80, 119] led to the derivation of the Eyring stress from
MD simulations by fitting the Eyring law (approximate form at very high shear rates) on the shear
stress-rate data. In the present study, the original Eyring law (Equation 2.10(b), also displayed below)
is directly fitted to the shear stress versus shear rate data to calculate the Eyring stress.

7 = 7, sinh™ <W>

Te

The fitting process can be achieved using the least squares method. However, although the Eyring
law has only two parameters: 7. and 7y, the fitting process appears uncertain when both parameters
are allowed to vary. This is due to the fact that in Eyring theory the Eyring stress 7. is related to
the Newtonian viscosity ny by 7. = ny“.. This internal relationship makes the convergence more
difficult, especially under extreme operating conditions where 7y becomes very high and 7. very low.
It makes it difficult in the present study to use this method to determine both parameters simulta-
neously. Consequently, in practice, this fitting process is simplified by fixing the ny values given by
experimental measurement presented in Section 3.1.3, or, if necessary, to the value interpolated by
the Newtonian viscosity model chosen for this study. Thus the only parameter to be fitted by the
least squares method from the NEMD result is the Eyring stress. This approach is selected in order
to derive Eyring stress consistent with 7. It means that the pair of parameters (ny, 7.) represents
the best fit of the NEMD data by Eyring law (Equation 2.10(a)). However, the disadvantage is
that the accuracy of 7. depends directly on the relevance of ny. As mentioned in Section 3.1.3, the
Newtonian viscosity model used for both fluids is derived from the rheological measurements, which
are considered reliable.

a Squalane

The pressure and temperature conditions for simulations of SQ are given in Table 3.6. For a given
pressure and temperature, at least six different sliding velocities were considered, corresponding to
shear rates in the range of 10857 ~ 109!, At these shear rates, the simulation time (>5ns) is
sufficient to bring the system to a steady state. Fitting Eyring law (Equation 2.10(b)) on the steady-
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state shear stress versus shear rate data of the last 2 ns, Eyring stress of SQ 729 is obtained. An

example of Eyring fit for SQ at 500 MPa is shown in Figure 3.15.
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Figure 3.15: SQ shear stress versus shear rate data at 500 MPa. Dots stand for confined NEMD data.
Dashed lines stand for the fit of the NEMD data by an Eyring law (Equation 2.10(b)). Different colours
indicate different temperatures.

As a complement, Tes @ fitted from bulk NEMD data are given in the study of Jadhao and Robbins
[80]. Besides, other NEMD results of SQ can be found, such as confined NEMD by Ewen et al. [31]
and Porras-Vasquez et al. [16]. Corresponding 729 of these studies have been derived from the fit
of these data using the same method proposed in this work. They are superposed to the result from
the present study in Figure 3.16.
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Figure 3.16: SQ Eyring stress versus pressure, and for different temperatures. Comparison between results
from this study (confined NEMD, dots and dotted lines) and data from the literature: Jadhao and Robbins
[80] (bulk NEMD, squares and dashed lines), Ewen et al. [31] (confined NEMD, triangles and dash-dotted
line). Porras-Vazquez et al. [16] (confined NEMD, inverted triangles). Different colours are used to
distinguish temperature.

Porras-Vazquez et al. [16] have only two discrete results at two different pressures and temperatures,
thus the analysis of the trend is not possible. Jadhao and Robbins [80] reported that 709 is inde-
pendent of pressure for temperatures higher than 250 K and pressures higher than 300 MPa. On the
other hand, Ewen et al. [31] and the present study reported data that showed a comparable variation
of 779 with pressure. The temperature dependency is well reproduced, although the present result
overestimates TeS @ Wwhen compared to the other studies [31, 80]. Moreover, for SQ as a Group IV base
oil (saturated hydrocarbons), this tendency of 7, to increase with pressure was also observed recently
by Zhang and Spikes [189] from tribology experiments.

The comparison shows that there is no clear consensus on the value of Eyring stress of SQ, and
discrepancies exist between the different authors. However, the 729 derived from the simulation of
the present study are comparable with those from the literature. The discrepancies may arise from
differences between NEMD simulations. Indeed, Ewen et al. and Porras-Vazquez et al. [31, 16]
applied a Langevin thermostat inside the contact surfaces, which clearly had a limited ability to
remove heat compared to the Nosé-Hoover thermostat set on all solids and fluids in the present study
(see Section 2.3.3). As Ewen et al. and Porras-Vazquez et al. focused on comparing the NEMD results
directly with the tribological experimental results, they had less interest in constraining the thermal
effects in contact. They only thermostatted wall atoms to simulate the experimental thermal gradient
development [190]. Instead, in this work we attempted to characterise fluid property and construct
a constitutive equation for p and T'. This had to be done in an isothermal, isobaric environment. A
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larger temperature rise can thus be anticipated in the NEMD simulations of Ewen et al., causing a
5Q

decrease of the shear stress and Eyring stress 7¢
The SLLOD method used by Jadhao and Robbins [80] simulated 125 SQ molecules and used a united-
atom (UA) force field to be able to reach low shear rates such as 10°s™1 ~ 10%s~!. In the present
study, only two orders of magnitude in shear rate are explored and a bigger system with 720 SQ
molecules constrained by the all-atom (AA) force field is used to avoid layering caused by excessive
confinement [16]. On the one hand, the reference work from Jadhao and Robbins, covering four
orders of magnitude in rate, shows a substantial logarithmic behaviour of stress at the high shear
rate, compared to the present study where the Newtonian viscosity is fixed from the Newtonian
viscosity model (Equation 2.14). This may explain the higher Eyring stress values in the present
work. On the other hand, when using a more coarse-grained model, the dynamics can be affected by
the degree of coarse-graining, thus giving quantitative differences. In addition, the SLLOD method
used by Jadhao and Robbins uses the NVT ensemble, whereas the confined NEMD method used in
this study ensures pressure stability in the simulated system by applying constant pressure to the
unfixed upper contact surface, similar to the NPT ensemble. This may also contribute to the observed
difference.

For these reasons, and for the purpose of unifying the research methodology, only the data from the
present study are used in the following. The variation of the Eyring stress of SQ 7'65 ? with respect to
pressure p [MPa] and temperature 7' [K] is fitted by a function given in Equation 3.8. The resulting
parameters are given in Table 3.7. This model will be implemented in the FEM contact model. The
Eyring stress data from NEMD simulations and the derived equation are superposed in Figure 3.17.
It should be noted that this characteristic equation of 759 is only valid in the range of tested p (100
MPa to 2000 MPa) and T' (293 K to 373 K).

75Q[MPa] = A(T) <1 — exp <—B§)T)>> +C(T)

AT)=a*T+ay; BT)=bixT+by CT)=c1*T+c

(3.8)

al [MPa/k] a2 [MPa] bl [MPvk] b2 [MPa] cl MPevk] c2 [MPal
0.0598  -11.4683 4.6973 -1209 0.0505  -10.0967

Table 3.7: Parameters of Eyring stress equation of SQ.
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The pressure and temperature conditions for simulations of BB are also given in Table 3.6. For a given
pressure and temperature, at least six different sliding velocities were considered, corresponding to
shear rates in the range of 108s~! ~ 10%s~1. Since BB has been less studied than SQ, no information
on its Eyring stress 728 and no NEMD simulation results are found in the literature to support the
present study. The simulation time was long enough (> 8 ns) to ensure a steady state. Resulting
steady-state shear stress versus shear rate data are post-processed in the same way as SQ to obtain
the Eyring stress of BB: 755, An example of Eyring fit for BB at 500 MPa is shown in Figure 3.18.
The obtained 758 are shown in Figure 3.19.
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According to the results shown in Figure 3.19, 758 exhibits a rather simple dependence on pressure
and temperature: it appears that on the range of tested pressure and temperature, 725 is proportional
to the pressure with a negative slope. A similar observation was made by Evans and Johnson [65]
for another traction fluid, Santotrac 50. A linear regression of the results relates 728 to pressure p

[MPa| and temperature T' [K] as shown in Equation 3.9.

