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Abstract

This thesis work aims to show how nanomechanical characterizations in AFM can provide a better
understanding of structure-properties relationships in polymers. In this context, the technique
itself and the associated theoretical basis are first analyzed to implement a robust methodology
in order to perform reproducible, quantitative measurements.

Two main studies are carried out around a common topic: the understanding of the interac-
tions between biopolymers and ionic liquids (ILs). First, the compatibilization of PBAT /PLA
blends by two different ILs (namely il-Cl and il-TMP) is studied. Adhesion and local modulus
mappings evidence the resulting microstructures, and highlight that the compatibilization mainly
results from a modification of the PBAT/PLA interface, becoming a cohesive interphase. This
is due to specific interaction with the cations and the anions of each IL, which are preferentially
located at those interphases.

The second study is more specifically about the understanding of the modification of semicrys-
talline PBAT by the addition of small amounts of the same ionic liquids. While il-TMP forms
dissipative nodules dispersed into the matrix with a cohesive interphase between both, il-CI,
miscible into the amorphous phase of PBAT, amplifies the chain mobility in the bulky MAF
(i.e. Mobile Amorphous Fraction) and hinders it in the confined RAF (i.e. Rigid Amorphous
Fraction), leading to interesting macroscopical properties modifications.

More than showing some interesting capabilities of ILs as additives in polymers, those results
also show an outstanding potential of AFM nanomechanical mappings for the in-deep under-
standing of structure-properties relationships in materials.

Résumé

Ce travail de thése a pour but de montrer comment des caractérisations nanomécaniques en
AFM peuvent apporter une meilleure compréhension des relations structure-propriétés dans les
polymeéres. Dans ce contexte, la technique elle-méme et sa base théorique sont d’abord analysées
pour mettre en ceuvre une méthodologie robuste afin d’effectuer des mesures reproductibles.

Deux études principales sont menées sur un théme commun : la compréhension des inter-
actions entre les biopolymeéres et les liquides ioniques (ILs). Tout d’abord, la compatibilisation
des mélanges PBAT /PLA par deux ILs différents (& savoir il-Cl et il-TMP) est étudiée. Les
images AFM d’adhésion et de module local mettent en évidence les différentes microstructures,
et soulignent que la compatibilisation résulte principalement d’une modification de 'interface
PBAT/PLA, devenant une interphase cohésive. Ceci est di & une interaction spécifique avec les
cations et les anions de chaque liquide ionique, qui se situent préférentiellement au niveau de ces
interphases.

La deuxiéme étude porte plus précisément sur la modification du PBAT semi-cristallin par
de petites quantités des mémes liquides ioniques. Alors que il-TMP forme des nodules dissipatifs
dispersés dans la matrice et une interphase cohésive avec celle-ci, il-Cl, miscible dans la phase
amorphe du PBAT, augmente la mobilité de la chaine dans la MAF (i.e. fraction amorphe mobile)
et entrave dans la RAF confinée(i.e. fraction amorphe rigide), conduisant & des modifications
intéressantes des propriétés macroscopiques.

En plus de montrer certaines capacités intéressantes des ILs comme additifs dans les poly-
meéres, ces résultats dévoilent également un potentiel exceptionnel des caractérisations nanomeé-
caniques en AFM pour la compréhension en profondeur des relations structure-propriétés dans
les matériaux.
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0.1 Introduction et objectifs 7

Cette thése de doctorat a été conduite au sein du laboratoire Ingénierie des Matériaux
Polymeéres (IMP—UMR CNRS 5223) de L’INSA-Lyon, de 2014 & 2017 sous la co-direction de
Sébastien Pruvost (Maitre de Conférences a 'INSA-Lyon) et de Jannick DUCHET-RUMEAU
(Professeure des Universités & 'INSA-Lyon). Ces travaux ont été financés par le Ministére de
IEnseignement Supérieur et de la Recherche (MESR).

0.1 Introduction et objectifs

Comprendre le lien entre la formulation, la structure et les propriétés d’un matériau constitue
un aspect fondamental de la science des polymeéres, en particulier lorsqu’il s’agit de mélanges, de
composites ou de formulations originales. Cela permet de concevoir des matériaux fonctionnels
en anticipant leurs propriétés, et ainsi d’adapter les procédés de mise en oeuvre et les choix de
formulation au résultat souhaité. Cela implique cependant la maitrise de nombreux parameétres,
a différentes échelles, caractérisables individuellement mais difficiles & mettre en relation entre
eux.

La Microscopie a Force Atomique (AFM) permet, comme peu de techniques de caractérisa-
tions, de mesurer des propriétés locales de matériaux en les cartographiant, donc non seulement
de mesurer des propriétés locales, mais aussi d’observer leur distribution sur une surface, avec
une excellente résolution spatiale (latérale et en hauteur). La pointe de la sonde de ’AFM, ayant
un rayon de courbure de quelques nanomeétres, balaie la surface et peut en chaque point acquérir
des informations.

L’unicité de cette technique réside ainsi dans le fait que les propriétés caractérisées sont des
propriétés locales, c’est-a-dire qu’elles ne refletent que le point de la surface auquel elles ont été
mesurées (et éventuellement son proche voisinage), et non I’ensemble du matériau. Cela permet
de mettre en regard structure et propriétés, en observant l’organisation spatiale de ces derniéres.

Le mode PeakForce QNM (Bruker, Etats-Unis) permet au microscope a force atomique de
cartographier les propriétés mécaniques locales des matériaux : module élastique, force d’adhé-
sion (par rapport au retrait de la pointe), déformation et énergie de dissipation. Ses particularités
sont notamment qu’il s’appuie sur des calibrations permettant d’atteindre une reproductibilité
de mesure sans précédent, et sur un contréle de la force d’appui de la pointe, lui conférant une
excellente sensibilité.

Cette technique encore nouvelle est ainsi trés prometteuse dans ’étude des systémes poly-
meéres : on peut ainsi visualiser le comportement mécanique individuel des différentes phases
d’un systéme (pour les polymeéres semicristallins, mélanges ou encore des composites), en méme
temps que leur organisation spatiale. Il est aussi possible d’explorer les interfaces, jouant un role
prépondérant dans les propriétés d’un systéme multiphasé. Le but de ces travaux est ainsi de
corréler ces observations avec le comportement mécanique macroscopique des matériaux étudiés,
afin d’en approfondir la. compréhension.

Il a été choisi d’axer ces caractérisations autour de deux thémes : d’une part, les liquides
ioniques, sels dont la température de fusion est inférieure & 100°C (mais souvent inférieure a
la température ambiante), possédant des propriétés uniques (pression de vapeur saturante trés
faible, bonne stabilité en température, non-inflammabilité. .. ). Ajoutés en tant qu’additifs dans
les systémes polymeéres, ils ont récemment montré des résultats prometteurs en tant que com-
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8 Résumé Etendu

patibilisants pour mélanges, modificateurs de structure, ou encore plastifiants. Les mécanismes
dont ils sont & 'origine étant encore peu décrits, leur étude semble intéressante.

D’autre part, les biopolymeéres (polymeéres biosourcés et/ou biodégradables) seront étudiés,
dans la logique actuelle de leur développement en vue d’un affranchissement grandissant des
ressources pétroliéres. La microscopie a force atomique sera mise & contribution pour tenter
d’approfondir ce qui explique, dans leur structure & I’échelle nanoscopique, le comportement
mécanique de systémes biopolymeéres, modifiés ou non par des liquides ioniques.

0.2 Meécanique en microscopie a force atomique

Il est tout d’abord utile de rappeler que le microscope a force atomique fonctionne grace a une
sonde constituée d’un levier, que 'on appellera cantilever par la suite, au bout duquel se situe
une pointe orientée vers le bas, destinée a l'interaction avec ’échantillon. Le terme pointe peut
aussi désigner la sonde dans sa totalité.

Bien que d’autres existent, le mode Peak Force QNM est aujourd’hui le principal outil de
mesures mécaniques en microscopie a force atomique. Ce travail de thése s’axe ainsi principale-
ment sur ce mode et ses apports.

0.2.1 Principe général du mode PeakForce QNM

La technologie du Peak Force Tapping, apparue a la fin des années 2000, permet d’ouvrir la
microscopie & force atomique a la possibilité d’effectuer simultanément des cartographies de
propriétés locales.

Le principe reste le méme que pour le mode Tapping, largement utilisé en AFM : la pointe
en oscillation verticale vient au contact de I’échantillon a chaque cycle. Cependant, la maniére
de la piloter est différente:

e Le paramétre principal de controle n’est pas 'amplitude d’oscillation du cantilever frap-
pant une surface, mais la force maximale imposée & la surface par la pointe & chaque
contact. La force d’appui est connue et controlée grace a la déflection du cantilever et sa
constante de raideur, préalablement mesurée avec précision lors d’une étape de calibration.

e Le cantilever, excité en mode Tapping & une fréquence proche de sa résonnance, oscille
hors résonnance en Peak Force Tapping, & une fréquence plus basse (quelques kHz).
Cela facilite grandement ’acquisition et le controéle de la force appliquée par la pointe.

Avec ce controle, a chaque contact pointe-échantillon, donc & chaque pixel de 'image, I’évolu-
tion de la force d’interaction est enregistrée et mise en relation avec la position de la pointe. Les
courbes de force obtenues a chaque pixel d’une image sont analysées directement pendant ’acqui-
sition pour produire des images de forces d’adhésion, de modules d’Young, d’énergie de
dissipation et de déformation en méme temps qu’une cartographie classique de la topographie.
La Figure 1 montre une courbe de force typique sur laquelle on a accés aux mesures de propriétés
locales.

e La déformation correspond & la distance parcourue par la pointe jusqu’au pic aprés avoir
passé ce qui a été défini comme le contact. Il s’agit généralement du point ou la force se
met & augmenter significativement.

e La force d’adhésion est la force négative maximale au début du retrait de la pointe.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI023/these.pdf
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Figure 1 — Courbe de force traitée et propriétés mécaniques locales. L’axe des abscisses représente
la distance pointe-échantillon. Cette image est issue du document Application Note #128 (Bruker,
Etats-Unis).
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e ['’énergie de dissipation est l’aire entre les courbes d’approche et de retrait, en jaune
sur la figure 1.

e Le module correspond a la pente de la courbe de retrait (haut de la portion verte sur
la figure 1). Selon le modéle de contact choisi, le module calculé peut prendre en compte
plusieurs parameétres (voir section 0.2.2).

0.2.2 Meécanique du contact

Le module d’élasticité ne dépend pas uniquement des données accessibles avec 'AFM (force et
position de la pointe); la géométrie du contact pointe-échantillon doit aussi étre connue.
La mécanique du contact a permis le développement de plusieurs théories pouvant s’appliquer
a la mesure de module local par une pointe AFM. Les modéles différent principalement entre
eux par leur prise en compte des forces d’adhésion et par la géométrie de pointe considérée. lIls
permettent ainsi de décrire plusieurs types de comportements mécaniques donc de matériaux.
Les principaux modéles utilisés en AFM sont les suivants :

Modéle de Hertz : L’extrémité de la pointe en contact avec I’échantillon est considérée sphé-
rique, et les phénoménes d’adhésion sont négligés. Ce modéle fonde la mécanique du contact
et est peu utilisé en pratique, mais a servi de base au développement des autres modéles.

Modéle DMT (Derjaguin-Muller-Toporov) : Il s’agit du modele de Hertz auquel un terme
adhésif a été ajouté. Il s’agit du modeéle le plus utilisé en AFM, adapté pour les petites
déformations (2—5 nm).

Modéle JKR (Johnson-Kendall-Roberts) : La géométrie du contact est toujours de type
sphére-plan. Ce modéle peut étre vu comme une variante du modéle DMT, au niveau
de la prise en compte de 'adhésion (et plus particulierement du comportement adhésif du
matériau constituant 1’échantillon). Il est notamment particuliérement adapté aux élas-
tomeres.

Modéle Sneddon : La géométrie du contact est de type cone-plan. Ce modeéle est utilisé
lorsque les déformations induites par la pointe sont grandes, soit plus de 30 nm.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI023/these.pdf
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Des théories transitoires expliquent aujourd’hui qu’il est rare (en particulier pour les maté-
riaux polymeéres) qu'un modeéle corresponde exactement au comportement réel du matériau. Ces
modéles, en outre, ne sauraient décrire exactement la réalité, extrémité d’une pointe AFM
n’étant jamais parfaitement sphérique ou conique.

Le modele DMT, largement connu et implémenté directement dans les logiciels d’acquisition
d’images AFM, est utilisé le plus conformément possible & ses conditions d’application. La
Figure 2 schématise le contact pointe-échantillon tel qu’il est prévu par le modéle DMT, qui lie
le module élastique local E aux parameétres du contact selon I’équation 1. F est la force d’appui
de la pointe, controlée par le microscope, F,4n la force d’adhésion, R est le rayon de courbure de
la pointe et d la distance d’indentation.

Figure 2 — Schéma du contact pointe-échantillon prévu par les modéles de Hertz et DMT. F est
la force d’appui de la pointe, controlée par le microscope, a est l'aire de contact et d la distance
d’indentation.

4
F = S EVRA + Foan (1)

Chaque résultat est issu d’observations sur plusieurs images, si possible issues de sessions
différentes, afin de garantir sa robustesse. Un protocole de calibration, décrit ci-dessous, a été
mis au point pour obtenir des mesures reproductibles et quantitatives.

0.2.3 Meéthodologie pour des mesures quantitatives en AFM

Les mesures en mode QNM peuvent offrir des contrastes de propriétés intéressants, mais ne
sont ni quantitativement représentatives, ni méme reproductibles sans une étape de calibration
préalable, consistant en ’évaluation précise de certaines conditions variables selon la session,
lites notamment & la pointe et & son cantilever.

Les étapes sont les suivantes :

Sensibilité a la déflection : La relation entre la position verticale du piézo (connue) et celle
de la pointe est notamment déterminée par la déflection du cantilever, mesurée par la
photodiode via le laser qui s’y réfléchit. Une premiére étape de calibration consiste donc
en la mesure de la déflection sur une surface dure (typiquement du saphir), ou la pointe ne
s’enfonce pas et ou la déflection est maximale. La déflection sera donc plus faible sur un
matériau ou la pointe s’enfonce, et la déformation exercée pourra ainsi étre calculée.

Synchronisation temporelle de la courbe de force : Simultanément & 1’étape précédente,
Poscillation du cantilever doit étre correctement synchronisée avec les courbes de forces.
Le scan de la surface rigide permet d’ajuster facilement ces courbes, approche et le retrait
étant quasiment superposables.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI023/these.pdf
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Constante de raideur du cantilever : Afin d’évaluer la force transmise a la pointe par le
piézo, il est nécessaire d’évaluer précisément la constante de raideur du cantilever utilisé, qui
peut dévier de sa valeur nominale indiquée par le constructeur. Plusieurs méthodes existent,
mais les plus utilisées (méthodes Sader et Thermal Tune) s’appuie sur une modélisation
du cantilever comme un oscillateur harmonique, et la constante de raideur est calculée en
enregistrant ses mouvements thermiques dans le domaine fréquentiel.