TBB[M Pa) = 0.149T — 0.014p — 30.21 (3.9)

Similar to the case of SQ, the characteristic equation of 722 is only valid in the tested range of p
(200 MPa to 1000 MPa) and T (293 K to 373 K). Indeed, obviously, the Eyring stress cannot go to
zero or even negative values with increasing pressure. However, when looking closely at Figure 3.19,
it appears that TeBB tends towards a low but non-zero asymptotic value. The data at this stage is
insufficient to support this assumption, but it could be discussed in future studies.

3.3 Synthesis model of fluid viscosity

At this point, two models are established for both fluids studied: the Newtonian viscosity ny model
fitted to experimental viscosity measurements (see Equation 2.14), where the fitting parameters are
given in Table 3.5; the Eyring stress 7. model, which is derived from the NEMD simulation results.
For SQ), qu @ is defined by Equation 3.8, the parameters of which are given in Table 3.7. For BB, 728
is defined by Equation 3.9. Based on these, the generalised viscosity models (Eyring) for both fluids
have been built and are summarised below.

For both fluids, the Eyring generalised viscosity model is written as:

L) — 7e(p, T) sinh™! M
n(vaer) - ,7 h ( Te(va) )

SQ 5Q

For SQ, the two parameters, Newtonian viscosity 7y~ and Eyring stress 7¢ are defined as:

na2(p, T) = Aexp (B~ + Cp™ @), 0<qg<l, 1<Q

()

AlPas] BK] CK] qF Q[] gl SD[%]
SQ[This study] 3.531 x 107 6.016 0.133 0.999 3.954 3.521  10.77

Parameters of the Newtonian viscosity model of SQ.

501y = AT) (1 —exp [~
.7 = A (1= o (- 505 ) ) + €
AT)=a1*T + ay B(T) =by T + bo CT)=c1*%T+c
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al [MPa/k] a2 [MPa] bl [MPvk] b2 [MPa] cl MPvk] c2 [MPal
0.0598  -11.4683 4.6973 -1209 0.0505  -10.0967

Parameters of Eyring stress equation of SQ.

For BB, the two parameters, 17]1\3,3 and 758 are defined as:
BB _ —q —-Q
v (1) =Aexp (B "+ Cp™7), 0<g<l,  1<@Q

wz(ji)(‘x%)g (3.11)

AfPas]  BK] CK] qf] Q[ g[] SD[%
BB[This study] 6.807 x 1075 4.280 0.155 0.871 6.037 4.569  4.13

Parameters of the viscosity scaling law of BB.

PP =0.149T — 0.014p — 30.21

These generalised viscosity models, built to predict the viscosity at given pressure, temperature and
shear rate, are based on the Newtonian viscosity and the Eyring stress of the fluids. These two
parameters are derived from either experimental measurements (Newtonian viscosity) or simulation
results (Eyring stress). For SQ, the Newtonian viscosity data come from high-pressure viscometer
[120] performed by Bair [116], while simulation results come from Jadhao and Robbins [80]. For BB,
Newtonian viscosity data come from the same measurements by Ndiaye et al. [40] and the simulation
results from the present study are used for comparison.

As a final step to validate the generalised viscosity models, the predicted non-Newtonian viscosity
has been compared for both fluids to experimental non-Newtonian viscosity measurements performed
on high-pressure rheometers. Non-Newtonian viscosity data of SQ come from and Bair et al. [73].
The ones of BB come from rheological experiments carried out at LaMCoS by Bouscharain [121].
Comparisons are shown in Figure 3.20, where (a) is SQ at 293K and pressures from 100 MPa to 955
MPa. (b) is BB at 303 K, 313 K, and pressures of 300 MPa and 400 MPa.
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Figure 3.20: (a) Comparison of SQ generalised viscosity prediction (Eyring, dashed lines) at 293 K and
pressures from 100 MPa to 955 MPa, with high-pressure viscometer measurements from Bair [116] (half left
closed symbols), rheometer measurements from Bair et al. [73] (open symbols), simulation results from
Jadhao and Robbins [80] (closed symbols) and from this study (open symbols with a cross) (b) Comparison
of BB generalised viscosity prediction (Eyring, dashed lines) at 303 K, 313 K, and pressures of 300 MPa
and 400 MPa, with Newtonian viscosity data from Ndiaye et al. [40], rheometer measurements from
Bouscharain [121] (open symbols) and simulation results from this study (open symbols with a cross).
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The mean absolute percentage error (MAPE) is a commonly used method for measuring the accuracy
of predictions [191]. It is the mean relative error between the predicted and measured values, as shown
in Equation 3.12, where M; is the measured value and P; is the predicted value. Here, the MAPE
is calculated for the numerically predicted viscosity and the experimental measurements or NEMD
results.

100% . M; — P;
MAPE = 3.12
- ;I Y7 | (3.12)

It can be seen that the generalised viscosity predicted by the Eyring model is in good agreement with
both experimental measurements and NEMD simulation data. For SQ, the MAPE with rheometer
measurements from Bair et al. [73] is 22.2%; with simulation data from Jadhao and Robbins [80] is
5.8%; with simulation data from this study is 3.1%. For BB, the MAPE with rheometer measurement
from Bouscharain [121] is 3.2%; the MAPE with the simulation data from this study is 6.1%. The
models accurately predict the Newtonian viscosity plateau (from high-pressure viscometer measure-
ments), viscosity-rate data at moderate shear rates (from rheometer measurements) and viscosity-rate
data at moderate to high shear rates (from the NEMD simulation). A deviation is observed in the
prediction of the plateau-shear thinning transition of SQ compared with the rheometer measurements
from Bair et al. at 796 MPa, 875 MPa and 955 MPa (indicated by the black arrow in Figure 3.20).
The experimental non-Newtonian transition is delayed compared to the predicted one. Jadhao and
Robbins reported a similar result [80] when they attempted to fit the Eyring model to the same
experimental data, they also found that for these data from Bair et al. [73], the Carreau model fits
better in this region.

These quantitative predictions of generalised viscosity demonstrate the feasibility and reliability of
the viscosity modelling approach proposed in this study. Friction prediction can then be carried out
with these models at the contact scale, which is the topic of the next chapter.

3.4 Conclusion

This chapter was devoted to the determination of the parameters for the generalised viscosity (Eyring)
model, which are the Newtonian viscosity ny and the Eyring stress 7.

Initially, the EMD simulations were used to determine the Newtonian viscosity, considering the dif-
fusion coefficient and the Stokes-Einstein relation. The Stokes-Einstein method is grounded on three
parameters: the diffusion coefficient D, the activation energy F,, and the characteristic length r..
Through the analysis of the mean square displacement (MSD) curve obtained from the EMD simula-
tions, D was calculated. Following this, an Arrhenius equation for D(p,T") was established linking D
with 1/7. This process led to the determination of the pre-exponential factor Dy and the activation
energy Fo(p). The characteristic length r. was estimated by assessing the volume of each atom.

The Stokes-Einstein viscosity predictions did not yield the expected accuracy compared to the exper-
imental data, since it failed to take into account the faster-than-exponential behaviour of viscosity.
Even though this attempt at predicting Newtonian viscosity through EMD simulations has enriched
our understanding of EHD viscosity prediction, it did not provide satisfactory viscosity simulations.
Therefore, experimental measurements represented the only reliable source of Newtonian viscosity
data. Hence, a viscosity model was constructed by fitting an adequate law to these data.
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In the second part of this chapter, the Eyring stress 7. was determined via NEMD simulations.
The temperature profile of each NEMD simulation result was verified to ensure that there was no
significant temperature increase (less than 5 K). Following this, the velocity profile within the film
thickness was verified to be linear. The shear rate was then calculated based on the velocity of the two
contact surfaces and the film thickness fully separating these two. The verification of the temperature
profile ensured that the simulated system was in a steady state, isothermal, isobaric environment.
Finally, the steady-state shear stress was calculated from the forces acting on the contact surfaces
in the direction of shear and the contact surface area. The obtained shear stress along with its
corresponding temperature, pressure, and shear rate were used to derive the Eyring stress for the
respective conditions. During this process, the Newtonian viscosity was fixed to the value provided
by the previously established Newtonian viscosity model. The obtained Eyring stress values were
then subjected to regression analysis, thereby constructing the Eyring stress model as a function
of pressure and temperature. This approach allowed us to incorporate the complex dependence of
Eyring stress on these two key variables, making the model robust for a wide range of conditions.

Finally, the generalised viscosity (Eyring) models for the two fluids were established. The prediction
of viscosity versus shear rate data of the two studied fluids was compared with experimental measure-
ments (viscometer and rheometer) and NEMD simulation results from the literature and this study.
The results showed a good match, validating the generalised viscosity model which will be used in
the contact model for friction prediction. The results of these studies will be presented in Chapter 4.
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EHD friction prediction

In this chapter, the results of EHD friction predictions are presented. The Eyring viscosity model
including the pressure and temperature variation of its two parameters has been implemented into
the thermal-elastohydrodynamic non-Newtonian (TEHLnN) contact model described in Chapter 2
to predict friction.

The EHD friction prediction is carried out for steel-steel contacts and under the same operational
conditions as tribology experiments. The numerical results are then compared with experimental
data from ball-on-disc tribometers to evaluate the quality of the prediction. Potential sources of error
are analysed.

Finally, to further explore the generation of the friction plateau, the influence of the thermal effects
and shear thinning effects on the friction mechanism is investigated. This is done through two
additional simulations: isothermal non-Newtonian and thermal Newtonian simulations.

4.1 Additional material properties

Material properties also need to be specified to solve the system of equations. For example, in order
to solve the elasticity equation, Young’s modulus £ and Poisson’s ratio v are required. Similarly, for
the heat equation, the thermodynamic properties of both solids and fluids, such as specific heat ¢ and
thermal conductivity k, are needed.

In the present study, lubricated friction from steel-steel contacts is numerically predicted and com-
pared with experimental measurement. Corresponding material properties, such as E, v, k, p and ¢
are given in Table 4.1.
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Solid Ball Disc1
Material Steel
Young’s modulus E [GPa] 210
Poisson’s ratio v [-] 0.3
Thermal conductivity k [W/mxk] 21 [192]
Specific heat ¢ [Vkgx] 470
Density p [k9/m?] 7850
Fluid SQ BB
Thermal conductivity k [W/mkx] 0.14  0.13
Specific heat ¢ [Vkgx] 1040 2058

Table 4.1: Materiel properties of the contacting solids and lubricant thermodynamic properties.

4.2 Friction prediction from the TEHLnN model

With the help of these additional material properties, the full Eyring viscosity model established
in Section 3.3 is implemented into the TEHLnN contact model described in Section 2.3 to predict
friction. The numerical simulations of the contact are selected to be carried out in the same operating
conditions as the experimental friction measurement described in Section 2.2, in order to compare
numerical prediction with experiment data. The experiment conditions are summarised in Table 4.2.

Fluid SQ BB
Ambiant temperature Ty [K] 313 313, 333
Contact load W [N] 46, 108, 254 32, 61
Max Hertzian pressure py, [MPa] 900, 1200, 1600 800, 1000
Entrainment speed u, [7/s] 0.8 2.5(313 K), 5(333 K)
Slide to roll ratio SRR [%)] 0.1-80 0.1-50

Table 4.2: Tribological experiment conditions of SQ and BB.

These tribological conditions are first plotted against the Newtonian viscosity data to see how repre-
sentative they are. They are presented as black crosses in Figure 4.1. These represent the Newtonian
viscosity of SQ or BB at the ambient (lubricant reservoir) temperature and the Hertzian pressure of
the tribometer experiments. The viscosity values are obtained based on the experimental viscometer
measurement or extrapolated using the selected viscosity model (refer to Chapter 2). In the contact
area, the pressure increases from atmospheric to Hertzian pressure, resulting in a change in viscosity
of several orders of magnitude. As shown in Figure 4.1, for SQ the test conditions correspond to
viscosity inside or close to the experimental measurement range, whereas for BB the test conditions
are located further into the extrapolated area.
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Figure 4.1: Comparison between viscosity measurements (filled symbols) and the viscosity scaling law
predictions (dash lines). (a) SQ, experimental data from [116]. (b) BB, experimental data from[40]. The
operating conditions for the friction experiments of the present study are marked as black crosses.

For steel-steel contact, the measured and predicted friction curves are shown in Figure 4.2 and Figure
4.3. Figure 4.2(a), (b), and (c) stand for SQ whereas Figure 4.3(a), (b), and (c) stand for BB. TEHLnN
predictions are shown as red dots, and tribological measurements are shown as black squares.
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Figure 4.2: Comparison between experimental friction measurements from this study (black squares) and
numerical predictions of TEHLnN simulation (red dots). (a) SQ Tp=313K, p,=900MPa. (b) SQ Tp;=313K,
pr=1200MPa. (c) SQ Tpx=313K, p,=1600MPa.
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numerical prediction of TEHLnN simulation (red dots). (a) BB Tp=333K, p;,=800MPa. (b) BB T5=333K,
pr=1000MPa. (c) BB Ty=313K, pp=800MPa.

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0086/these.pdf © [R. Xu], [2023], INSA Lyon, tous droits réservés



4.2. FRICTION PREDICTION FROM THE TEHLNN MODEL 91

The quality of the predictions is evaluated by mean absolute percentage errors detailed in Section
3.3. In this context, the MAPE is calculated for the coefficient of friction numerically predicted at
the same condition as the tribological measurement.

In the case of SQ (Figure 4.2), the MAPE (for SRR>1%), as well as the maximum relative error
between the experimental measurements and TEHLnN predictions, is always lower than 10%. Also,
the simulations reproduced very well the linear and shear thinning regimes of the friction curves.
More interestingly, they successfully predicted the friction plateau and the thermal thinning regime
on a quantitative basis.