Rayon de courbure de la pointe : Enfin, pour appliquer un modéle de contact sphére-plan
(en particulier DMT, voir équation 1), le rayon de courbure équivalent de 'extrémité de la
pointe doit étre évalué. Deux approches sont possibles, la premiére consistant en la mesure
directe de ce rayon en analysant des images sur des objets plus pointus que la pointe
('image obtenue refléte ainsi la forme de la pointe). L’autre approche consiste a évaluer ce
rayon avec l'imagerie en module local d’une surface de module élastique connu, en ajustant
le rayon de pointe jusqu’a ce que le module mesuré corresponde a celui de I’échantillon.
Cette derniére approche est utilisée car plus pertinente : bien que le rayon de courbure
calculé soit virtuel, I’approche compense les approximations telles que la modélisation de
I’extrémité de la pointe comme objet sphérique. Les propriétés mécaniques calculées sont
ainsi plus quantitatives et reproductibles.

Afin de garantir la viabilité de ces calibrations, il est ensuite nécessaire de veiller, lors des
sessions d’acquisition d’images, & ne pas endommager ou modifier I’état de la pointe par rapport
a I'état dans lequel la calibration a été effectuée.

0.3 Principaux résultats expérimentaux

Comme mentionné plus haut, les présents travaux portent sur les apports de ’AFM dans la
compréhension des liens structure-propriétés des polyméres, a travers le cas particuliers des
interactions entre biopolymeéres et liquides ioniques.

Deux études principales ont été menées. La premiére porte sur l'utilisation de deux dif-
férents liquides ioniques comme compatibilisants pour le mélange biodégradable PBAT! /PT.AZ.
La seconde porte plus spécifiquement sur les interactions des mémes liquides ioniques avec la
seule matrice PBAT. Le tableau 2 montre les structures chimiques de toutes les éspéces utilisées.
L’abbréviation il-Cl désigne le chlorure de trihexyl-tetradécyl-phosphonium, et il-TMP désigne
le sel de trihexyl-tetradécyl-phosphonium avec anion bis-2,4,4-(triméthylpentyl)phosphinate.

0.3.1 Compatibilisation PBAT /PLA avec des liquides ioniques

Une premiére étude porte sur la compréhension des mécanismes expliquant la compatibilisation
du PBAT et du PLA par I'addition de liquides ioniques. Des mélanges PBAT /PLA de ratio
massique 80/20 ont été préparés avec une extrudeuse bi-vis, avec ajout ou non d’1% en masse
de I'un des deux liquides ioniques. Les trois mélanges obtenus (sans liquide ionique, avec il-Cl et
avec i1-TMP) ont été injectés dans des éprouvettes de traction, dans lesquelles les échantillons
AFM ont été obtenus par cryofracture.

Les différences de propriétés mécaniques des trois mélanges (voir Figure 3) témoigne d’une
compatibilisation réussie, car le module d’Young et ’allongement & la rupture augmentent avec
I’'ajout de liquides ioniques. De plus, le mécanisme de compatibilisation est vraisemblablement

! Poly(bultyléne adipate-co-terephtalate)
2Poly (acide lactique)
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Table 2 — Structures chimiques et désignation des principales éspéces étudiées.

Désignation Structure chimique
Polymeres :
i I ] RN
PBAT - _
HO C@C O‘(CHQ};O I C‘<CH2}40 O{CHg);OPH
CH3z
PLA HO 4 C— C‘JH —otn

I n

Liquides ioniques :

CgHig
il1-Cl1 CeHiz3 —P® — CgHis c1©
C14H2g
CgH
‘6 13 o
g v\/k
il-TMP CeHiz3 —P® — CgHia >k/\/l\)
| 0®
C14Hog

différent pour chaque liquide ionique, car les propriétés n’augmentent pas de la méme maniére.
Ces observations ont constitué le point de départ de I’étude, qui a ainsi pour but de les expliquer
via des caractérisations mécaniques & I’échelle nanomeétrique.
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o —
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Figure 3 — Module d’Young et allongement & la rupture, obtenus par des tests de traction, pour les
trois mélanges considérés.

Observation de la morphologie

En premier lieu, la morphologie des trois mélanges a été observée en AFM, afin d’identifier des
différences de structuration induites par les liquides ioniques. Le PLA ayant un module d’Young
macroscopique (3,5 GPa selon le fournisseur) de deux ordres de grandeur plus élevé que celui
du PBAT (env. 40 MPa), il est facile d’identifier les phases qu’ils constituent respectivement
au moyen d’images de module DMT, dont des exemples sont présentés Figure 4. Les modules
élevés, en orange et blanc sur ’échelle de couleur, correspondent ainsi aux inclusions de PLA,

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI023/these.pdf
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PBAT/PLA PBAT/PLA/iI-CI PBAT/PLA/il-TMP

E
800.0 MPa

Figure 4 — Images AFM en module DMT (3.5 x 3.5 wm) de la microstructure du PBAT/PLA
(gauche), du PBAT/PLA/il-Cl (centre) et du PBAT/PLA/il-TMP (droite).

tandis que les zones bleu foncé correspondent aux faibles modules donc & la matrice PBAT.

D’une structure nodulaire irréguliére pour la phase PLA dans le mélange de polyméres sans
additif, une structure plus fine, plus homogéne et mieux dispersée est atteinte avec l'ajout de
1% en masse de il-Cl. Gréce a des cryofractures effectuées dans plusieurs directions de la barre
centrale des éprouvettes de traction injectées, il a été déterminé que, pour le mélange contenant
il-TMP, la phase PLA s’organise sous forme de fibrilles dans la direction de I'injection. L’image
AFM de droite sur la figure 4 correspond ainsi & une surface paralléle & cette direction.

Ces changements d’organisation contribuent a expliquer I’amélioration des propriétés méca-
niques des mélanges.

Localisation d’une phase cristalline

Lors des tests préalables en calorimétrie différentielle a balayage (DSC), des pics de fusion sont
apparus pour le mélange PBAT/PLA /il-TMP (voir Figure 5). Ces pics correspondent a des
formes cristallines du PLA.

i (a) pLA
Q.
3
) (b) PBAT/PLA
W)
=
E
g
w \ (e) pPBAT
3
I

T -PLA
m
T T T T T T T T
-50 0 50 100 150

Temperature (°C)

Figure 5 — Thermogrammes DSC de (a) PLA, (b) PBAT/PLA, (¢) PBAT/PLA/IL-Cl, (d)
PBAT/PLA/IL-TMP et (e) PBAT (Rampe: 10°C.min~!). Un phénomeéne de fusion, entouré en
bleu, traduit I’apparition d’une phase cristalline dans le mélange PBAT/PLA /il-TMP, et la tem-
pérature d’environ 150°C le fait correspondre & la phase PLA.
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Combiné & une structure en fibrilles, ce phénoméne peut contribuer a I'explication de ’aug-
mentation du module d’Young du mélange induite par ’ajour de il-TMP. Des profils transversaux
aux fibrilles ont été tracés sur des images AFM de module DMT (Figure 6).

— 1.2 GPa 1.0 ]
400 nm 1.0 _ f'wt\r‘/\ |— Modulus profile
0.8 ) _ Cristalline‘: " Arnorphous PLA
o
0.6 EUS__ PLA + Interphase
:h —_
o4 - FEAT
0.0
0.2 LN I I I O B
0.0 0.0 0.1 0.2 0.3 0.4 0.5

¥ [prm]
Figure 6 — Image AFM en module DMT (1 x 1 pm) du mélange PBAT /PLA /il-TMP, et profil de

module transversal & la fibrille de PLA. La phase cristalline est mise en évidence au centre de la
fibrille.

On distingue ainsi quatre parties selon leur module :

La matrice PBAT a l'extérieur de la fibrille, de module stable (environ 100 MPa);
e Une zone interfaciale, ou le module augmente;
e Une zone ou le module du PLA est établi, formant une couche externe de la fibrille;

e Une zone centrale ou le module augmente encore par rapport a la couche externe. Par
déduction, il s’agit vraisemblablement de la phase cristalline, entourée par la couche externe
de PLA amorphe.

Ces observations ont ainsi permis de localiser une phase cristalline dans les fibrilles, con-

tribuant certainement & leur robustesse et expliquant le haut module d’Young mesuré sur le
mélange PBAT /PLA /il-TMP.

Module d’élasticité des phases individuelles

En filtrant les modules sur les images AFM, il est possible d’isoler les phases PBAT et PLA
du mélange, afin d’étudier individuellement U'effet de ’ajout de liquides ioniques sur chacune
d’entre elles. Les modules DMT moyens de chaque phase pour chaque mélange ont été calculés,
en utilisant au moins 6 images par mélange. Les résultats sont présentés en Figure 7.

Une tendance claire se dégage : d’une part, pour la matrice PBAT, il-CI engendre une baisse
de module d’au moins 20% tandis que il-TMP semble avoir peu d’effet. D’autre part, la phase
PLA subit une claire baisse de module en présence de liquides ioniques.

Cela va totalement & I’encontre des résultats mécaniques macroscopiques en test de traction,
qui montrent une augmentation du module en présence de liquide ionique, dans les deux cas. Ce
n’est donc pas l'effet du liquide ionique & l'intérieur des phases PBAT et PLA qui est responsable
de 'augmentation globale du module macroscopique. Il reste ainsi & explorer le role des interfaces
entre les deux phases pour comprendre ces résultats.
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Figure 7 — Modules DMT moyens des phases individuelles obtenus par AFM, dans chaque mélange :
PBAT (gauche) et PLA (droite).

Interfaces PBAT /PLA et localisation des liquides ioniques

La zone interfaciale est définie ici en module DMT : il s’agit de la zone de transition ol le module
varie entre ceux, stables, du PBAT et du PLA. Cette zone a été définie sur plus d’une vingtaine
d’interfaces pour chaque mélange, en utilisant des profils de module comme sur la Figure 8.

PBAT/PLA
PBAT/PLA

05 PBAT
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Figure 8 — Analyse de profil d’interphase nodule-matrice pour le mélange PBAT/PLA : (a) image
de topographie; (b) image de module DMT; (c) profil de module acquis selon la ligne rouge sur les
images, avec la zone transitoire (interphase) définie entre les deux lignes verticales en pointillés.

L’épaisseur de la zone interfaciale a été mesurée dans chaque cas, donnant les moyennes
présentées en Figure 9. La dimension de cette zone augmente ainsi de 50% avec I'ajout de il-
TMP, et de plus de 100% avec 1% en masse de il-Cl. On peut ainsi parler d’une interphase
cohérente induite par ’ajout de liquides ioniques. L’hypothése retenue est celle d’une miscibilité
locale des deux polymeéres, dont les chaines respectives sont ainsi mises en présence les unes des
autres, et ont ainsi une meilleure capacité d’interactions, aidées par les ions.

Afin de confirmer cette hypothése, le liquide ionique doit se situer préférentiellement au
niveau de cette interphase. Pour le vérifier, les mémes profils utilisés précédemment ont été
transférés sur les images correspondantes de force d’adhésion, présentées en Figure 10. Dans
chaque mélange, la force d’adhésion pointe-échantillon reste relativement stable pour chaque
phase. Les seuls facteurs pouvant la faire augmenter sont :

e Des artefacts liés & de fortes variations topographiques sur I’échantillon : lorsque la pointe
rencontre de telles zones, sa surface de contact avec I’échantillon peut étre substantiellement
modifiée par rapport a celle prévue par sa calibration, faussant la force d’adhésion mesurée.
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Figure 9 — Epaisseur moyenne de l'interphase PBAT /PLA pour chaque mélange.

e Dans ce cas, un soin particulier ayant été apporté a ne pas mesurer de profils sur des zones
de fortes variations topographiques, les pics d’adhésion ne peuvent traduire que la présence
d’une espéce étrangére aux deux polyméres, donc les liquides ioniques, aucune autre espéce

n’ayant été introduite dans les formulations.
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Figure 10 — Analyses de profils de force d’adhésion & linterphase nodule-matrice pour les 3

mélanges :

(gauche) images de module DMT montrant les phases en présence; (centre) images

de force d’adhésion; (droite) profils de force d’adhésion acquis selon la ligne rouge sur les images,

avec l'interphase définie en module DMT entre les deux lignes verticales en pointillés.

Des pics

d’adhésion non caractéristiques des polyméres sont encadrés en bleu et témoignent de la présence du

liquide ionique en forte concentration.

Des pics significatifs d’adhésion ont été observés au niveau des interphases dans les mélanges
contenant les liquides ioniques, alors qu’une simple marche transitoire de force d’adhésion en-
tre celle correspondant au PBAT et celle correspondant au PLA est obtenue pour la mélange
PBAT/PLA (Voir haut de la Figure 10). Cela confirme ’hypothése d’une présence préférentielle

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI023/these.pdf

© [B. Megevand], [2018], INSA Lyon, tous droits réservés
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des liquides ioniques au niveau des interphases.

Tandis que il-Cl semble concentré sur une zone plus large, préférentiellement du coté de la
matrice PBAT, il-TMP semble majoritairement situé sur une zone plus réduite, plus proche du
PLA, dont la concentration en dipoles (groupements esters) est plus élevée. En se basant sur
ces observations et sur les structures des composants, il est possible de formuler les hypothéses
d’interaction suivantes, illustrées Figure 11 :

e Présent dans les deux liquides ioniques, le cation phosphonium peut interagir avec des
dipoles des polymeres (essentiellement des groupementss esters) mais aussi avec des mor-
ceaux de chaines alkyles via ses chaines pendantes, notamment avec les segments adipates
et butyléne du PBAT.

e L’anion chlorure de il-ClI joue un faible réle. Il équilibre la charge du cation.

e L’anion phosphinate semble avoir peu d’affinités avec le PBAT, d’ou les pics d’adhésion
coté PLA en Figure 10. Il est ainsi amené & interagir avec cette phase, formant une double
couche anions-cations a l'interphase, agissant comme un tensio-actif. Cela expliquerait la
formation de fibrilles & I'injection.

T e N PR R

?14H29 London interactions 914H29

+ +
il-Cl . -
London interactions

PBAT
o o o [0} o o
oa B &%o&%&%&o%&o%&o o
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Dipole-dipole interactions Dipole-dipole interactions
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11 1
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P2 P*
SN N
London interactions
PBAT

Figure 11 — Représentation schématique des interactions entre PBAT et PLA avec I’addition d’il-Cl
(haut) et il-TMP (bas).