For BB (Figure 4.3), the TEHLnN predictions show a MAPE (for SRR>1%) of 25% to 34%, with a
maximum relative error up to 60% in the last case (Figure 4.3(c)) at SRR=5%. Despite being less
accurate than for SQ, the TEHLnN prediction still provides a suitable order of magnitude of the
friction coefficient and reproduces qualitatively the linear and shear thinning regimes, as well as the
plateau regime (Figure 4.3(a) and (b)) and the thermal thinning regime (Figure 4.3(c)). It is also
worth noting that for cases (a) and (b), the highest experimental SRR is 10%. The maximum SRR
was extended to 25% in simulations, and the results show the occurrence of the thermal thinning
regime in cases (a) and (b).

It is clear from the MAPE results that the magnitude of the deviation between the predicted and
measured values varies for the two types of fluids. Due to the complexity of EHD contacts, many
factors can affect the accuracy of friction force prediction. The most likely cause of the deviation is
the accuracy of the viscosity model; in other words, the accuracy of the two parameters of the Eyring
model: the Newtonian viscosity at contact pressure and the Eyring stress.

To further investigate this issue, additional simulations were carried out. The robustness of the Eyring
model was tested by altering its two parameters. Different Eyring stress laws were initially tested
while using the same Newtonian viscosity model. For SQ, two Eyring stress laws can be recognised:
Equation 3.8 from this study, which depends on both p and T and a law derived from the results
of Jadhao and Robbins [80] (see Figure 3.16). According to [80], the Eyring stress of SQ might be
independent of p for T greater than 250 K and p higher than 300 MPa. Hence, a linear regression
versus only T was derived from the Eyring stress data, as shown in Equation 4.1.

From[80] :  7°9[MPa] = 0.074T — 12.483 (4.1)

As shown in Figure 4.4, the red dots represent the predictions using the Eyring stress from this study,
while the purple inverse triangles represent the predictions using the Eyring stress of Jadhao and
Robbins. The same viscosity scaling model is used for Newtonian viscosity. Numerical prediction
from the two different Eyring stresses only shows a difference in friction coefficient of around 5%,
while the difference in Eyring stress can reach 20%. This friction prediction approach does not appear
to be highly sensitive to the value of the Eyring stress. Instead, its accuracy is more dependent on
the Newtonian viscosity of the lubricant at contact pressure conditions.
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Figure 4.4: Comparison between experimental measurements from this study (black squares) and TEHLnN
predictions using Eyring stress from this study (red dots) and from Jadhao and Robbins [80] (purple inverse
triangles). (a) SQ Tp=313K, p,=900MPa. (b) SQ Tp,=313K, p,=1200MPa.

Based on this robustness analysis, the reasons why predictions for SQ are more accurate than those
for BB can be explained. For SQ the Hertzian pressure probed in the tribological test led to pressure
distribution within the range of p and T that have been probed in rheological tests, as indicated in Fig-
ure 4.1(a). For BB, as shown in Figure 4.1(b), the Newtonian viscosity under test contact conditions
is considerably outside the experimental measurement range, leading to significantly extrapolated
viscosity data.

More importantly, the different fast-than-exponential behaviour exhibited by the two fluids also con-
tributes to the differences observed in the predictions. For BB, its transition occurs at lower pressures
(from 300 MPa to 700 MPa), which, combined with the restricted range of rheological test conditions
that there are very little of the data lies within its fastest-than-exponential range. This makes its
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extrapolation to higher pressures more precarious. Moreover, all the tribological test conditions for
BB lie within this extrapolated zone. Conversely, for SQ, this transition happens at higher pressures
(around 1300 MPa). This makes its extrapolation more secure and results in higher accuracy for the
Newtonian viscosity prediction.

From this perspective, a better quantitative friction prediction for BB is still an open challenge.

4.3 Investigation of the friction plateau generation

Despite the observed discrepancies for BB, the TEHLnN simulation still quantitatively predicts the
experimentally measured friction of the two fluids and in particular of the friction plateau. In other
words, the friction plateau can be reproduced in a realistic contact model that takes into account both
non-Newtonian effects modelled by the Eyring viscosity model and thermal effects due to compression
and shear heat source in the energy equation. To be able to discuss in more detail the origin of the
friction plateau, these two effects had to be uncoupled. For that, two additional simulations are
performed for each operating condition in Figures 4.2 and 4.3.

Isothermal non-Newtonian simulations prevent temperature rise due to heat generation. Such sim-
ulations have been run by removing the thermal model in the TEHLnN contact model (see Section
2.3.3) and fixing all temperatures T to the ambient (lubricant reservoir) temperature Tp. On the
other hand, thermal Newtonian simulations were run by considering only the shear-independent vis-
cosity (taken as ny), thus preventing shear thinning. Results of these two simulations are reported
in Figures 4.5 and 4.6, where isothermal non-Newtonian simulations are shown as blue triangles and
thermal Newtonian simulations are shown as green diamonds. TEHLnN predictions and experimental
measurements are also shown in the same figures as red dots and black squares.

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0086/these.pdf © [R. Xu], [2023], INSA Lyon, tous droits réservés



4.3. INVESTIGATION OF THE FRICTION PLATEAU GENERATION 94

(a)

0.14 - 0O experimental
® prediction - TEHLNN
0.12 A prediction - isothermal non-Newtonian
' & prediction - thermal Newtonian
0.10
=
c
Q
‘S
& 0.08 o >
[} o <o
o <
o A
c Iy
G 0.06 A A
t; © A a a a
= = 5 . ° ° °
0.04 - 3 °
o8
O
0.02
0'00 T T T T T T T T T T T T T T T T
0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
SRR (%)
(b) 021 °
0.14 - ° ¢
o
°
0.12
0.1
-3
- 0.10 - 8 ¢
s ©
S b
g b
& 0.084 0.0
@ 0 5 10 N A
S N
A
& 0.06 - N 5
C g © s 0O @ C . s
2
- m]
0.04 AD 0 experimental
é’ ® prediction - TEHLNN
0.02 4 A prediction - isothermal non-Newtonian
<& prediction - thermal Newtonian

0.00 é T T T T T T T T T T T 1

0 5 100 15 20 25 30 35 40 45 50 55 60
SRR (%)
07 e e
(c) : .
014 06
0.54{ o
0.4
0.12 03
0.2
2 0104 0.1 .
. g o o
o] 00— <o o
‘S 0 1A A A
& 0.08 - a
Q
] A
® ™ ™ = 5 o m
S 0.06 s ® ° .
= u]
L:’ o
“ 0048 -
J§ 0 experimental
3 ® prediction - TEHLnN
0.02 A prediction - isothermal non-Newtonian
<& prediction - thermal Newtonian
0.00 < : ; ; ; .
0 10 20 30 40 50

SRR (%)

Figure 4.5: Comparison between experimental measurements from this study (black squares) and prediction
results of thermal non-Newtonian simulation (red dots), isothermal non-Newtonian simulation (blue
triangles) and thermal Newtonian simulation (green diamond). (a) SQ To=313K, p,=900MPa. (b) SQ

To=313K, pp=1200MPa. (c) SQ To=313K, p,=1600MPa.
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Figure 4.6: Comparison between experimental measurements from [40] (black squares) and prediction
results of thermal non-Newtonian simulation (red dots). (a) BB To=333K, p,=800MPa. (b) BB T;=333K,
pr=1000MPa. (c) BB T;=313K, p,=800MPa.
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Unsurprisingly, for both fluids, the thermal Newtonian simulations show a rapid linear rise of friction
coefficient at very low SRR. For example, Figure 4.6(b) shows that the friction coefficient of BB at
To=333 K and p,= 1000 MPa goes from 0 to 0.8 in just 0.1% of SRR. Then due to the thermal
effects, the friction slope gradually decreases with increasing SRR until it becomes negative, meaning
that the thermal thinning in this friction regime has a more significant impact than the natural
increase of shear stress with shear rate. The initial friction slope, as well as the maximum friction
coefficient, increases with pressure (Figure 4.5(a), (b), (c¢) and Figure 4.6(a), (b)) and decrease with
temperature (Figure 4.6(a), (c)) due to the dependence of the Newtonian viscosity model on pressure
and temperature.

Since there are several orders of magnitude differences between the friction coefficients obtained
from the thermal Newtonian simulation and the experimental data, it is clear that a Newtonian
constitutive equation alone does not make it possible to reproduce the experimental friction curves,
neither quantitatively nor even qualitatively. The non-Newtonian constitutive equation (here the
Eyring relation) plays a significant role in the onset of the friction plateau observed in experiments.

On the other hand, the isothermal non-Newtonian simulations perfectly reproduced the experimental
measurement and TEHLnN data at low to moderate SRR (up to SRR = 20% for SQ and a significantly
lower SRR value for BB). Beyond this range, the thermal effects become significant and the isothermal
non-Newtonian simulations overestimate more and more the friction coefficients in comparison to
both TEHLnN simulation and experimental data. These numerical simulations underline the fact
that heat generation and dissipation can play a non-negligible role in friction in the shear-thinning
regime. This is particularly visible for the BB in Figure 4.6 (b) and (c), where discrepancies between
non-Newtonian isothermal and non-Newtonian thermal predictions occur at low SRR (around 1%).
It can also be noted that these discrepancies occur at SRR lower for the BB than for the SQ, meaning
that thermal effects are more pronounced for traction-like fluid BB than lubricant SQ. This effect
was already noted on the BB in [40] where the maximum friction value showed a decrease of around
4% for increasing entrainment velocities, meaning increasing heating.

Thermal effects play an even more important role in limiting friction phenomena. Figures 4.5 and
4.6 show that neither thermal nor non-Newtonian effects alone can reproduce the friction plateau
observed experimentally. As a consequence, the friction plateau appears to be due to a combination
of shear thinning (non-Newtonian effect) and thermal thinning (thermal effect). The “plateau-like”
regime of the friction curves does not seem to be due solely to an intrinsic property of the lubricant.
It also depends on the viscous heating in the contact, including the materials constituting the solid
bodies and contact conditions.

This conclusion can also be related to the variation of 4,cq. = l in the contact area. In fact, when the

contact conditions change, the critical shear rate 5. also Changfes. Consequently, the 4,..q. changes for
the same SRR. Combined with the thermal effect, this determines friction under specific conditions.
It may explain why friction plateaus tend to occur at high contact pressures (for the same SRR):
a lower critical shear rate due to high pressure makes it easier to reach high .4, and the higher
viscosity also makes the thermal effect more pronounced. Furthermore, the assumption could be
made based on these inferences that the occurrence of friction plateaus is generic. A sufficiently high
Yred. and a sufficiently strong thermal effect (at a high shear rate) will eventually lead friction to
saturate or even drop. Although which of these two effects is in the dominant position in this process
remains unclear because the present study demonstrates that neither can independently reproduce
the friction plateau observed in the experiment.
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Furthermore, the empirical friction plateau laws presented in Section 1.4 are questionable and hardly
reflect a general characterisation of the fluid. They phenomenologically represent both the shear
thinning of the fluid and the thermal dissipations in the contact where they are characterised. This
prevents them from being extrapolated to other contacts. However, as the present work shows,
thermal effects play an important role in the generation of the friction plateau, i.e. it depends not
only on the lubricant but also on the test conditions (temperatures, training speed and thermal
properties of the solid bodies). The model proposed in this work is more relevant as it can be
extrapolated to other conditions.

Given the non-negligible influence of thermal effects on EHD friction, it is a reasonable conjecture
that, under the same contact conditions (pressure, temperature, and shear rate/SRR), different ther-
modynamic characteristics introduced by varying contacting solids may alter thermal dissipation and
thus cause differing frictional responses. Thus, friction in a set of steel-sapphire contacts was also
predicted and compared with those in steel-steel contacts under the same conditions, details of which
are given in Appendix D. Unfortunately, the difference in the thermal properties of the two solids
is not significant enough to strongly conclude their influence on their friction, further studies are
needed.

4.4 Limitations and perspectives

With a contact-independent established Eyring model for both fluids, the present approach quantita-
tively predicted the friction of experimental EHD contact. Different regimes for both fluids, including
the plateau regime and the thermal thinning regime, are very well reproduced. Compared with clas-
sical EHD friction prediction [55, 56, 57, 63|, the present approach does not require reference to any
friction measurement. This makes it an important step towards the “true” friction prediction and
quantitative EHL [88].

However, the proposed approach does come with its own limitations, stemming both from the char-
acterisation of fluid intrinsic properties and the contact model at the continuum scale.

Firstly, there are technical limitations, both experimentally and numerically. The characterisation of
Newtonian viscosity ny is a challenging task. Experimentally, this process can be time-consuming
and the experimental equipment required may not be readily available. For instance, high-pressure
viscometer measurements are often limited in their range of pressures and temperatures, often falling
short of EHD conditions (see Section 3.1.3). On the other hand, numerical methods are also con-
strained by computational power, which may restrict the coverage of all contact conditions. Indeed,
building a comprehensive Eyring stress model covering a wide range of temperatures and pressures
it is a lengthy process.

The second source of limitations comes from the Eyring model considered. Our method of calculating
Eyring stress requires the involvement of Newtonian viscosity, its accuracy depends directly on the
accuracy of the Newtonian viscosity model, making this the most complex and challenging aspect
of the entire approach. Obtaining Eyring stress using only NEMD results (as done by Jadhao et al.
[80]) seems to be a worthwhile approach to try. However, for this method to give reliable Newtonian
viscosity, simulations would have to run to reach a low range of shear rates, making them tremendously
longer, and not accessible with the local computing facilities.

Moreover, the question of the range of validity of the BB Eyring stress (denoted 757 see Figure
3.19) arises. We postulate that it will eventually converge to a smaller value with increasing pressure,
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but this assumption is not substantiated by any supporting evidence. In the present study, the 725
displays a linear trend over its applicable range (0-1000 MPa) and is inversely proportional to the
pressures. Beyond this range, the value of 758 could potentially decrease to a negative value with
increasing pressure. This would imply that the fluid would exhibit shear-thinning behaviour at a
shear rate lower than zero, which is not possible in reality. As such, the current 722 model cannot
be utilised to predict friction for pressures higher than 1000 MPa. On the other hand, for SQ, as 729
exhibits a plateau with increasing pressure, its model can be extrapolated to higher pressures (see

Figure 3.17).

In addition to the limits stated, the following perspectives are envisaged to bring versatility to this
work.

First, this method has only been tested on pure substances, and its applicability to mixtures is
uncertain.

Second, since this study found that the generation of the friction plateau results from a combination
of non-Newtonian and thermal effects, the contact conditions are expected to influence friction. For
now, the proposed approach mainly considers steel-steel contact. It has also been applied to steel-
sapphire contact for limited contact conditions (see Appendix D) and very good results have been
obtained. This study should now be extended to more types of contacts, especially those involving
solids with significantly different thermodynamic properties to prove the versatility of the approach.