La figure 12 propose ainsi un schéma simplifié de la structure des trois types d’interfaces
observés: d’une interface franche, présentant peu d’interaction donc peu de transfert de contrainte
dans le cas du mélange brut :

e On passe avec 'ajout d’1% de il-Cl a une interphase diffuse, induite par la miscibilisa-
tion locale des deux polymeéres. Le transfert de contrainte est bien plus efficace, d’ou
I’augmentation des propriétés mécaniques. Les interphases ne sont plus des points d’ou
peuvent naitre les défauts lors de la déformation macroscopique du mélange, et ’allonge-
ment a la rupture augmente significativement.
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e Avec 'ajout d'1% en masse de il-TMP, une interphase moins épaisse se forme, mais le
liquide ionique y forme une double couche tensio-active, ne favorisant pas la dispersion de
nodules de PLA mais plutot la formation de fibrilles dans le sens de 'injection.

PLA

PLA

: Phosphonium cation

. : Chloride anion
(c) 3 &
) &
<°° &

: Phosphonium cation
}: Phosphinate (TMP) anion

Figure 12 — Schéma des structurations interfaciales pour (a) PBAT/PLA, (b) PBAT/PLA /il-Cl et
(c) PBAT/PLA/il-TMP.

Cette étude a ainsi permis d’établir une méthodologie pour obtenir un modéle des interfaces
(ou interphases) dans les mélanges considérés, expliquant I’évolution des propriétés mécaniques
en fonction de ’ajout de liquides ioniques, en utilisant des cartographies de propriétés mécaniques
par AFM.

0.3.2 Interactions PBAT/liquides ioniques

Une seconde étude porte sur 'effet des mémes liquides ioniques sur la structuration et les pro-
priétés du PBAT seul. Trois systémes sont donc étudiés, le premier constitué de PBAT pur et
les deux autres de PBAT dans lequel ont été respectivement ajoutés 2% en masse de il-Cl et de
il-TMP. L’impact d’une si faible quantité d’additifs sur les propriétés mécaniques de la matrice
est notoire, comme l'illustre la figure 13. Dans le cas du systéme PBAT /il-TMP, I’allongement
a la rupture augmente de 33% par rapport a la matrice seule, sans effet notable sur le mod-
ule d’Young. Le liquide ionique il-Cl induit quant & lui une augmentation de prés de 60% de
I’allongement & la rupture, avec une légére baisse de module élastique.

Afin d’expliquer ces résultats, une étude approfondie de I’action des liquides ioniques est
menée, utilisant en particulier les cartographies de propriétés nanomécaniques en AFM ainsi que
la spectroscopie diélectrique.

Morphologie et propriétés thermiques et mécaniques

Dans un premier temps, des caractérisations classiques ont été effectuées afin de vérifier d’'une
part les données présentes dans la littérature, et de chercher des caractéristiques discriminantes
entre les mélanges d’autre part. La densité des échantillons a été mesurée a 1,217 g.cm™3 dans
les trois cas, donc une piste impliquant des variations globales de volume libre induites par les
liquides ioniques est écartée.
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Figure 13 — Module d’Young et allongement & la rupture, obtenus par des tests de traction, pour
les trois systémes considérés.

Morphologies La figure 14 montre des images de module DMT de surfaces préparées en
cryomicrotomie (& -130°C) des trois systémes étudiés.

110.0MPa | : % 90.0MPa- 90.0 MPa

30.0 MPa s " 30.0MPa

1:0 Um : +.0 pm:

35.0 MPa

1.0 im
I

Figure 14 — Images AFM en module DMT (3.5 x 3.5 um) de la microstructure du PBAT (gauche),
du PBAT/il-Cl (centre) et du PBAT/il-TMP (droite).

Les images sont assez similaires, sauf pour le systéme PBAT /il-TMP qui présente des zones
de trés faible module (en noir sur la figure). Cela correspond, en accord avec d’autres études, a
la structuration en nodules du liquide ionique il-TMP qui est immiscible dans le PBAT.

Structure cristalline La structure cristalline semble aussi apparaitre sur les images de module
DMT, et est semblable pour les trois mélanges : une fine structure lamellaire est identifiable,
s’organisant en sphérolithes de diamétre 1 & 2 pm environ. Cette structure cristalline a été
identifiée par diffraction des rayons X (XRD) comme étant uniquement celle du polybutyléne
téréphtalate (PBT), l'un des deux segments du copolymeére. La grande majorité des unités
polybutyléne adipate (PBA) se trouve donc dans la phase amorphe. De plus, la cristallinité de
tous les mélanges a été évaluée & 14+1% par calorimétrie différentielle & balayage (DSC), sans
différence significative induite par les liquides ioniques.
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Table 3 — Températures de transition observées en DMA et en DSC.

Systéme :

T, (DMA) [C]

T, (DSO) [°C]

PBAT
PBAT /il-Cl
PBAT /il-TMP

-30.5
-32.4
-30.8

-35.1
-35.0
-36.0

Relaxations thermomécaniques

10E+9 \\

1,0E+8B

Storage modulus [Pa]

1.0E+7
-80 60 -40

Temperature [°C]

1.0E+8

1.0E+7

1.0E+6

Loss modulus [Pa]

1.0E+5
-80 60 40

-20

-20

0

0
Temperature [°C]

BPBAT

# PBATHICI

20

W PBAT
# PBATHICI

20

PBATHITMP

40

60

PEBAT-HTMP

40

60

\.__\

80

L’analyse mécanique dynamique (DMA) en torsion des
trois mélanges donne les résultats présentés en figure 15.

Figure 15 — Variation du module de conservation (haut) et du module de perte (bas) du PBAT et
des mélanges PBAT /ILs avec la température, en torsion a 1 Hz.

Les températures de transition vitreuse (obtenues en DSC) et « (obtenues en DMA), corre-
spondant au méme phénomeéne, sont regroupées en table 3.

Si les données semblent pas ou peu discriminantes selon les mélanges, les courbes d’évolution
des modules de conservation et de perte traduisent une seconde transition autour de 50°C. Cela
traduit une relaxation o’, liée & des phénomeénes d’interfaces. Etant présente dans les trois cas,
I'interface en question est certainement celle entre les phases cristalline et amorphe. Des études
suggérent que cette zone caractéristique constitue une seconde phase amorphe, moins mobile car
constituées de chaines ancrées dans la phase cristalline et/ou confinées entre ses lamelles.

Excepté la structuration en nodules de il-TMP, peu d’informations discriminantes, c¢’est-a-dire
capables de donner des pistes pour ’explication des différences de propriétés mécaniques entre
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chaque systéme, ont été obtenues avec les méthodes de caractérisations classiques. Cependant
certaines informations, dont la présence d’une phase amorphe intermédiaire rigide, méritent une
exploration plus poussée pour comprendre les différences entre les trois systémes.

Etude des mécanismes d’interactions

Spectroscopie diélectrique Afin de caractériser plus précisément les relaxations susmention-
nées, les échantillons ont été caractérisés en spectroscopie diélectrique de 10% & 1072 Hz, sur une
plage de température allant de -70 & 60°C. Les deux phénomeénes de relaxation « et o’ ont
été isolés, ainsi que le phénoméne de conduction (principalement ionique) apparaissant & basse
fréquence ou & haute température.

Pour plusieurs température et pour chaque mélange, un fit de type Havriliak-Negami a été
appliqué sur les spectres obtenus montrant les différentes relaxations, permettant le calcul des
énergies d’activation associées a chacun de ces phénoménes, données en table 4. Seule celle
associée a la relaxation o du PBAT/il-TMP n’a pas pu étre calculée, en raison de difficultés
au niveau du fit causées par la superposition de la conduction et de la relaxation. L’ensemble
des résultats indiquent cependant qu’elle ne devrait pas varier significativement par rapport a
I’énergie d’activation de la transition o« des deux autres mélanges.

Table 4 — Energies d’activation (E,4) de chaque phénoméne observé en spectroscopie diélectrique.
Toutes les valeurs sont données en kJ.mol ™!

Energie d’activation de : Relaxation @ Relaxation o/ Conduction

PBAT 232.6 72.4 69.4
PBAT/il-Cl 239.0 82.8 80.7
PBAT/il-TMP - 72.4 67.0

L’augmentation de ’énergie d’activation liée a la relaxation o’ dans le mélange PBAT/il-Cl
indique clairement un effet du liquide ionique sur la RAF (rigid amorphous phase en anglais,
soit la phase amorphe confinée mentionnée plus haut). Le liquide ionique semble entraver la
relaxation. Il en est de méme pour la conduction : si elle est généralement bien plus importante
pour le mélange PBAT /il-Cl en raison d’une meilleure miscibilité avec le PBAT et de la taille de
ses porteurs de charge (par comparaison avec il-TMP), son activation requiert une énergie plus
importante.

II-TMP, au contraire, semble avoir trés peu d’effet sur la matrice PBAT, ce qui confirme une
immiscibilité, donc une présence uniquement au niveau des nodules.

Caractérisations nanomécaniques Plusieurs phénomeénes sont mis en évidence par les me-
sures quantitatives de propriétés mécaniques & l’échelle nanométrique. La Figure 16 montre des
distributions typiques du module DMT obtenues sur des images des trois mélanges.

Il est nécessaire de rappeler que les propriétés mécaniques a cette échelle, pour un copolymeére
semi-cristallin, ont peu de raisons de correspondre quantitativement & leurs équivalents macro-
scopiques, ce dernier prenant en compte des phénoménes supplémentaires & des échelles intermé-
diaires, liés notamment & la mise en oeuvre du matériau.

L’épaulement a bas module du systéme PBAT /il-TMP représente simplement les nodules de
liquide ionique, et le fait qu’il ne soit pas un autre pic détaché du principal laisse croire & la
présence d’une interphase. La Figure 17 confirme cette idée : la transition observée en module,
encadrée par les lignes pointillées bleues, correspond sur le profil de topographie & la matrice
(car avant le trou formé par le nodule).
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Figure 16 — Distributions représentatives du module DMT sur les images AFM pour chaque systéme.
L’axe vertical représente la densité de probabilité associéea chaque valeur de module cartographiée.

50.00001 |

-150

-200

NM 35 40 &0 80 100 120 140 160 180 pm

200
150
100

50

MP :
a 20 40 &0 &0 100 120 140 180 180 nm

Figure 17 — Images AFM de 1 x 1 um? de la topographie (haut) et du module DMT (bas) d'une
surface PBAT /il-TMP avec les profils correspondants, acquis selon la ligne rouge.

On peut interpréter ceci comme une zone d’environ 40 nm d’épaisseur ou la densité de chaines
polymeéres baisse progressivement, interagissant avec les cations phosphonium. Cette zone joue
certainement un role important dans ’augmentation de ’allongement & la rupture induit par
I’ajout de il-TMP. Les nodules étant par ailleurs trés dissipatifs, ils sont enclins & entraver la
propagation de défauts sous contrainte.

La Figure 16 indique aussi que le systéme PBAT/il-Cl subit une réduction de module élastique
bien plus importante a cette échelle qu’a 1’échelle macroscopique. II-Cl semble ainsi augmenter
grandement la mobilité des chaines, tout en apportant un effet compensatoire qui, a 1’échelle
macroscopique, se traduit en une réduction moins importante du module, et un effet faible voire
nul sur les propriétés thermiques : il ne s’agit donc pas d’un plastifiant.

Pour aller plus loin dans la compréhension du roéle de il-Cl, la localisation du liquide ionique
est nécessaire. La figure 18 montre des images de module DMT et de force d’adhésion pour les
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systéemes PBAT et PBAT/il-Cl. Des sphérolithes clairement identifiables ont été marquées en
rouge dans les deux cas. Ces zones sont constituées de la phase cristalline et de la phase amorphe
confinée (RAF), tandis que les zones entre ces sphérolithes sont constituées de phase amorphe
aux chaines plus libres (MAF), ainsi que de RAF.
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Figure 18 — Images AFM (5 x 5 um?) de module DMT (gauche) et de force d’adhésion (centre)
avec les profils correspondants (droite) pour le PBAT (haut) et le PBAT/il-Cl (bas). Les profils
sont acquis suivant les lignes blanches sur les images, et les lignes verticales violettes sur les profils
correspondent aux espaces entre les zones marquées en rouge. Certaines des sphérolithes les mieux
identifiables sont marquées en rouge sur les images.

Dans le cas du PBAT, peu de différences sont observées, en particulier en adhésion, entre
I'extérieur et l'intérieur des sphérolithes, tandis qu’avec il-Cl, les zones entre les sphérolithes
présentent non seulement une baisse de module DMT mais aussi un pic d’adhésion, signature de
la présence du liquide ionique.

II-Cl se situe ainsi préférentiellement dans les phases amorphes. D’une part, la mobilité
des chaines dans les zones purement amorphes est grandement augmentée, et d’autre part, sa
présence dans les zones interfaciales et confinées, proche des lamelles de la phase cristalline, joue
un role inverse et géne les phénomeénes a ce niveau : la relaxation (a’) de cette zone requiert alors
plus d’énergie, ainsi que la libération des porteurs de charge. Cette dualité dans leffet du liquide
ionique explique un effet plus réduit sur les propriétés mécaniques a 1’échelle macroscopique,
ainsi qu’un effet nul ou extrémement réduit sur les propriétés thermiques.

Effet des liquides ioniques Un modéle complet des interactions PBAT /liquides ioniques a
ainsi pu étre établi. Si des liquides ioniques ont déja pu étre utilisés comme plastifiants, les deux
utilisés ici permettent des effets différents, promettant de vastes possibilités dans leur utilisation
comme additifs :

e il-Cl permet d’obtenir l'effet d'un plastifiant sur les propriétés mécaniques (baisse du
module, augmentation de l'allongement & la rupture), mais sans effet sur les propriétés
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thermiques (donc pas de baisse de la température de transition vitreuse). Cet effet est
conditionné par la structure du PBAT, copolymeére semi-cristallin, qui présente une phase
amorphe rigide (RAF) et une phase amorphe plus mobile (MAF).

e il-TMP se structure en nodules dissipatifs permettant de conserver les propriétés de la
matrice PBAT, augmentant seulement son allongement & la rupture en rendant difficile la
propagation des défauts.

0.4 Conclusions

Le recours a des caractérisations mécaniques & 1’échelle nanomeétrique par AFM a montré son
efficacité pour comprendre le lien entre formulation et propriétés dans les systémes polyméres.
Cette étude basée sur les interations entre liquides ioniques et biopolyméres en montre deux
exemples approfondis, I'un a travers I’étude des mécanismes de compatibilisation entre PBAT et
PLA et I'autre avec la caractérisation des interactions et structurations de deux liquides ioniques
dans le PBAT. Les bases théoriques de la mécanique du contact a cette échelle sont préalablement
discutées, délimitant le cadre expérimental et analytique de I’étude.

La versatilité de la technique a été démontrée, de I'identification de phases & la localisation
de liquides ioniques par cartographie de force d’adhésion, pour finalement proposer des modeéles
complets explicant la structuration des matériaux induite par les liquides ioniques. De maniére
plus générale, une méthodologie a été mise au point pour la caractérisation de tels systémes,
permettant des mesures AFM quantitatives et reproductibles.

Ce travail pourra servir de base méthodologique & 1’étude in situ des micro-phases et des
interfaces dans les matériaux multiphasés (notamment les composites), proposant comme nouvel
angle d’attaque 1’étude des propriétés locales et de leur évolution aux interfaces. Ce type de
caractérisations peut jouer un rdle, par exemple, dans 1’établissement et la validation de modéles
prédisant le comportement des interfaces en fonction de la composition, des traitements et des
paramétres de mise en oeuvre des matériaux multiphasés.
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General introduction

Understanding the connection between the formulation, structure and properties of a material
is a fundamental aspect of polymer science, especially when it comes to mixtures, composites
or original formulations. This makes it possible to design functional materials by anticipating
their properties, and thus to adapt the methods of implementation and the formulation choices
to the desired result. However, this implies the control of many parameters, at different scales,
individually characterizable but difficult to link to each other.

Atomic Force Microscopy (AFM) allows, as few characterization techniques, to measure local
properties of materials by mapping them, thus also to observe their distribution on a surface,
with an excellent resolution. The tip of the AFM probe, having a radius of curvature of a few
nanometers, scans the surface to acquire information in each point.

The uniqueness of this technique thus lies in the fact that the characterized properties are
local properties, so they only reflect the point of the surface at which they are measured (and
possibly its close neighborhood), and not the entire material. This allows to link structure and
properties, observing the spatial organization of the latter.

PeakForce QNM mode (Bruker, USA) allows the AFM to map the local mechanical proper-
ties of materials: elastic modulus, adhesion force (relative to the tip withdraw), deformation, and
dissipation energy. Its particularities include that it relies on calibrations to achieve unprece-
dented reproducibility of measurements, image resolution, and a control of the force applied by
the tip, giving it an excellent sensitivity.

This novel technique is thus very promising in the study of polymer systems : the individual
mechanical behavior of the different phases of a system can be visualized (for semicrystalline
polymers, blends or composites), as well as their spatial organization. It is also possible to
explore the interfaces, which play a preponderant role in the properties of a multiphased system.
The purpose of this work is thus to correlate these observations with the macroscopic behavior of
the materials studied, in order to understand better the mechanisms that underlie this behavior,
and thus to be able to predict and tailor them better when designing polymer systems.

It was chosen to focus these characterizations around two topics : on the one hand, ionic
liquids, salts with a melting point that is lower than 100°C (often even lower than the ambient
temperature), exhibiting unique properties (very low saturation vapor pressure, good tempera-
ture stability, non-flammability. .. ). Added as additives in polymer systems, they have recently
shown promising results as compatibilizers for blends, structural modifiers, or plasticizers. Their
interesting behavior when added with polymers still being little described, their study in this
work seems relevant.

On the other hand, biopolymers (biobased and/or biodegradable polymers) are also studied in
this work, in the current logic of their development as an alternative for oil-based plastic. Atomic
force microscopy will be used to investigate what explains, in their structure at the nanoscopic
scale, the mechanical behavior of biopolymer systems, modified or not by ionic liquids.
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1.1 Introduction 29

1.1 Introduction

Atomic force microscopy, a scanning probe technique developed by Binnig et al. [1| in 1986,
opened a broad range of new possibilities in surface analysis, giving the access to a nanometric
resolution imaging with almost any kind of materials. This is made possible by the interaction
of an extremely sharp tip with the sample surface. That implies atomic scale forces, such as Van
der Walls forces, electrostatic forces, or steric repulsions.

The tip scans the surface, using this sample-tip interaction to record data and gather them
into map-like images. The original use of the atomic force microscope, which is still currently its
most common purpose, is to observe the topography of a sample.

In fact, there are several ways to use this technique, and many kinds of data can be deduced,
reflecting different properties of surfaces. This is why different modes were successively devel-
opped, which are distinct ways of using the technology, giving access to different properties or
being adapted for different materials. Information about the structure and the electrical, me-
chanical or even magnetical properties are now accessible at the nanoscopic scale (conventionally
called nanoscale).

Atomic force microscopy is thus a unique tool for nano-mechanical characterization of ma-
terials. Cartography of local properties, such as the local Young’s Modulus is made possible.
Those informations and their macroscopic equivalents may not have the same meaning, but the
mechanical behavior of a material is necessarily conditioned by its structure and the interactions
at a local scale. Understanding such interactions can open interesting fields in the study of the
links between structure and properties of materials.

The goal of this chapter is to cover the scientific achievements of mechanical measurements
with atomic force microscopy. In a first part, the general principle will be presented, with an
introduction to AFM mechanical modes and their evolution through the last decades.

A second part will be dedicated to a general state of the art on this characterization technique,
with the diversity of informations it can give, in many scientific fields and particularly in polymer
science.
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1.2 Mechanical measurements using Atomic Force Microscopy

The atomic force microscope belongs to the family of the Scanning Probe Microscopes (SPM).
This means that the key component is a probe, constituted by a cantilever and a tip on its end
to interact with the sample. To reach a good resolution, the tip is often extremely sharp, i.e.
with a radius of curvature of a few nanometers. Scanning Electron Microscopy (SEM) images of
some AFM probes are shown in Figure 1.1.

Although others exist, the Peak Force QNM™ mode is today the main tool for mechanical
measurements in atomic force microscopy. This thesis is thus principally based on this new mode
and its operation. Tapping mode (TM) also deserves a quick overview : this is the currently most
used mode and a parallel is interesting to establish.

AC160TS BL-RC-150VB(L)

TR800(S)

Figure 1.1 - SEM micrographs showing various AFM probes, with rectangular or triangular can-
tilevers [2].

1.2.1 Intermittent contact AFM: Tapping Mode (TM)
Presentation

History The first applications of atomic force microscopy were in Contact Mode. Still existing
but less broadly used today, this mode is characterized by a constant contact of the tip on the
sample. The resulting repulsive force bends the cantilever on which the tip is fastened and thus
deflects the laser pointing its extremity. That deflection is measured by a photodiode and is
kept constant by the feedback system of the microscope, allowing to follow and to record the
topography of the sample.

Although it appears to be promising in the imaging of materials, with mechanical informa-
tion [3], this mode suffers some limitations, particularly a risk to damage the sample surface (or
to wear the tip) and an important dependance on humidity conditions and electrostatic forces.
These flaws are crippling for the study of certain kinds of samples, especially soft materials.
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1.2 Mechanical measurements using Atomic Force Microscopy 31

In the early 1990s, the Tapping mode (amplitude modulation) emerged [4] and bypassed some
limitations of the Contact Mode, making it viable for imaging more sensitive materials.

The tip here is in quasi-vertical oscillation and thus in intermittent contact with the surface,
in order to avoid the lateral forces which can damage it and to minimize the influence of possible
pollution or a liquid film.

“ '\ Laser
5 \ \ Sample surface

Return signal II"I.
(deflected laser) , ', ¥
\

Figure 1.2 — Representation of a probe scanning a surface using Tapping mode. The laser is reflected
on the upper part of the end of the cantilever. Source: AFM Multimode 8 User’s Manual [5].

Operation (Figure 1.2) The cantilever is excited close to its resonant frequency by a piezo-
electric element. A laser is reflected on its extremity (above the tip) allowing to transmit its
movements to a photodiode. When the cantilever oscilates freely, the movements of the tip and
that of the piezo correspond and are in phase.

On the contrary, on contact with a sample, at each vibration cycle, the tip hits the surface,
limiting and modifying the oscillation amplitude. By setting a value for the amplitude reduction,
it is possible to keep it constant via the feedback loop by constantly adjusting the vertical position
of the piezo and thus to follow the topography of the sample. One of the main parameters is the
Amplitude Setpoint, the fixed value for the reduced oscillation amplitude when the tip is engaged
on the sample.

Measurements Three simultaneously acquired data channels, giving three images of the sur-
face, are obtained during Tapping Mode imaging :

Topography: Directly obtained when recording the vertical position of the piezo (without the
oscillating part).

Amplitude error: The real oscillation amplitude of the probe may change slightly from the
Amplitude Setpoint when important topographic variations occur on the sample (to read-
just the amplitude so the setpoint, the feedback loop must first quantify the error). This
error is recorded during the acquisition. This data has no physical meaning, but it reflects
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the topography in a contrasted way and provides an additional visual tool, sometimes
useful for the interpretation.

Phase: Some properties of a material (principally the viscoelastic properties) induce a certain
phase shift of the probe with its excitation by the piezo (input signal). This phase shift
is visible by the output signal recorded on the photodiode. Various parameters contribute
to it, it is therefore very difficult to interpret it precisely. However, when several materials
constitute a surface, each induces a different phase shift and the contrast is visible on the
phase image. This qualitative data can thus give information about the mechanical and/or
chemical contrast on the surface.

Mechanical informations using phase contrast

In Tapping Mode, the phase shift difference between the piezoelectric modulation of the sample
and the response of the cantilever (deflected laser signal on the photodiode) is a qualitative
information, mainly linked to the mechanical response of a zone of the sample[6]. If two zones
exhibit different stiffnesses on the same image, the measured phase shift will also be different: it
is the phase contrast.

Magonov and Heaton [7] documented in 1998 the possibilities offered by the Tapping Mode,
thanks to the recording of the phase contrast, to get qualitative informations on the organization
of mechanical properties on a sub-micrometric scale. It is observed that soft and hard tapping (in
the former case the tip just come softly in contact with the surface, while in the latter it hits the
sample harder) are complementary techniques: soft tapping, being absolutely non-destructive,
allows a precise topography recording and the hard tapping shows a clear phase contrast. It
become thus possible to observe semi-crystalline organizations in polymers (Figure 1.3), latex
microstructures or copolymers.

Figure 1.3 — AFM height (right) and phase (left) of a low densiy polyethylene (15 x 7,5 pm). Top:
soft tapping; bottom: hard tapping. The hard tapping phase image highlights the stiffer crystalline
zones [7].

Kajiyama et al. [8] use the Tapping mode out of the resonnance frequency of the cantilever to
map viscoelastic properties, estimating that the measured phase corresponds to the loss factor
(tan §) at a given frequency. This approach was also used by Wang et al. [9] to study nanometrical
heterogeneities in amorphous polystyrene.

However, quantitative interpretations of the mechanical data obtained in tapping mode must
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be taken with great caution. If the phase contrast is clearly linked to a contrast of properties on
the studied surface, phenomena that are not only linked to a pure mechanical contrast can inter-
fere and distort the results: chemical affinity with the tip, adhesion, electrostatic charges. .. This
remains however a simple method to observe qualitatively different regions of a sample.

A similar approach, using frequency shifts induced by the contact (the piezo is modulated
in frequency instead of amplitude), seems to give more informations, but remains a contrast
qualitative method [10].

1.2.2 First AFM modes for mechanical measurements

The fact that the imaging technology used in AFM is based on a direct contact between the tip
and the sample quickly made it possible to integrate measurements of mechanical properties. The
use of the AFM for this purpose dates back to the 1990s, first with the qualitative Tapping mode
but then with efforts towards quantitative measurements. A brief history is proposed here, in
order to highlight the evolution of the technique and its advances, before arriving at the current
tools — in particular the QNM mode.

Force Modulation mode (FM)

The Force Modulation mode, also emerging in the early 90s, is entirely dedicated to observing
mechanical contrasts [11]. In this case, the tip is always in contact with the sample, which is
subjected to a vertical sinusoidal oscillation of a few nanometers of amplitude. There is therefore
a harmonic stress applied to the sample at the contact point under the tip. The signal transmitted
to the photodiode then depends on the deflection of the cantilever, which depends directly on the
damping of the oscillation by the surface. Thus, the amplitude of the recovered signal reflects
the stiffness of the scanned zone (Illustration Figure 1.4).

This technique appears to be very promising, in particular for the field of polymers [12], in
which the observation of local mechanical heterogeneities is a major challenge.

Attempts to make this method quantitative quickly appeared, in particular with Radmacher
et al. [13]. The team introduced the calibration of the deflection sensitivity on a silicon wafer,
using the nominal characteristics of the cantilever (stiffness) and the tip (radius), and the JKR
contact model [14], to study the contrasts of viscoelastic properties of soft materials (polymer
films, structured fatty acids).

However, at this stage there are still many approximations and difficulties in dissociating
all the components of the tip-sample interaction [12]. The need to use cantilevers suited to
each type of sample appears. Many difficulties and artifacts are described, such as a frequent
slipping effect of the tip on the surface—mistakenly recorded as an indentation [15]'. Given
the permanent contact between the surface and the tip, difficulties in contact mode (dangerous
for the tip and/or the surface) are also to be deplored. The Force Modulation mode at least
sets the basis of mechanical studies with atomic force microscopy, and opens the path towards
quantitative studies.

AFM Nano-indentation

The next step towards quantitative mechanical studies with atomic force microscopes came
up with the recording and the complete analysis of force curves[16, 17, 18] (see Figure 1.11).

!One suggested solution to this particular problem is then to measure a lateral force rather than normal, but
it is a complex method that does not bypass other difficulties
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Figure 1.4 — Representation of the scan of a sample with low modulus. When the tip encounters a
zone of higher modulus (in black), the amplitude signal increases [12].

The AFM was used like a nano-indenter. Each measurement is thus punctual, and the image
recording (for topography and additional data) is made separately if necessary, in tapping mode
for instance, until the developement of proper mechanical AFM modes such as Force-Volume,
allowing to obtain simultaneously topography and force curves, on each scanned point.

Quantification of mechanical properties such as elasticity modulus with an AFM tip is made
possible by the use of contact models (see chapter 2), thus by the precise knowledge of each
tip’s geometry and each cantilever’s spring constant. Alternative relative methods emerge [19],
allowing to use reference sample (with known properties) to bypass the difficulties and the ap-
proximations of the modelling.

Using the Atomic Force Microscope as a nano-indenter has been popular in polymer sci-
ence |20]. It is a quite easy and robust way to study the mechanical properties of materials such
as biological composites|21] or polymer thin films[22]. By combining a tensile testing machine
and an AFM, Opdahl and Somorjai [23] used AFM nano-indentation and topography mapping in
parallel to highlight the evolution of the surface stiffness modulus and roughness of polyethylene
samples through macroscopical deformation. They were able to show that a superficial stiffening
happens in the elastic domain, and then the modulus decreases in the plastic domain, as the
polymer chains align themselves with each other.

AFM nano-indentation has also been used in the study of composites interfaces. Linear
profiles can be acquired, point by point, acquiring force curves across a fiber-matrix interphase
(as shown in Figure 1.5), and the evolution of the modulus can be acquired. Using this method,
Méder and Gao [24, 25| highlighted the influence of the fiber sizing on the interface modulus,
directly linked to the fiber-matrix adhesion and thus to the composite resistance.

More recently, Chen et al.[26] used an AFM as a nano-indenter to evaluate the stiffness of
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Figure 1.5 — Indentation force—penetration depth curves corresponding to the indentation of differ-
ent locations across a sized glass fiber/epoxy resin interface. [24].

200 nm polystyrene/silica core-shell particles. Interestingly, they were able to show that the
silica shell alone has a higher modulus than the one of the core-shell particle with a PS core.
The modulus also rises when the thickness of the shell increases. For the calculation part,
a Hertzian contact model (see chapter 2) was applied and the tips were characterized using
scanning electronic microscopy (SEM).