Finally, the current TEHLnN contact model employs simplified material properties for both the fluid
and the solid. For instance, constant values are used for thermal conductivity (k) and specific heat
capacity (¢). Given our demonstration of the significant role that thermal effects play in the EHD
friction response, this approach could incorporate the use of pressure and temperature-dependent
material properties, as recommended by Habchi et al. [52]. This could more accurately represent
heat dissipation in the contact area, thereby improving the quality of the prediction.

4.5 Conclusion

This chapter presented friction prediction results obtained using the TEHLnN contact model along
with the Eyring law established independently in Chapter 3 based on rheometer measurements and
molecular dynamics simulations. Predictions were performed under the same operating conditions as
tribology experiments. The results showed a promising degree of consistency when compared with
experimental data. The model successfully reproduced the experimentally observed friction regimes,
including the friction plateau and thermal regime.

For SQ, the mean absolute percentage error (MAPE) of the prediction was consistently less than
10%, while for BB, this value was relatively higher, around 30%. An analysis of the robustness of
the Eyring law was conducted, demonstrating that among the two parameters used to construct the
Eyring model, the prediction was more sensitive to the Newtonian viscosity model. This was therefore
identified as the primary source of deviation.

To investigate the genesis of the friction plateau, thermal and non-Newtonian effects in the contact
were isolated. The results indicated that neither of these two effects could individually reproduce
the friction plateau observed in the experiments, suggesting that the friction plateau results from a
combination of these effects. Hence, the generation of the friction plateau could be seen as (whatever
the fluid), as a sufficiently high shear thinning and thermal effect under certain contact conditions.
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Furthermore, the study also revealed how thermal effects can impact the friction response, potentially
starting at a very low SRR.

Finally, the limitations and potential future directions of the proposed approach were discussed. It
could be extended to more contacts involving different materials, particularly solids with significantly
different thermodynamic properties. Extending the range of pressures to which this approach can be
applied is a necessary enhancement. Lastly, the use of temperature and pressure-dependent material
thermodynamic properties could be an improvement in the model.
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(General conclusion

This thesis aims to bring an original strategy to predict friction in the elastohydrodynamic (EHD)
contact, based on the a priori fluid characterisation.

o Chapter 1 develops the state of the art concerning EHD friction. In particular, it emphasises the
difficulty of correctly modelling the friction threshold observed experimentally, while the physical
origin remains unclear. Researchers previously used empirical models based on tribological
experiments to artificially introduce friction plateaus, thereby limiting their progression from
being truly “predictive”.

o The proposed strategy is developed in Chapter 2. It consists of two parts. The first part
focuses on the determination of the rheological properties of the fluid, with a particular focus
on generalised viscosity. This involves establishing the constitutive equation for viscosity as a
function of pressure, temperature, and shear rate. The Eyring viscosity model is chosen for
its simple form, featuring only two parameters which greatly facilitates the characterisation
process. The second part consists of building a thermal EHD contact model, able to reproduce
the pressure and temperature fields experienced in the real contact area. The constitutive
viscosity equation established in the first part will be implemented into the contact model to
predict friction.

Characterisation of fluid rheological properties under elastohydrodynamic lubrication (EHL)
conditions is by itself a challenge. It is crucial to determine these rheological properties in
a contact-independent manner within the volume of fluid. But at the same time, rheological
conditions applied to the fluid should be as close as possible to the contact condition. However,
at this stage, due to the limitation of experimental methods, molecular dynamics simulations
(MD) are utilised to attempt to extend the existing literature data. To illustrate the versatility
of the proposed friction prediction method, two fluids with different characteristics are selected:
a classical lubricant squalane (SQ) and benzyl benzoate (BB), the latter is chosen to mimic the
properties of traction fluid.

o The two parameters of the Eyring model, i.e., the Newtonian viscosity and the Eyring stress, are
then determined in Chapter 3. Equilibrium molecular dynamics (EMD) simulations are initially
employed for the determination of Newtonian viscosity. The Stokes-Einstein relationship is first
coupled with the diffusion coefficient characterisation via EMD. Unfortunately, this method is
limited by the sharp increase of relaxation time with pressure, making it too long to be computed
under EHL conditions. Consequently, a Newtonian viscosity model derived from experimentally
measured Newtonian viscosity is used.

Non-equilibrium molecular dynamics (NEMD) simulations are used for the determination of
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Eyring stress. NEMD simulations are conducted under isothermal and isobaric conditions.
Steady-state shear stress and corresponding shear rate are obtained, and the Eyring stress
is calculated by fitting the Eyring equation to the obtained stress-rate data. Once the two
parameters are determined, the generalised (Eyring) viscosity models for the two fluids are
established.

 In Chapter 4, the thermal EHL non-Newtonian (TEHLnN) contact model is developed to predict
friction. It simultaneously solves four fully coupled equations: the generalised Reynolds equa-
tion, the elasticity equation, the film thickness equation, and the heat equation. The Eyring
viscosity model, established in Chapter 3 is implemented into the model, allowing the prediction
of friction using contact-independent physical quantities.

The prediction results are compared with measurements from tribological experiments, demon-
strating that despite some deviations, the friction coefficients of both fluids have been quanti-
tatively predicted. Moreover, all friction regimes, including the friction plateau, are accurately
predicted. Later, the causes of deviations between numerical predictions and experimental
measurements are analysed. The Eyring viscosity model is considered to be the cause of the
deviation, and subsequent robustness tests revealed that one of its parameters, the Newtonian
viscosity, is the primary factor affecting the accuracy of predictions.

Two additional simulations, isothermal non-Newtonian and thermal Newtonian, are performed
to disentangle non-Newtonian and thermal effects. The results indicate that neither of them can
independently reproduce the friction plateau observed in the experiments. Thus, the friction
plateau is a result of the combined effect of non-Newtonian and thermal effects. This analy-
sis also reveals the influence of thermal effects on the fluid friction response: contrary to the
traditional belief that thermal effects have a significant impact only under high shear rates,
they manifest almost simultaneously with non-Newtonian effects and continuously influence the
friction response.

Achivements
Compared to existing literature, the present study has made advancements in the following aspects:

o Development of a new EHD friction prediction method, through the determination of
the rheological constitutive laws of fluids, in particular the generalised viscosity. By organically
combining the contact-independent constitutive laws with the existing TEHLnN contact model,
this approach allowed friction prediction to move from reliance on experimental results to true
prediction based on material constitutive equations and intrinsic properties. This approach
led to the first quantitative prediction of EHD friction, including friction plateau and thermal
thinning regime.

e Versatility of the approach: This approach has been applied to two fluids of very different
nature, lubricant SQ and traction-like fluid BB, to highlight the versatility of the approach to
make it independent of the nature of the fluid.

» Prediction of the friction plateau: Utilising the Eyring viscosity model and the TEHLnN
contact model, this study successfully predicted the friction plateau, which was observed exper-
imentally for many years but had never been predicted by previous EHD friction models.

o Generation of the friction plateau: The role of non-Newtonian and thermal effects in friction
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plateau generation is numerically investigated by switching off either the thermal model or the
non-Newtonian model. The results demonstrate that the friction plateau is a combined effect
of non-Newtonian and thermal effects.

Additionally, while efforts to characterise Newtonian viscosity through EMD simulations and the
Stokes-Einstein relation did not yield plausible values under EHL conditions, they significantly ad-
vanced our understanding of the fluid state in such conditions.