It is also worth mentioning an original AFM microhardness measurement method, used by
Zhang et al. [27] to investigate the mechanical behavior of PS—grafted silica nanparticles agglom-
erates in a polypropylene matrix. The so modified nanoparticles play a limited role as direct
hardening fillers, but act as crosslinking sites in the matrix. A specific contact model, established
according to the shape of the tip’s indents, was used.

The use of the AFM as a nano-indenter has been one of the milestones in the path towards
quantitative nano-mechanical mappings, with the introduction of force curves. That technique,
however, does not use the imaging capability of the microscope, and the single-indentation ap-
proach makes its operation long and hardly precise: to aim at the right spot to indent can be
difficult. However, it is still used when mapping is not necessary: for instance, methods emerged
to recognize, depending on nanomechanical properties, normal and pathological tissues such as
pulmonary artery [28].

Force Volume mode (FV) and Force mode

The combination of the indentation method using force curves and the imaging capability of the
AFM was first implemented in Force mode or Force-Volume mode |29, 30|. The word "volume"
refers to the control, not only on the X-Y piezo movements (as traditionally in mapping modes),
but also on the Z piezo, allowing the acquisition of the force curves.

As in AFM nano-indentation, the quantification of mechanical properties is made possible by
the use of contact models (see chapter 2) and thus by the precise knowledge of each tip’s geometry
and each cantilever’s spring constant. Alternative relative methods emerge [19], allowing to use
reference sample (with known properties) to bypass the difficulties and the approximations of
the modelling.

Nitta et al.[31] made such measurements on agar gels. Figure 1.6 shows the kind of im-
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age obtained with this mode, and Figure 1.7 shows a corresponding distribution of the moduli
obtained on various concentrations of agar gels.

Figure 1.6 — AFM Force mode images of an agar gel [31] (a) topography and (b) modulus. No scale
is given, but modulus histograms are given in Figure 1.7.

150 ]

E,,,[kPa]

Figure 1.7 — Modulus histograms obtained by Nitta et al.[31] for different agar concentrations.

However, authors often express doubts on the reliability of the measurements, or its applica-
bility in specific cases, such as thin films [32]. As it will be discussed in the next chapter, there
is an importance of contact models used to fit the modulus on the force curves, but also an
importance of other factors such as the choice of the tip. Nevertheless, in the right conditions,
it is the first reliable quantitative mechanical mapping technique. The main remaining technical
drawback is the acquisition time, which can be up to several hours for a poor resolution image.

Other contemporary mechanical mapping techniques

The present work is principally about AFM using Peak Force technology, described in Section
1.2.3. However, a quick review of other mechanical mapping modes that are used nowadays can
be useful.

Harmonic modes such as HarmoniX, developped by Bruker (formerly Veeco), appeared in the
2000s, and are based on Tapping Mode, but using the higher harmonics of the signal to measure
mechanical properties [33]. This has been useful on biological samples 34|, and new mechanical
properties, such as adhesion force, are accessible. Studies compared, as current quantitative
mechanical mapping modes, HarmoniX and QNM (both from Bruker) and concluded that QNM
is more appropriate in polymer science to reach quantitative measurements[35]. Anyway, both
modes can be complementary as they use different approaches to reach the same result [36].
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Contact Resonance is a contact mode with a high-frequency modulation applied between
the tip and the sample [37]. This approach was first developed in the 1990s by the Yamanaka [38|
and Rabe[39] groups, and is still regarded today [40, 41]. The tip is drived by a low amplitude
vertical and high frequency modulation while scanning the sample, and the response, modulated
by the viscoelastic properties of the sample, is recorded via the feedback loop. The properties are
extracted from the recorded resonance peak and its harmonics. Typically, the frequency shifts
are linked to elastic informations and the quality factors to the viscous, dissipative properties.
This method is extremely promising, but there are still some doubts on its reliability on specific
material, such as elastomers [42].

Anyway, all the modes cited above, and including Peak Force QNM mode (further detailed),
are specifically relevant in certain conditions, depending on the samples and on the aim of the
measurements. Figure 1.8 shows a map of the relevance of some mechanical mode, depending
on the modulus of the sample and the working frequency.
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Figure 1.8 — Domains of relevance of different mechanical mapping modes, according to the Young’s
modulus of the sample, and of the working frequency (typically the oscillation of the cantilever).
Source: Bruker.

1.2.3 Peak Force: towards quantitative measurements
Peak Force Tapping

The Tapping mode was a considerable advance in atomic force microscopy and a step towards
nano-mechanical characterization with its phase contrast, although purely qualitative. Neverthe-
less, the control of the tip-to-sample contact remains insufficient: certain samples, in particular
biological samples, remain too sensitive. The quantitative modes cited above also have particular
drawbacks, in particular a low acquisition speed and/or a poor resolution.

The Peak Force Tapping technology, developped in the late 2000s, allows to open the atomic
force microscopy to those materials, and above all permits the simultaneous mapping of local
properties.
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The basis remains the same as for Tapping Mode : the vertically oscillating tip hits the sample
at each cycle. However, it is driven differently :

e The main control parameter is not anymore the oscillating amplitude of the cantilever, but
the maximum force, or peak force, applied by the tip on the sample surface at each contact.
This force is known and monitored precisely with the feedback loop of the microscope.

e In Tapping mode the cantilever is excited at a frequency close to its resonnance. In Peak
Force Tapping mode, it oscillates at a much lower frequency, typically few kHz. That
facilitates the acquisition and the control of the applied force.

With that control, at each tip-sample contact, thus for each pixel on the acquired image, the
evolution of the interaction force is recorded. The curve in Figure 1.9 is the typical "heartbeat"
curve obtained for one contact, showing the successive phenomena: approach (A), attractive
forces (B), contact and peak force (C), adhesion (D) and withdraw (E). By recording the position
of the piezo (Z position) along with the time, a force curve like the one showed in Figure1.10
can be obtained. These curves contain useful information on the mechanical properties of each

Z poW

C

N\

“_\é{ \1 —

approach E;Lu"l withdraw

contact point.

>

Time

Figure 1.9 — Typical evolution of the recorded tip-sample interaction force during a contact. Source:
Peak Force QNM User Guide [43].

Quantitative NanoMechanics (QNM)

PeakForce Quantitative NanoMechanics mode (PF-QNM or simply QNM) is based on the Peak
Force Tapping technology and is currently the main mode for the mapping of local mechanical
properties. The force curves obtained at each pixel of a scan are directly analyzed during the
acquisition to obtain mappings for adhesion force, local modulus (see contact models on
chapter 2), dissipation energy? and deformation, along with the traditional topography
(height) image.

With, as an additional information, the deflection of the laser of the feedback loop on the
cantilever, it is possible to deduce the tip position from the piezo Z position. The tip-sample
distance is thus accessible. Figure 1.11 shows a typical force curve on which the local mechanical
properties can be evaluated.

2The works of Gomez and Garcia [44] can help to understand the dissipation process in AFM
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Figure 1.10 — Typical force curve: approach (blue) and withdraw (red) versus piezo Z (vertical)
position. Source: Peak Force QNM User Guide [43].

e Deformation corresponds to the distance made by the tip from the point defined as the
contact to the point corresponding to the peak force. The contact point is usually defined
by the user as there is no precise definition of the contact at this scale. It is commonly
understood on the approach curve as the point, after the generally slight attractive force
zone, where the slope leading to the peak force begins to reach a positive value.

e The adhesion force is the height of the negative force peak in the withdraw curve.

e The dissipation energy is the area between the approach and the withdraw curves, in
yellow in Figure 1.11.

e The modulus is evaluated from the slope in the beginning of the withdraw curve, just
after the peak force (bold green line in Figure 1.11). Depending on the chosen contact
model, the calculated modulus can take into account several external parameters, often
related to the shape of the tip (see chapter 2).

DMT fit for
modulus

Deformation

Peak Force

Adhesion

Figure 1.11 — Processed force curve with specific parts corresponding to local mechanical properties.
The x axis represents the tip-sample distance. Source: Bruker, reference [45].
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The PeakForce approach, combined with a wide variety of tips allowed to quantitatively map
the local mechanical properties of materials from hard cement [46] to sensitive cells (see sections
1.3.1 and 1.3.2).

1.3 State of the art on AFM nanomechanical studies

This work aims to propose methodologies to reveal links between structure and properties of
polymer-based materials using nanomechanical measurements by AFM. Peak Force QNM mode,
described above, was chosen to constitute the skeleton of the work presented in the next chapters.
It seems useful to start here with a bibliographic review on the studies performed with this mode,
to identify what are the situations in which it is used, and what kind of conclusions can be taken
from those nanomechanical measurements.

1.3.1 Non quantitative studies: PeakForce Tapping to contrast or to preserve
sensitive materials

An important calibration process, which can be specific to the studied materials, is necessary
to perform quantitative measurements with PeakForce Tapping. But this technology already
provides some advantages without complete calibration, which will be reviewed here.

A non destructive scanning method for sensitive materials

The two main historical AFM modes, Contact and Tapping, still remained insufficiently sensitive
for the non-destructive imaging of topography and mechanical contrasts (phase or lateral forces)
of very soft materials.

Tapping Mode was already an improvement of Contact Mode, but the fact that the oscillation
is controlled in amplitude (or frequency in some cases[10]) does not allow a precise control of
the pushing force of the tip onto the sample. Some materials being sensitive to forces lower than
a nanonewton (nN), a precise control of the tip-sample interaction is needed for the microscope.
Some calibration steps are still needed to measure accurately this force: the spring constant of
the cantilever (many authors use nominal values) and its deflection sensitivity (see Chapter 2).

This is a typical situation in the imaging of biological samples and soft polymers such as
hydrogels. Ciejka et al. [47] used PeakForce Tapping to obtain high resolution topographic images
of genepin-chitosan hydrogel microspheres. As such objects are designed to adsorb coronaviruses,
the AFM images allowed to observe those elements on sphere surfaces under certain conditions,
which would have been destructive or too coarse with another imaging method.

A similar method was used by Skvarla for the precise evaluation, using height (topography)
AFM images, of the radius of silica gel-like spherical colloid particles [48]. An extremely low
force in the 10—100 pN range was sucessfully applied to preserve the particles.

This is also useful for nano-structrurated materials, such as Kelly and Albert’s "nano-roses"
obtained from the crystallisation of poly(e-caprolactone) in blends containing styrene-isoprene
block copolymers [49] (see Figure 1.12), or the poly(glycidyl ether) brushes developed by Heinen
et al., scanned in liquid with a 1 nN applied force [50].

This shows an interesting feature of PeakForce Tapping, even using the traditional height
channel only. This low—force scanning capability is also often combined with mechanical prop-
erties quantification, as reviewed in the following sections.

Beside the capability of imaging sensitive materials, AFM mapping with a low and controlled
force also allows an outstanding resolution: Korokolov et al. evidenced the assembly of adsorbed
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20.0 nm

Height Sensor 1.0 um

Figure 1.12 — "nano-roses" morphology imaged by AFM using PeakForce Tapping [49].

trimesic acid on HOPG? with olecular resolution using PeakForce Tapping[51], as shown in
Figure 1.13.
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Figure 1.13 — Theoretical structure of the assembly of trimesic acid on HOPG (left), high resolution
(50 x 50 nm?) topographic mapping (b, center) and 25 x 25 nm? adhesion mapping (c, right) showing
the structure of adsorbed trimesic acid [51].
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Contrast and identification with Peak Force Tapping

Using the different channels of PeakForce QNM mode, even without calibration, useful qualitative
information can be obtained. The main difference with phase contrast in tapping mode, except
being able to control the interaction force as mentioned above, is that the nature of contrasting
information is identified: knowing if the contrast reveals differences in adhesion, stiffness or
deformation can bring the interpretations one step forward. Furthermore, even in arbitrary
units, the direction of any property variation is also revealed: instead of measuring just a phase
difference between two zones, it can be measured, for instance, that one zone is more adhesive
than another.

This has been widely used to identify dispersed phases or particles in polymer blends and
composites. Grigorescu et al. used the deformation channel in PeakForce QNM to identify
graphite (giving a lower deformation in AFM mappings) in SEBS* based composites |52, as

3Highy Oriented Pyrolytic graphite
“polystyrene-b-(ethylene-co-butylene)-b-polystyrene
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shown in Figure 1.14. Kfoury et al. also used deformation mappings to differentiate the mi-
crostructures induced by a reactive and by a physical blend of PLA and poly(ethylene glycol)
methyl ether acrylate[53]. The modulus channel, giving information on the relative stiffness
of different components, is the most common use for contrast and identification purposes on
nanocomposites [54, 55| and blends [56|, allowing, from the analysis of their morphology, to ex-
plain macroscopic behaviors such as hydrolytic degradation [57].

0.0 nm

Deformation 3.0 um

Figure 1.14 — AFM nanomechanical deformation maps of SEBS/graphite nanocomposites. The
green parts, corresponding to lower deformation, indicate graphite particles [52].

Modulus and adhesion contrasts It is worth noting that even without calibration, this
method using the modulus channel allows to evaluate the relative stiffness of different surfaces,
which can be useful to compare surface treatments [58]. A great care should however be taken if
no calibration is performed: each sample has to be scanned in the exact same conditions (applied
force, deformation, and tip shape) so that it is possible to compare them.

Adhesion force qualitative mappings can also provide useful contrasting informations, espe-
cially in heterogeneous materials: the nano-structure of phase-separating copolymers |59, 60],
blends [61, 62] or nanocomposites [63, 64] can easily be revealed. Choi et al. use the three men-
tionned channels (adhesion, DMT modulus and deformation) along with topography to image
star copolymer micelles on graphene oxide flakes with an optimal resolution, as shown in Figure
1.15]65]. Anderson [60] also used modulus and adhesion contrasts to analyse the structure of
copolymer films.

Sokolova et al. [66], imaging imprints of zirconium oxide nanostars on a polyheteroarylene
matrix, reached interesting conclusions on the packing density of polymer chains near the par-
ticles using qualitative modulus maps, and on the density of polar groups in the imprint using
qualitative adhesion maps. Chu and collaborators used DMT modulus and adhesion contrasts
to distinguish between the folding and stacking of reduced graphene oxide nanosheets [67].

The nanometric resolution of PeakForce QNM allowed Woods et al. to quantify the self-
reorientation of graphene flakes on boron nitride crystals [68]. Profiles and Fourier transforma-
tions of modulus images of the graphene patterns were used, allowing to detect angle variations
of less than 2°.

Qualitative AFM studies using adhesion, modulus and deformation mapings is also used
to observe the morphologies of membranes|69, 70, 71|. Heisgen et al. used it to recognize
zones affected by swelling, caused by a water flow associated with an ionic current [70]. The
nanomechanical study is coupled here with an electrical AFM study using PeakForce TUNA
mode, applying a potential difference between the conductive tip and the sample basis, and
mapping the electric current flow along with mechanical properties. The water flow associated
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Figure 1.15 — High-resolution images of (a) topography, (b) adhesion, (c) apparent modulus, and
(d) deformation showing different self-assembly of copolymer micelles on graphene oxide (on the left
of each image) and on silicon oxide (on the right). Z-scale: 4 nm (topography) [65].

with the ionic current caused a buildup of water pressure and subsequent swelling.

CFM A high-end possibility offered by qualitative PeakForce Tapping is its use in CFM (Chem-
ical Force Microscopy [72]). Initially used with forces curves in modes such as Force Volume (de-
scripted above), it uses chemically modified tips to map adhesion with specific chemical groups,
allowing conclusions on the chemical nature of scanned surfaces. As it allows easy and fast adhe-
sion force mappings, PeakForce Tapping gives the advantage of this mode, applied to CFM. An
illustration is given Figure 1.16, taken from Alsteens et al.[73|. In this study, various materials,
including dimethylmethylsilane/silica composites (see Figure 1.17), yeast cells (Saccharomyces
cerevisiae) and pathogen fungus spores (Aspergillus Fumigatus) were scanned, revealing spatial
distributions and organization of chemical functions showing good or bad affinity with the ones
grafted on the tip. PeakForce tapping also permits, in this case, to scan living cells without
damaging, applying extremely low forces (0.75nN). The results are remarkable with methyl-
functionalized tips (as represented in Figure 1.16). Alcohol (—OH) functionalized tips, however,
seem to give poor results, as also reported by Colson et al. [74] who obtained better contrasts
with standard silicon tips on hydrophilic glass, functionalized (methyl and alcohol) silicon and
a wood/wax sample. Anyway with certain chemical functions and under the right conditions,
tip modification combined with PeakForce Tapping offers a specific method to map chemical
affinities using principally qualitative adhesion force.

The PeakForce Tapping technology gives thus easy methods to contrast phases and compo-
nents in heterogeneous materials and biological samples. The force control allows unprecedented
resolution and non-destructive scanning of sensitive samples. However, the force curves—based
technology can be pushed one step forward, using calibration to quantify the nanoscale prop-
erties described in section 1.2.3. The following sections aim to review the different meanings
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Figure 1.16 —Illustration of the principle of CFM: chemically modified tips allowing to map adhesion
with specific chemical groups [73].
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Figure 1.17 — Images of the error signal (a, reflecting the topography), adhesion force (b), repre-
sentative force curves (c¢) and adhesion profile (d) recorded with a hydrophobic (CH3) functionalized
tip on dimethylmethylsilane—SiO5 micropatterns [73].

interpretations taken from those new properties, as their meaning is still relatively unknown at
this scale.

1.3.2 Cells, soft tissues and proteins: Nanomechanics in biology

AFM nanomechanical mappings using PeakForce Tapping are of great interest in the biological
field, on the one hand because of the sensitivity of many samples, including living cells[73],
requiring extremely low and controlled forces. On the other hand, given the variety of nano-
structurated biological materials, understanding their mechanical behavior is a critical challenge
in many applications including medicine and genetics.

Amyloid fibrils are insoluble filiform protein aggregates, implied in many diseases such as
neurodegenerative disorders. The growth, assembly and mechanical properties (modulus) of such
fibrils were observed and described by Lara et al. [75] under varying conditions, distinguishing
between different types of fibrils depending on their modulus. Yang et al. investigated a light-
driven treatment to inhibit or modify the formation of amyloid aggregates implied in Type-II
diabetes mellitus [76]. While regular AFM topography confirmed the inhibitory effect of photo-
activated porphyrin on the formation of amyloid aggregates, the modulus mappings showed an
increased stiffness of the fibrils under treatment, interpreted as stronger interactions between
porphyrin and amyloid peptides than between peptides in the aggregates.

AFM provides thus a unique tool to investigate the mechanical behavior of amyloid fibrils,
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but retrospectively their studies as a model nanostructured biomaterial led to some interesting
conclusions on how to use and interpret quantitative nanomechanical results. Adamcik et al.
used AFM QNM measurements and an indirect method to image (see Figure 1.18) and calcu-
late the modulus of S-lactoglobulin amyloid fibrils [77, 78]. The complex indirect method, based
on topological statistical analysis of fibrils’ structural conformations and size deduced from to-
pographic images, only allowed to evaluate an upper estimation of the modulus of the fibrils,
calculated to be 4.98 GPa. The value obtained by direct imaging by PeakForce QNM measure-
ments being 3.7 GPa, which is 26% lower than the upper estimation, was considered acceptable
by the authors, validating the QNM measurement method.

,”’//"/ /////’
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Figure 1.18 — 1.3 x 1.3 um? topography (left), DMT modulus (center) and deformation (right)
AFM PeakForce QNM images of S-lactoglobulin amyloid fibrils deposited on a mica substrate [77].

The straightforwardness of such measurements still imply to take a great care of the cali-
bration and imaging conditions. The ideal method is not necessarily known and documented,
as it is specific to each sample. Some authors used thus parallel methods to confirm their re-
sults, helping the scientific community on how to reach true quantitative results by detailing
their methodologies. Different AFM-based methods were also compared by Sweers et al. [79] to
measure the elasticity modulus of a-synuclein amyloid fibrils that are associated with Parkin-
son’s disease. Moduli were evaluated using AFM nanoindentation (detailed in Section 1.2.2),
HarmoniX mode (described in Section 1.2.2) and PeakForce QNM in air and in a buffer solution
(liquid). As they reached a good agreement between results (all method giving a modulus in
the 1.0-—1.3 GPa range), they made some observations on the right conditions to obtain good
results using PeakForce QNM on amyloid fibrils, and in general:

e It is important to adapt the probe to the material: the cantilever stiffness has to be of the
same order of magnitude as the sample

e The peak force has to be low enough to prevent fibrils from breaking. Also, the modulus
can be affected by the hard substrate and overestimated if the applied force is too high.

e On the edge of the fibrils, it is often observed that the measured properties are aberrant:
it is attributed to the changing contact area between the tip and the fibril in this zone, as
this contact area is taken into account in the calculation of some properties (see Chapter
2)

e Again on the contact area, fibrils have to be considered as cylinders in the contact models
(see Chapter 2) to reach true quantitative values for the moduli. A correction factor is
applied.
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Other biological materials PeakForce QNM helped to better understand the relation be-
tween structure and properties for many other biological materials. It allowed to measure me-
chanical properties for objects that are too small to be characterized in situ by any other mean,
such as antibodies [80], leading to a better understanding of their mechanical behavior (see Fig-
ure 1.19). In the cited study by Voss and collaborators, the high deformability of the antibodies
was reported (they resisted a deformation of more than 20% of their diameter), explaining the
conformations they can adopt to bind with as many antigens as possible.
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Figure 1.19 — Force—distance curves captured on mica (red curve, top) and on an antibody (blue
curve, bottom). Crosses in the topographical image mark the positions at which force—distance
curves were acquired. By fitting with the DMT model (see chapter 2) on the black lines in the inset,
the moduli were calculated: Eicq = 0.52 GPa; Eyntivody = 2-2 MPa) [80].

Often normal and anormal tissues or cells are compared in terms of nanomechanical properties
to quantify parameters about a disease, in terms of nanomechanical properties. This is the case
of normal and "rough eye" phenotype in a fruit fly cornea (Drosophila melanogaster) studied
by Lavanya Devi and collaborators [81]. Baldwin, Kreplak and Lee studied the mechanism of
overload in tendons [82] by mapping the kinked collagen fibrils of normal and overloaded bovine
tail tendons, explaining their failure by discrete plasticity.

The influence of adenosine triphosphate (ATP) on the red blood cell membrane was investi-
gated by Picas et al. [83]. The modulus and deformation of different parts of the cell membrane
were quantified with and without ATP to understand the influence of this molecule on their
mechanical behavior, as shown in Figure 1.20. The high deformability of the membranes with
ATP explains the blood cells’ capability to experience large deformations in narrow capillaries.
Encinar extended the study to the influence of ATP on the self-assembly of protein networks on
the blood cells membrane [84].

Attempts to quantify properties using modified tips were carried out on biomaterials. Alsteens
et al. [85], using complex peptide-terminated tip functionalizations, measured the adhesion force
on receptors in cell membranes and quantified their dynamic binding strength to the peptide
ligands. The method, although being very promising, was reported to be still very challenging,
given, for instance, the unknown elasticity of the functionalization system bound with the tip.
Alvarez-Ascencio et al. made a hair indenter (SEM image shown in Figure 1.21) to evaluate the
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Figure 1.20 — (A) Topographic, local modulus and deformation images of red blood cell with (+)
and without (=) ATP. (B) Profile analysis of topographical images, elastic modulus, and deformation
map along the white dashed line for ATP-depleted (in blue) and ATP-containing (in black) cells.
False color scale is 250 nm for topography, 2.5 MPa for elastic modulus, and 50 nm for deformation.
Scale bar is 5 um.[83].

interaction of the skin with razor-cut hair [86]. They also measured, using PeakForce QNM with
a traditional silicon tip, the skin’s elasticity modulus to be, in average, 0.4 GPa. With a sharp
tip, the skin outermost layer resists up to a 4 u/N load before showing plasticity.

Figure 1.21 - Scanning Electronic Microscopy (SEM) image of the hair indenter used by Alvarez-
Ascencio et al.[86]. A piece of hair is attached to the cantilever, taking the place of the silicon
tip.

As this work also aims to reach a better understanding of the actual meaning of nanomechan-
ical properties, and how they are affected by different parameters, challenging and paradoxical
results are among the most important. While imaging living bacteria cells (Pseudomonas aerug-
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inosa), Smolyakov et al. figured out that two equivalent AFM nanomechanical mapping modes
(i.e. PeakForce QNM from Bruker and Quantitative Imaging from JPK) give different modulus
evolutions when increasing the oscillation frequency of the tip [87]. As Quantitative Imaging (QI)
showed an increasing modulus of the bacteria with the increasing frequency (expected visoelastic
behavior), PeakForce QNM measured decreasing modulus. This is attributed by the authors to
creep relaxations, as the frequency ranges for the two modes were not the same (less than 100 Hz
for QI and more than 200 Hz for QNM). It highlights the importance of the choice of the param-
eters, and their adaptation to the studied material. The relative calibration method (detailed
in Chapter 2) at a fixed frequency is the most common way to limit the relative influence of
unexpected behaviors.

PeakForce QNM mode offers a good tool in the study of biological materials, as it combines
quantitative results with a precise force control. It appears however that measured properties
on a given material depend significantly on the scanning conditions: imaging in air or in fluid,
the tip oscillation frequency, its spring constant. .. The main parameters and conditions are thus
part of the results and have to be detailed to be truly considered as quantitative.

1.3.3 Nanostructured materials

Novel inorganic and organic nano-structured materials are promising in many fields including
electronic devices development or drug delivery in medicine. PeakForce QNM provides the same
advantages as in biology to study their morphology and properties.

To be able to map the nanoscale elasticity modulus allowed to detect different nanostructures
of germanium surfaces irradiated by Bi™ [88]. It was reported that depending on the irradiation
temperature, the surface can form structures from nanoporous sponges to hexagonally ordered
nanometric dot patterns. Such dots exhibited a different modulus depending on the irradiation
temperature (see Figure 1.22) without any topographic change, revealing that their mechanical
properties can be tuned.
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Figure 1.22 — 500 x 500 nm? DMT modulus images of dot-like structures obtained at 280°C
(left), 320°C (center) and 340°C (right). The brighter the color, the higher the modulus, the scale
range being indicated on each image. It is clear that the dots are stiffer with higher irradiation
temperatures [88].

Destsi et al. imaged different structures of nanoporous gold [89] and measured average DMT
moduli. A layered nanoporous sample exhibited a modulus of 7 GPa and another gold structure
with conventional uniform porous morphology exhibited a modulus of 13 GPa. The authors
compared their results to litterature data in which the moduli are evaluated using buckling
mechanics [90], and found them to be in good accordance, thus validating their calibration and
their method: the Young’s modulus of a conventional nanoporous gold with the same porosity
evaluated by buckling mechanics is around 10 GPa.
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As for small biological objects, there are few other means to easily measure the mechanical
resistance and stiffness of nanomaterials. For instance, slurries used in thermal energy storage
are composed of microcapsules with a diameter in the micrometer range. Their resistance is a
critical parameter since they are used in pumping system and submitted to compression forces,
and their thermal efficiency depends on their integrity. Quantitative modulus measurements and
breaking force experiments were conducted with AFM PeakForce QNM (reported in Table 1.1)
and important conclusions were taken on the composition of the shell of the capsules, and the
temperature dependance of their mechanical properties[91]. Those conclusions are likely to
influence the design of next generations of thermal energy storage slurries.

Temperature [°C] 23 | 45
Needed force to break the capsule [uN] 11 |18
Mean Effective Young’s modulus value applying 500 nN [M Pa] | 200 | 50

Table 1.1 — Mechanical properties of Micronal ® DS 5007 X microcapsules reported by Giro-Paloma
et al. [91]

The stiffness of particles is also critical in drug delivery systems, because it conditions how
likely they are absorbed by tumor cells. AFM nanomechanical measurements were thus used
to optimize the design of micelles[92] and sol-gel particles[93]|. In such particles, Prokopowicz
could use adhesion force to identify the drug-loaded domains[94].

The unprecedented versatility and force precision of AFM with PeakForce technology also
allowed, in water, to map gas bubbles on a HOPG (Highly Oriented Pyrolytic Graphite)[95].
Their stiffness was measured to be in the 60—120 pN.nm ™! range, with small bubbles usually
being stiffer than bigger ones (see Figure 1.23. This reveals hints about their physical nature
which challenges classical thermodynamics with their time stability.
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Figure 1.23 — Stiffness image (a) and stiffness versus curvature radii (b) of nano-bubbles, measured
with different applied loads[95].The scale bar is not given, but the stiffness measurements of the
corresponding bubbles are given in (b).

AFM quantitative mechanical mapping modes allow the direct measurements of mechanical
properties of individual microscale and nanoscale objects and nanostructures. Often, results are
verified with other methods, often indirect and complex. This leads to a better understanding
of materials at this scale, in which there is still a lack of references.
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Deformation could be understood as a form of nano-structuration. Ketov et al. scanned shear
bands on a metallic glass (amorphous zirconium) previously deformed by compression [96]. The
results showed a 70% decrease of the DMT modulus of the glass near shear bands, attributed by
the authors to the migration of excess free volume and nano-voids. This is an example of how
nanomechanics can help understanding the underlying phenomena of the behavior of materials.

1.3.4 Quantitative Nanomechanics in polymer science

Maybe one of the biggest challenge with AFM nanomechanical measurements is to use it to link
nanoscale structure and properties to macroscopic behavior of materials. This is a typical issue
in polymer science [97]. As the next chapters are specifically dedicated to the study of different
polymer and composite systems, the following review is given as a starting point, to explore how
nanomechanical measurements by AFM are used in this field, and how they help to understand
the behavior of the materials.