We discovered that the genuine impact of changes in contact conditions (pressure and temperature)
on the fluid is reflected in alterations to its relaxation time t,..; and critical shear rate 5., which is
associated with the state and flow behaviour of the fluid.

o The state of the fluid depends on the ratio between the relaxation time t¢,.; and the observation
time tops (the simulation time g, in our case). It determines whether the fluid will be in a
liquid-like or solid-like state.

o To better understand the behaviour of the fluid under shear (non-equilibrium), the shear rate

4 should be compared to a critical shear rate 4. which would be defined as .
rel

Limitations and perspectives

Despite making significant strides towards “true” friction prediction and quantitative EHL, this study
does have certain limitations, which originate primarily from the characterisation of fluid intrinsic
properties and the continuum-scale contact model. Moving forward, there are several perspectives
for future work to address these limitations.

o Characterisation of fluid: The EMD method does not accurately describe Newtonian vis-
cosity under EHL conditions; therefore, the Newtonian viscosity model used in this study was
obtained by fitting the viscosity scaling law to experimental data over a limited range of pres-
sure and temperature. Yet, our specific interest lies in high-pressure and/or low-temperature
conditions, which often require a great extrapolation of the Newtonian viscosity model, as seen
in the case of BB. Besides, robustness testing reveals that the prediction approach is highly
sensitive to Newtonian viscosity, suggesting that the extrapolation of Newtonian viscosity is
likely to impact the accuracy of the prediction.

One possibility for exploring friction plateau regimes without extrapolating Newtonian viscosity
involves maintaining moderate pressure but working at very high shear rates. However, achieving
such high shear rates experimentally poses a significant challenge.

While an Eyring stress model for both fluids was constructed using NEMD simulations, it is
only applicable within a limited pressure-temperature range. In addition, the method employed
for calculating Eyring stress is highly dependent on the determination of Newtonian viscosity.
Therefore, its accuracy is largely tied to the viscosity model, consistent with the problems
encountered with the Newtonian viscosity model.

Furthermore, in some cases, calculating Eyring stress through NEMD simulations might not be
the most optimal solution. For the two fluids selected in this study, NEMD simulations were less
challenging due to their simple molecular structure and the fact that they are pure substances.
This is not the case for NEMD simulations of complex fluids, compounds, or mixtures. In these
instances, using MD simulations might not be the most economical or straightforward approach,
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considering that even the relatively simple NEMD simulations used in this study were already
constrained by computational power.

The experimental approach may be a better solution for these cases. In theory, a fully experi-
mental and contact-independent method for determining Eyring stress is conceivable. Assuming
Te = NNYe and . = i7 the Eyring stress model could be constructed by experimentally mea-
suring both ¢,..; and ny. Brillouin scattering appears to be a potential experimental method for
measuring t,.;; however, as of now, no substantiated results support this approach.

« EHD contact modelling: Given the significant role of thermal effects in friction response, a
potential and necessary optimisation for the existing TEHLnN model is to replace the simplified
material properties (currently treated as constants, e.g. k, ¢,) with values that are dependent
on pressure and temperature, as recommended by Habchi et al. [63]. This modification would
render the thermal effects in the simulations more aligned with reality, thereby improving the
accuracy of the predictions. Additionally, while friction predictions for steel-steel and steel-
sapphire contacts have been performed, further validation of this method across a broader range
of contact materials.

o Further investigation of thermal effects: One of the most important conclusions of this
study is the revelation that friction plateaus arise as a result of a combination of non-Newtonian
and thermal effects. A reasonable conjecture is that in the absence of thermal effects, contacts
between different types of surfaces under identical conditions would exhibit the same friction
responses due to the same non-Newtonian effects. Any observed discrepancies in friction re-
sponse, if present, can be wholly attributed to differences in thermal effects (due to differences
in the thermal properties of different surfaces). The former has been confirmed by comparing the
results of isothermal non-Newtonian simulations of steel-steel and steel-sapphire contacts (see
Appendix D). However, proving the latter by comparing the experimental or TEHLnN results
becomes challenging because of the similar thermal diffusivity of steel and sapphire. It would
be valuable to explore other contact surfaces in the future, particularly those surfaces with sub-
stantial differences in thermal properties. This would make it possible to validate the influence
of thermal effects on friction and enrich our understanding of the thermal and shear-thinning
behaviours of these contacts.

To do this, we need to find materials that are compatible with the limits of each of the tribology
tests and numerical approaches. Tungsten Carbide, for example, is being considered.
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Calculation of reduced viscosity slope

To derive the viscosity slope from the representation in figure 2.5 (log scale), let’s set x = l = Yred.
e

and y = Ul = Nred.- The corresponding logarithmic form are X = log;yz and Y = log;yy. Then,

N
the reduced viscosity slope is defined as the variation rate R(x), written as:

dY_dY % da:_ac%

Rvisco = Tv — 1 Tv —
e A TR TR s i

(A.1)

In Eyring equation 2.10(a), substituting 4. and ny for 7., one obtains an alternative form of Eyring
viscosity equation:

M Ve gt <7> (A.2)

NN Y 7@

By replacing the reduced viscosity by ¢ and the reduced shear rate by x, one obtains:

y:M (A.3)

T

Substituting equation A.3 into equation A.1, the variation rate of reduced Eyring viscosity as function
of Ayeq. finally became:

X
Rvisco €)= -1 A4
@) = A s (@) (4-4)
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Newtonian viscosity by Green-Kubo
method

The concept of the Green-Kubo (GK) method is described in Section 2.3.2a. In this study, GK is
first tested on SQ, due to unsatisfactory results and other drawbacks, which are explained later, no
further tests were carried out on the SQ and BB.

The output of the GK method is the viscosity value in a given step length (every 200,000 time steps or
0.2 ns in the present study). This result needs to be averaged again for a longer period to obtain the
representative viscosity at the given p and T'. In the present study, all the GK simulations for SQ are
run for 10 ns and the viscosity value is taken from the average of the last 2 ns. The simulation results
are compared with viscosity measurements from Bair [116], as shown in Figure B.1. The solid squares
represent the experimental measurements, the hollow diamonds represent the simulation results, and
the colours distinguish temperatures. Dashed lines are used to connect the simulation results to
identify the trend.
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Figure B.1: Comparison between viscosity measurements (filled squares) and viscosity from GK method
(hollow diamonds and dashed lines). Experimental data of SQ comes from [116].

It can be seen that the Newtonian viscosity calculated by the GK method has relatively good accuracy
at atmospheric pressure. For 313 K, 338 K, and 373 K, the mean absolute percentage error (MAPE)
between the two sets is consistently less than 10%. The highest MAPE is found at 293 K, at around
30%. However, it appears that the deviation between the two sets of data increases with pressure.
For example, at 293 K and 313 K, and 50 MPa and 100 MPa, the maximum MAPE can reach 65%.
The simulation results and the experimental data show a very different trend, and the deviation may
increase with pressure by several orders of magnitude. Although simulations were not carried out for
other temperatures, the same trend is likely to occur.

The GK method calculates viscosity using the autocorrelation function of the stress tensor. Ideally,
with increasing time, the autocorrelation function of the stress tensor should decay to zero, implying
that the integral in Equation 2.16 converges to a constant value - the viscosity of the fluid under the
given conditions. However, the full convergence of the viscosity sometimes requires a long simulation
time [193]. However, in the present study, the simulation time for GK methods is limited to several
nanoseconds due to computational limitations. This limitation leads to functions that do not converge
under certain conditions, especially at lower temperatures and/or higher pressures where particle
fluctuations are slower, resulting in a prolonged fluctuation duration. Conversely, an overly long
simulation time can cause another issue. In some cases, the autocorrelation function may not decay
to zero and instead presents a “long tail”, causing the integration to diverge and introducing new
errors [193, 194].