Mapping properties of simple polymer systems at the nanoscale

Nanomechanical properties of polymer systems have been extensively studied since the birth of
PeakForce QNM and equivalent modes. In fact, many of the first studies used polymers as model
materials® to define in which conditions the measures are truly quantitative. The comparison
between nominal values for Young’s modulus, values obtained by classical nanoindentation and
AFM-measured values is generally made. Based on such comparisons, Young [98] commented
that a good repeatability can only be reached if a great care is taken in the calibration process.
Furthermore, when a relative calibration is used®, the elasticity modulus of the reference sample
should be of an order of magnitude close to that of the material studied. Such recommendations
allowed the further studies to anticipate the difficulties of this nanoscale characterization method,
and helped to make it as robust as possible.

Hydrogels As for biological materials, hydrogels are among the softer polymer systems, and
often need an adapted characterization method. As for cells, small objects must be compared
using appropriate methods: when Gou et al. tried to reproduce the structure of a red blood cell
using 3D-printed polyethylene glycol (PEG) hydrogels, they had to use PeakForce QNM mode
to compare the mechanical properties of both objects to tune that of the PEG reproduction [99].
On one hand, almost no other characterization method could measure mechanical properties
at this scale, and on the other hand, given the softness of hydrogels and cells, very low and
controlled force had to be applied.

A very good example of the use of AFM nanomechanical mappings on hydrogels was carried
on contact lenses by Chyasnavichyus and collaborators [100]. The cross-section of silicone hydro-
gels lenses were mapped to verify that the part which is in contact with the eye is softer than
the rest. Many interesting observations were made, particularly, it was remarked that measured
properties are accurate only when measured on flat surface because the tip—sample contact area
remain constant, as calibrated. Furthermore, an explanation to the commonly observed overesti-
mation of the modulus on soft polymers with AFM measurements was proposed: the frequency
of the oscillating tip induces a really fast sollicitation, compared to macroscopical tensile test for
example. The viscoelastic nature of polymers will thus cause their elasticity modulus to appear

SPolystyrene (PS) is almost always used as a model, being an amorphous, homogeneous and common polymer
SRelative calibration corresponds to the use of a reference sample of known modulus to adjust calibration
parameters, especially the tip radius. See Chapter 2 for more details.
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higher with AFM high-frequency sollicitation. It is useful to note that in the mentionned study,
the deformations were relatively high for PeakForce measurements, the silicone hydrogel being
quite soft: the indentation depth was reported to be in the 20-80 nm range. That implies that
the viscoelastic effect is much more effective than in measurements at a more classical 2 nm
indentation. It is also important to note that, as seen in chapter 2, the Sneddon contact model is
the most appropriate to calculate the local modulus with such high deformations. The authors
actually use it manually to quantify the moduli, while using the DMT model to obtain direct
qualitative contrast images.

Natural polymers Natural polymers and fibers are increasingly used in the development of
new materials, and are also among the oldest used by humanity. They are often exhibiting a
particular structure at the nanoscale, it is thus of great interest to anticipate their behavior by
knowing their nanomechanical properties.

Paper as a material is still giving informations on the nanoscale phenomena linked to known
macroscopic behaviors: by comparing the scannings of cellulose fibers (some being previously
submitted to hydrothermal aging), Theodonio et al. showed that the embrittlement of aged
paper is linked to a nanoscale increase of the modulus of the fibers [101].

Arnould et al. emphasized different mechanical properties distributions in flax fibers depend-
ing on their age[102]. The observation of distinct regions with different moduli in developing
plant stem fibers (see Figure 1.24) implies their progressive development and thickening, as the
scan of mature fibers showed no gradient in the cell wall. Previously, the authors successfully
validated the method (i.e. the detection of modulus gradients in cross-sections of fibers) on the
cross-section of aramid fibers (Kevlar), showing a skin-core effect: the outer layer of the fiber
exhibited, as expected, a lower modulus. The conclusions on the structure of such fibers could
imply a better tuning capability of the properties of composites, using flax fibers at different
stages of their development.

Surface treatment As a surface characterization method, AFM is widely used to evaluate the
nanoscale effects of surface treatments on polymers, such as ultraviolet (UV) crosslinking [103].
The exposure time is often the analyzed parameter, which has to be adjusted to optimize the
treatment. On an epoxy resin based on linseed oil, Dupuis et al. evidenced succeeding mecha-
nisms happening during UV exposure [104]. First, the surface DMT modulus is increasing from
1.5 to 3 GPa in average, with an increasing roughness, indicating a successful crosslinking pro-
cess. Then, from about 750 hours of exposure, a second modulus population is appearing on
modulus histograms as shown in Figure 1.25, forming low-modulus zones in the AFM images,
testifying the start of a chain-breaking behavior of the treatment.

Influence of time exposure was also studied on polyurethane treated by plasma immersion
N; ion implantation [105]. AFM mappings revealed an increase of the modulus and a decrease
of adhesion with increasing treatment time, with the creation of a fractal folded surface struc-
ture (shown in Figure 1.26, evidenced by thresholding height AFM images using the Otsu’s
method [106]).

The use of a mask during the treatment allows direct comparison of neat and treated surface:
it could be evidenced for instance that UV-ozone treatment on polydimethylsiloxane (PDMS)
leads to the formation of a silica layer [107]. Neat PDMS (protected by a mask) could be deformed

"The Otsu’s method is an automatically performed thresholding technique, transforming a graylevel image
into a binary image. It is used here to separate more clearly two height populations in AFM images, revealing
the mentionned fractal structures
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Figure 1.24 — PeakForce-QNM mapping of (a) topography and (b) DMT modulus of the cross-
section of developing flax bast fibres extracted from green plant stem and embedded in an acrylic
resin. (c¢) Variation of the indentation modulus along red profile drawn in (b), showing the different
parts of the cell walls. Gn corresponds to a young newly deposited layer, G to a mature layer, S; to
the outer layer of the secondary cell wall and CML to the compound middle lamella[102].
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Figure 1.25 — DMT modulus images and corresponding modulus histograms of linseed oil-based
epoxy resin aged 250 hours (left) and 750 hours (right) [104].

up to 40 nm by the tip, while treated zones exhibited a low, near null deformation, with a
modulus increase from 3-4 MPa to 50 MPa. Using buckling mechanics on wrinkled surfaces,
AFM-measured moduli were used to calculate the thickness of the silica layer. In the conditions
of the study carried out by Del Campo et al., the created silica layer was determined to be 4.5 um
thick.

Nanomechanical mappings were also used to validate novel UV lithography resins, i.e. non-
chemically amplified resists, by comparing the properties of nanoscale patterns with those of
existing chemically amplified resists|[108]. The pattern collapse phenomenon was associated
with mechanical properties, in particular the local elasticity modulus, which was measured to
verify if it fits in an acceptable range (determined with data on the existing resists).
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——AT115
20 um 1o,y

Figure 1.26 — AFM height images of PU: (a) — untreated PUj; after plasma immersion N5 ion
implantation: (b) —2-10'® ions/cm?; (c) — 210 ions/cm?; (d) — 2 - 10'7 ions/cm?. In (c) and (d)
the fractal structure is evidenced by black lines of constant height [105].

Effects of surface treatments on polyamide 6 (PAG) were extensively studied. Ozone treat-
ments led to a 30% surface DMT modulus drop, attributed to an increase of the solubility of
rigid polymer chains on the polymer surface[109]. It was noted that AFM-measured nanoscale
adhesion trends should not be extrapolated at the macroscale, since different phenomena enter
into account. The adhesion force measured by AFM essentially relates the molecular interactions
between the tip and the sample surface, while at the macroscale, other effects such as surface
roughness also play a role.Banerjee and collaborators studied PA6 surfaces treated by electron
beam [110]. It was reported that when the dose increases, AFM-measured modulus increases
while energy dissipation and adhesion decrease. Those trends are attributed to electron-induced
crosslinking, restricted segmental mobility and significant reduction of water absorption. The
authors observed similar trends of the evolution of properties measured by AFM QNM mode
and rheology:

e The DMT modulus, according to the authors, should be correlated with the storage mod-
ulus G’

e The dissipation energy is interpreted to be the nanoscale equivalent of the loss factor tan(d)

Those properties may reflect the same behavior, but a direct link cannot be established
between two different scales, since performing measurements at the nanoscale tends to separate
each phenomenon, while macroscale measurements aim to understand average effects of many
nanoscale and mesoscale phenomena combined.

Phase separation: Copolymers, polymer blends and bitumens

It becomes evident, for many authors, that nanoscale properties and their macroscale counter-
parts cannot be directly compared even if they are obviously linked. The capability of nanome-
chanical measurements to separate phenomena and behaviors in the study of single-phased ma-
terials and surfaces can be extrapolated to more complex heterogeneous materials. Separate
phase characterization and gradients of nanomechanical properties can be evaluated with AFM,
opening new paths in the understanding of multiphased materials.
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The design of polyurethanes (PU) is a good example as it implies soft and hard segments.
Petrovic et al. studied with AFM nanomechanical mappings two different formulations, based
on the same components: 70%wt of soft segments on one hand, and 50% on the other hand [111].
On AFM PeakForce QNM mappings, the former exhibited a clear phase separation between an
homogeneous soft matrix (with a 7 MPa average DMT modulus), essentially composed by soft
segments, and heterogeneous nodules, with a higher DMT modulus (i.e. 15 MPa in average),
thus interpreted as being a mix of soft and hard segments. AFM mappings allowed to conclude
that the 50% formulation was more optimized, being far more homogeneous, stiffer (40 MPa in
average) and less adhesive. The PU nanostructure could be observed on modulus images, with
15 nm soft (about 45 MPa) and stiff (about 55 MPa) domains, respectively corresponding to soft
and hard segments, as shown in Figure 1.27.

; {
DMTModulus  500.0 nm .

DMTMedulus 1.0 pi
-55 MPa + 25 MPa
AN _ '.-_?MPli? y - |
45 MPa ALV

Figure 1.27 - DMT modulus maps of a PU surface containing 50% of soft segments; (d) 1 x 1 um?;
(e) 500 x 500 nm?) scans with section analysis profile taken along the white dashed line. (2) Similar
1 x 1 wm? modulus image with profile for a PU containing 70% of soft segments. [111].

Bitumens AFM is an excellent tool in the study of bitumens, since they exhibit a multiphased
structure (see Figure 1.28) which is difficult to observe using traditional microscopy techniques.

Fischer [112] and Laurell [113] introduced PeakForce QNM in the study of bitumens, going
one step further the understanding of bitumens by quantifying their nanoscale properties. The
former analyzed the viscoelastic behavior of bitumens, separating the matrix (Perpetua—phase)
and the Peri/Catana phase together. Although no significant DMT modulus difference was
reported (the Peri/Catana phase having a 10% higher modulus), the energy dissipation is almost
three times higher in the matrix. By analyzing the force curves, it was deduced that the matrix
exhibits a non—elastic behavior, but does not show permanent deformation when the same zone
is scanned two times: the perpetua phase behaves as a viscous liquid with a relatively short
relaxation [112].

Mingwang et al. studied various bitumen binder types, and the impact of aging on their
microstructure [114]. A decrease of roughness and tip-sample adhesion of each phase, and an
increase of DMT moduli on aged bitumens was reported, while the proportion of peri and bee
(catana) phase increased or decreased, depending on the bitumen type. This study could help to
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Periphase
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Figure 1.28 — AFM height image showing the different phases of a typical bitumen, (i) Catana
phase = bee phase; (ii) peri phase surrounding the bees and (iii) para phase = matrix[112]. The
scale of the image is not given, but estimated to be of the order of 10 micrometres.

understand which bitumen types are better suited to conserve their mechanical properties upon
aging.

While few analysis methods are well suited to study bitumens, the use of AFM evidenced their
structuration at the nanoscale, and the quantitative measurements of nanomechanical properties
allowed to unlock scientifical barriers in that particular field.

Blends Immiscible polymer blends are typical multiphased systems. Often, their bulk proper-
ties do not follow a simple rule of mixtures, described by the equation 1.1, Y being a macroscopical
intensive property of a multiphased blend, Y; the corresponding property of the individual phase
¢ and f; its volume fraction.

Y= fi-Y (1.1)

There are several reasons why this rule is almost never followed in blends, particularly:

e This model does not take into account the fact that in a blend, a polymer—sometimes
being confined to nanoscale domains—may not behave as it behaves in a bulk state at a
macroscopic scale. In equation 1.1, Y; should represent the property of the polymer as
it is in the blend. Furthermore, the phases interact differently according to their relative
distribution.

e The influence of the interfaces between phases is extremely important in some cases, es-
pecially when compatibilizers are used. Mechanisms such as stress transfer, influencing
macroscale Young’s modulus, do not occur well if there is a well-defined, poorly inter-
acting interface. The opposite is true for a fuzzy interphase, where entanglement occurs
between the polymers of the phases.

AFM nanomechanical measurements provide a response to both problems, by allowing to
map local mechanical properties|[115, 116, 117] and to measure gradients of properties at in-
terfaces[118]. Wang and collaborators, for example, measured the effect of annealing on the
interface between poly(vinyl chloride) (PVC) and poly(caprolactone) (PCL). As shown in Fig-
ure 1.29, the interphase becomes substantially thicker when the blend is annealed 50 min at
72°C, hinting molecular diffusion between the phases.
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Figure 1.29 — AFM modulus maps of a PVC/PCL sample annealed at 72°C for 5 min (top) and
50 min (bottom) and corresponding modulus profiles across the interface. The annoted size of the
transition between the modulus of each phase corresponds to an interdifusion zone [118].

The fact that several properties are measured simultaneously is very useful to investigate
slightly different blends (with different volume fractions or different treatments for instance).
Wu, Bhattacharya and Morgan used the simultaneous topography, DMT modulus and cur-
rent mappings (with PeakForce TUNA mode) to quantify the effects of polyhedral oligomeric
silsesquioxane (POSS) molecules of different structures and annealing in P3HT® /PCBM? photo-
voltaic blends [119]. This allowed the tuning of the structure of the blends to reach improvements
in the power conversion efficiency of polymer solar cells at a laboratory scale.

Nanomechanical mappings are thus extremely useful in the study of phase-separated mate-
rials, as they allow to explore the interfaces, to measure separately the properties of different
components and can help for the modelling of properties of complex systems [120]. One has to
keep in mind that when too mechanically different materials are blended, the AFM probe may
not be adapted for both|98|. Anyway compromises and strategies to obtain the desired infor-
mations can always be found to highlight links between the nanostructure and the properties of
heterogeneous materials.

Composites and nanocomposites

As previously mentionned, AFM nanomechanical mappings are of particular interest for the
study of heterogeneous materials, as they open the access to the nanoscale structure and local
mechanical properties. In composites as in blends, the global behavior of a material is generally
not the sum of the behaviors of the different components, weighted by their volume fraction.
Therefore, the field of composite materials includes a growing number of AFM nanomechanical
studies, leading to a better understanding of both parts: on one hand, the relation between
structure and properties of composites, and on the other hand, how AFM should be used for an
optimal accuracy and how nanomechanical properties can be interpreted.