These challenges limit the applicability of the GK method in the current study. As a result, we opted
for the Stokes-Einstein method, which is based on diffusion coefficients.
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Improvement of Stokes-Einstein
method

An attempt to improve the prediction method is being made. One possibility is to consider the
changes in parameters (Dy and r.) with pressure. For r., given that in our calculation method,
it is the free volume that is most influenced by changes in pressure. And when the effect of free
volume is excluded as much as possible, the value of r. becomes nearly independent of temperature
and pressure, as previously analysed. Hence, its value remains constant. The only parameter to be
refined is Dy. The Dy values obtained from EMD simulations (as shown in Figure 3.6) are fitted with
Equation C.1. The resulting fitting parameters for both fluids are presented in Table C.1. The Dy
values and their corresponding fits are depicted in Figure C.1.

DN@@%QZI%W+A<1—am(;5>>+C<1—mm<;f>> (C.1)

Fluid Do [m%s] A [lrmm?/] B[MPa]  C[m?)4] D [MPa] R?

SQ 357x1077 —1.45x1077 11.28 —1.77x 1077 13429 0.98
BB 6.26x 1077 —2.18x10"7 106.08 —3.06 x 10~7 32.91 0.97

Table C.1: The parameters of the equation for Dy of SQ and BB.
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Figure C.1: Parameter Dy and their corresponding fits as function of pressure of SQ and BB.

Based on the Dy(p) defined by Equation C.1, and the same E,(p) and r. values, the refined Stokes-
Einstein equation can provide a new prediction of ny(p,T). This new prediction, experimental
measurements, and previous predictions using constant Dy values are plotted in Figure C.2.

According to Figure C.2(a), the new method does not significantly improve the quality of the predic-
tion for SQ. However, in (b), the new method enhances the prediction quality at lower pressures (<300
MPa). The comparison between the new predictions and experimental data at these pressures can be
seen in the small inset of Figure C.2(b). At these pressures, the new prediction gives a significantly
better prediction of experimental measurements. But as the pressure increases, the value of Dy(p)
approaches the constant value used in the previous method, thus the two predictions converge. The
same difference of up to several orders of magnitude is observed, yet these higher pressures are typical
operating conditions of the EHD contacts. In addition, adjusting the parameters Dy(p) does not help
to capture the faster-than-exponential behaviour observed in the experimental measurements of both
fluids. We can conclude at this point that, at least for the two fluids studied, the Stokes-Einstein
method cannot accurately predict the value or the order of magnitude of their Newtonian viscosity
under EHL conditions.
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Figure C.2: Comparison between Newtonian viscosity measurements (symbols, SQ [116] and BB [40]),
prediction by Stokes-Einstein law with constant Dy (dashed lines) and prediction by Stokes-Einstein law
with Do(p) (dotted lines) of (a) SQ and (b) BB.
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Friction prediction on steel-sapphire
contacts

In the tribological experiments of SQ cited in this study, another set of contact materials, a Steel ball
and a Sapphire disc, were tested. The material properties of this new set are shown in Table D.1.
Utilising this new material combination, the same TEHLnN and isothermal non-Newtonian friction
predictions were performed. The TEHLnN results will be used to compare differences in friction
response due to varying thermal effects. The isothermal results aim to verify whether thermal effects
are the only factor contributing to the observed differences (since the isothermal non-Newtonian
simulation results should remain consistent under the same contact conditions). Comparable contact
conditions to steel-steel contact shown in Figure 4.5 were selected and summarised in Table D.2.

Solid Ball & Disc 1 Disc 2
Material Steel Sapphire
Young’s modulus E [GPa] 210 360
Poisson’s ratio v [-] 0.3 0.34
Thermal conductivity k [W/mxk] 21 [192] 45
Specific heat ¢, [/kgk] 470 1171
Density p [F9/m?] 7850 3980

Thermal diffusivity ip [m¥s]  5.69x107%  9.66 x 107

Table D.1: Materiel properties of the new contacting solids.

Contact combination steel-steel steel-sapphire
Ambient temperature Ty [K] 313
Contact load w [N] 108, 254 68, 159
Corresponding Hertzian pressure p, [MPa] 1200, 1600
Entrainment speed u, [7/s] 0.8

Table D.2: Contact conditions used for comparison between steel-steel and steel-sapphire contacts.

Experimental measurements and numerical predictions for two different contacts are shown in Figure
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D.1, where (a) stands for ph = 1200 MPa and (b) stands for ph = 1600, solid symbols represent steel-
steel contact and open symbols represent steel-sapphire contact. Experimental measurements are
denoted by black squares, TEHLnN results are denoted by red dots, and isothermal non-Newtonian
results are denoted by blue triangles. Note that in the isothermal results, the steel-sapphire symbols
(open blue triangles) are enlarged to improve readability as the results almost coincide.
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Figure D.1: Comparison between steel-steel (solid symbols) and steel-sapphire (open symbols) contact.
Experimental measurements (black squares) TEHLnN prediction results (red dots) and isothermal
non-Newtonian simulation (blue triangles). (a) SQ Tp;=313K, p,=1200MPa. (b) SQ To=313K,
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Similar to the predictions for steel-steel contacts, the TEHLnN friction prediction for steel-sapphire
contact yielded very satisfactory results. The friction and different friction regimes (including the
friction plateau) were quantitatively predicted with the MAPE (for SRR > 1%) always being less
than 4%.

In Figure D.1(a) and (b), the experimental results (black squares) show a slight difference in the
coeflicient of friction between steel-steel and steel-sapphire contacts under the same conditions, with
the results from steel-steel contact consistently lower than those from steel-sapphire. A similar minor
difference is also observed in the TEHLnN simulation results (red dots). However, in TEHLnN, not
only is the coefficient of friction for the steel-steel contact lower, but it also shows a faster decrease
in the friction coefficient at relatively high SRRs (30% to 65%). This indicates a more pronounced
thermal thinning effect compared to the steel-sapphire contact.

Simultaneously, the isothermal non-Newtonian results (blue triangles) for the two different contacts
align both quantitatively and qualitatively. This observation confirms our assumption that, in the
absence of thermal effects, the same contact conditions should yield consistent non-Newtonian effects
and, therefore, consistent friction. Hence, the differences in friction coefficients observed previously in
both experiments and TEHLnN simulations between the two contacts can be attributed to variations
in thermal effects.

Indeed, the difference in thermal diffusivity between steel and sapphire is not significant (see Table
D.2), being only about 41%. This minor difference explains why the two contacts do not exhibit con-
siderable differences in experimental measurements and TEHLnN predictions under identical contact
conditions. Still, it is predictable that the higher thermal diffusivity of sapphire enables more rapid
dissipation of heat generated in the contact area via the solid surface than steel. Nonetheless, due to
the complexities of real contact, it is not uncritical to say that the temperature in a steel-sapphire
contact will be lower than in a steel-steel contact under the same conditions simply because the heat
dissipation capacity is greater. Given the coupling of temperature, viscosity, and heat generation in
the contact area, a lower temperature might result in higher viscosity, which could intensify shear
heating. This suggests that a quantitative analysis of changes in thermal effects (and thus friction
response difference) due to different contacting solids would likely necessitate calculations of both
heat generation and dissipation rates, which is beyond the scope of this current study.
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