The evolution of individual phases properties in composite fillers-matrix systems can thus
be evaluated, depending on various factors such as the concentration of fillers[121, 122], their
nature [123] or how they are integrated in the matrix (in the case, for example, of in situ growing

8poly(3-hexylthiophene-2,5-diyl)
916,6]-phenyl Cs1 butyric acid methyl ester
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of zeolites [124]). It is generally remarked that each phase affects each others, sometimes in unex-
pected ways, such as POSS increasing the modulus of a stiff phosphate glass matrix by hindering
its chains movements[125]. As already mentionned, AFM also gives important informations on
the dispersion and nature of particles and phases, which can weight their contribution to the
overall mechanical behavior [126]. This has been critical in the optimization of formulations
and processes of complex materials, for instance for paper coatings containing starch, latex and
clay [127]. Figure 1.30 shows the differences of nanoscale properties of such composites paper
coatings according to the drying temperature.

Figure 1.30 — AFM height (top), modulus (center) and adhesion (bottom) maps of a starch/latex
paper coating, dried at room temperature (left) and at 105°C for 5 min (right). The softer and
more adhesive latex spherical particles sink into the starch matrix when dried at a high temperature,
forming pits in the topographical image (top left) while conserving their mechanical properties. The
profiles are taken across the white lines [127].

Biocomposites The replacement of traditional oil-based polymers and composites by bio-
sourced and/or biodegradable polymers, polymer blends and biocomposites is a current major
challenge in material science. The emerging field of biocomposites is of particular interest, since
the mechanical properties and processability of many simple biopolymers do not match those
of their traditional equivalents. The potential of AFM nanomechanical measurements in the
understanding of composites is currently helping the growth of the biocomposites field.
Cellulose is an abundant natural ressource, which is often used as a filler in biocompos-
ites[128]. This complex polymer has been widely studied by AFM, particularly with PeakForce
QNM mode [64, 101], thus this approach is relevant to study cellulose-based composites. One im-
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mediate use is the evaluation of the structuration and mechanical properties of thin films such as
acrylic/cellulose nanowhiskers (CNWs) composite films by Khelifa and collaborators|[129]. The
authors reported a modulus increase of the film by almost two orders of magnitude when adding
50%wt of CNWs to the acrylic matrix, reaching 11 GPa, which is higher than a pure CNWs film
(i.e. 9 GPa). They could verify, also by AFM, that it is due to a specific organization of CNWs
when blended with the matrix. For such 22 nm ultrathin films, there is hardly other methods to
evaluate mechanical properties since the deformation has to be low enough to avoid an unwanted
substrate contribution to the calculated modulus.

Furthermore, the mechanical behavior of thin films is sometimes better predicted by nanoscale
measurements such as PeakForce QNM AFM mode. Cranston et al. measured the Young’s
Modulus of nanofibrillated cellulose/polyethyleneimine (PEI) multilayer thin films by a method
using buckling mechanics!'®, obtaining a value of 1.5 GPa[131]. From the Young’s modulus of
this material in a bulk state (i.e. 5.5 GPa), the DMT modulus of different components of the
blend measured by PeakForce QNM (i.e. 0.85 GPa for cellulose, 0.3 GPa for PEI and an average
of 0.8 GPa), they deduced that the mechanical behavior of the film is more similar to that of the
nanoscale components than that of the bulk materials.

AFM nanomechanical mappings are particularly efficient at highlighting the crystalline struc-
turations in semicrystalline polymer, as mentionned above. It is also a critical aspect of com-
posite science in the case of a semicrystalline matrix, whose crystallinity and structuration can
be affected by the fillers. The crystalline zones are generally evidenced by an increased local
modulus [132]. It could be shown, for example, that cellulose nanofibers can increase the crys-
tallinity acting as nucleating agents in polyamide 11 (PA11) nanocomposites, exhibiting a higher
structural order than for neat PA11[133].
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Figure 1.31 AFM topographical (a) and DMT modulus (b) images of a PA11/cellulose nanofibers
composite. (c¢) modulus profile taken across the white dashed line in (b), represented by the blue
solid line. The red circles indicate modulus peaks, hinting the presence of cellulose nanofibers close
to the surface. The gray dashed line represents an equivalent DMT modulus profile acquired on neat
PA11[133].

108¢train-induced elastic buckling instability for mechanical measurements (SIEBIMM) [130]
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Common AFM effects and artifacts in nanomechanical mappings of composites: some
authors, studying composites materials, highlighted some effects that are to take into account
when mapping similar structures. When working on polyolefines—based composites, Panaitescu,
Nicolae and collaborators often reported an overestimation of the expected modulus|134, 135].
This can be attributed to two main factors:

e As reported by Chyasnavichyus et al. on silicone hydrogels [100], the viscoelastic nature
of polymers plays sometimes an important role. The high oscillation frequency of the
tip (typically around 2 kHz) combined with a non-negligible indentation may imply a
sollicitation that reflects the glassy state of a polymer, even if it is scanned at a temperature
in which it is in its rubbery state.

e The tip radius can change (thus increase) if the tip is worn or contamined. This can
happen during calibration and/or scanning. As seen in the next chapter, the tip radius has
a direct influence on the calculated modulus. Generally, the nominal value given by the
manufacturer is a minimum.
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Figure 1.32 — (a) 3x3 um? DMT modulus images of chitin nanorods deposited on a silica substrate;
(b) DMT modulus profile across a nanorod; (c) scheme explaining the modulus variations associated
with the edge and shadow effects [136].

Smolyakov et al. also observed various effects and artifacts when imaging PS films, chitin
nanorods and chitin/silica hybrid nanocomposites [136]:

Edge effect: On chitin nanorods deposited on a silica substrate, the authors observed that an
accurate modulus can only be reached in the center of a nanorod, where its tangential sur-
face is relatively perpendicular to the tip movement. This is mainly due to the importance
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of the stability of the tip-sample contact area to apply correctly the DMT contact model,
discussed in the next chapter. An illustration of this effect is shown in Figure 1.32.

Skin effect: Already documented by Dokukin and Sokolov |35, 137|, it was shown that for very
low applied force compared to the stiffness of the material, an increase of the modulus is
observed, as illustrated in Figure 1.33. It is commonly attributed to a high stress, leading to
a non-linear stress-strain regime. One must thus adjust the applied force to reach enough
deformation, but taking care of the viscoelastic contribution of polymers in their rubbery

state.
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Figure 1.33 — Deformation and modulus versus peak force on a polystyrene film, illustrating the

skin effect for low applied forces[136].

Shadow effect: On surfaces being almost parallel to the tip movement, the force transferred to
the sample is lower than the force setpoint applied by the AFM, leading to an overestimation
of the modulus. An illustration for this effect is shown in Figure 1.32. The geometric
edge and shadow effects also affect the adhesion and dissipation energy mappings, and are
sometimes referred as "topographical effects".

Substrate effect: On thin films or objects, which are often deposited on hard substrates such
as silica or glass, high applied forces lead to deformations that are not negligible compared
to the object size or film thickness, and to a contribution of the substrate in the measured
modulus (generally leading to an overestimation). This effect is depicted in Figure 1.34:
on small individual chitin nanorods, when the applied force induces a deformation of 2 nm
and more, the DMT modulus begins to increase because of a contribution from the hard

substrate.

Those effects and artifacts are to take into account when adjusting the imaging parameters
(for force—dependent effects), or when analysing results for geometric artifacts. The knowledge
of such effect is a crucial point to reach robust methods for the imaging and result analysis using
AFM PeakForce QNM mode and equivalents.

Interfaces As mentionned above, interfaces are critical in the understanding of the structure-
properties relationships in composites and nanocomposites. Poor interfaces between fillers and
matrix are to be avoided in the design of a composite, and nanomechanical mappings by AFM
are efficient at evaluating it. For instance, a local modulus drop in the matrix around the fillers
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Figure 1.34 — Deformation and modulus versus peak force on isolated chitin nanorods on a silica
substrate, illustrating the substrate effect for high applied forces [136].

can underline a poor interface, as pointed out by Panaitescu et al. in polyethylene/nanosilica
composites [138]. The use of relatively small quantities of polyethylene grafted with maleic
anhydride (PE-MA) resolved the modulus drop, thus improving the interfacial interaction leading
to better overall macroscopical mechanical properties. The authors could also, with PeakForce
QNM mappings, point out the different crystallization behaviors of the polyethylene, depending
on the composition of the blend or composite: the size of the spherolites in neat PE decreased
with PE-MA (See Figure 1.35a and b), while the viscosity induced by the nanosilica particles
hindered their formation, leading to a lamellar structure (Figure 1.35¢ and d).

The gradient of properties, as mentionned for polymer blends[118], is also a relevant pa-
rameter in the study of composites interfaces. A thick modulus gradient from one phase to
another (i.e. a filler) is generally interpreted as a cohesive interphase, as in polyether ether
ketone (PEEK)/carbon fibers composites studied by Niu et al. [139]. A shrinkage of that inter-
face was reported after ultraviolet and hydrothermal aging, which was interpreted as weakened
interactions between matrix and fillers, caused by crosslinking reactions in the polymer. Pakzad
et al. showed that the gradient of properties (i.e. DMT modulus and adhesion) at an interface
also depends on the size of the filler in the case of poly(vinyl alcohol) (PVA)/poly(acrylic acid)
PAA)/cellulose nanocrystals composites|140]. As shown in Figure 1.36, bigger particles seem
to induce a thicker interphase. They also pointed out that the presence of poly(acrylic acid)
induced a thinner interphase, and an increased adhesion gradient after heating (thus formation
of ester links between the two polymers), because of a lower density of hydrogen bonds between
the polymers and the nanocrystals.

Xavier and Bose used AFM nanomechanical mappings to visualize the spatial distribution of
chain-end grafted multiwall carbon nanotubes (MWNT) in a polymeric blend [141], not directly
imaging the nanotubes but using the fact that the zones where they are in high concentration are
stiffer, exhibiting a higher local modulus. Different chain lengths of polystyrene (PS) grafted on
the nanotubes implied their different distributions around the interfaces between the PS and the
poly(vinyl methyl ether) (PVME), as schematized in Figure 1.37. While high molecular mass
PS grafted on MWNTs led to their incorporation in the PS phase, the preferential presence of
MWNTs grafted with lower molecular mass PS outside of the PS phase was interpreted as an
entropic repulsion, their radius of gyration being too low for this phase, despite having the same
chemical nature.

The quantitative mapping of mechanical properties at the interfaces in composites is a unique
capability of AFM, allowing to get a better understanding of many promising materials. Since the
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Figure 1.35 — 3 x 3 ym? DMT modulus images of (a) neat PE; (b) PE-MA; (c) PE with nanosilica
(5wt%); (d) PE with PE-MA (5wt%) and nanosilica (5wt%). Circles and arrows mark low-modulus
zones. The modulus scale is not given, but moduli are typically in the 200-300 MPa range [138].

first profiles across fiber-matrix interfaces using AFM nanoindentation by Méder and Gao [24],
the mapping of the local modulus and of additional properties such as tip-sample adhesion force
and energy dissipation allowed a more complete and more accurate understanding of the role of
interfaces and interphases in composite materials.

AFM nanomechanical mappings offer thus an optimal way to evaluate the underlying mech-
anisms occuring at a local scale in materials such as nanocomposites. Few years of use by
scientists highlighted the intrinsic difficulties of the technique, and developed robust methods
to avoid them. The measurement of local properties implies the in situ scanning of interfaces,
which are not easily accessible by traditional characterization methods, but are critical in the
understanding of the overall mechanical behavior of polymer blends and composites.
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Figure 1.36 — Variation of interphase thickness with the diameter of cellulose nanocrystals in
PVA /PAA /cellulose nanocomposites. Red circles show average interphase thickness of individual
nanocrystals. The trend line (dashed gray line) shows an increasing trend in the interphase thickness
with the nanocrystal diameter. [140].
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Figure 1.37 — Synthesis of different distributions of MWNTs across a PS—PVME interface depend-
ing on wether they are grafted or not, with different PS chain lengths [141].

1.4 Conclusion

The versatility of atomic force microscopy has been leading to the ability to measure local pro-
perties of materials at the nanoscale. In particular, novel techniques based on the acquisition of
force curves allow now to map mechanical properties such as local elasticity modulus, tip-sample
adhesion force or energy dissipation. Although being related to their macroscopic equivalents,
these properties do not reflect the macroscopical behavior of bulk materials but local phenomena
that participate in it.

The properties mappings have been extensively used to visualize the sub-micrometer structure
of many kinds of materials, from cells and proteines to nanocomposites. The use of elasticity,
adhesion, dissipation and/or deformation as contrasting informations in AFM images helps to
understand how such materials are organized. Nevertheless, beyond simple contrasting, the data
measured by AFM nanomechanical mappings are quantitative and reproducible if an appropriate
calibration is performed, opening a novel way to study relations between structure and properties,
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which is a major purpose of material science.

Quantitative scanning of local mechanical properties allowed advances in fields such as
biopolymers or drug delivery systems in medicine. However, some authors have been document-
ing difficulties associated with quantitative nanomechanical measurements by AFM. Although
they often give solutions to bypass them, the AFM operation and data analysis in nanomechanics
are not subjected to strong consensus among researchers.

These observations have motivated this work, which aims to propose clear and reproducible
methods, applied to novel polymer—based systems, to reach a better understanding of the links
between the structure and properties of materials.
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Chapter 2

Performing mechanical measurements
using AFM
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2.1 Introduction 79

2.1 Introduction

To quantify a property of a material at a given point means to associate it with an absolute
value. It implies that if the measurement is made again with the same method and in the same
conditions, the measured value should be the same within a reasonable uncertainity range. It
is very challenging at nanoscale in the case of AFM nanomechanical mappings, because many
parameters cannot be evaluated directly and the measurements are very sensitive to external
conditions. To develop methods to reach a good reproductibility is thus of major interest, as it
allows to give the measured data a meaning.

As seen in the previous chapter, AFM nanomechanical measurements are based on force
curves, which are obtained by an indentation process, generally in the elastic regime of the
characterized material. Measuring properties such as the local elasticity modulus requires to
make some assumptions, particularly about the contact geometry (which, at nanoscale, cannot
be exactly known) and about the general behavior of the material. Consequently, quantitative
nanomechanical measurements depend on the use of different models based on contact mechanics.

To reach reproducible measurements also requires particular operation methods, performed
with extreme care. As AFM is made to be able to characterize a broad range of different
materials, the conditions have to be adapted to each one, especially for nanomechanical imaging.

Theoretical basis, especially contact mechanics and modeling, will be covered in the follow-
ing sections. The different relevant theories and their respective application domains will be
described. Then, the practical operation of the microscope will be treated. The main features
of the Quantitative NanoMechanics™ (QNM) mode and the required calibration steps prior to
each session will be explained. Finally the theoretical and practical conditions to get quantitative
measurements with AFM will be discussed.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI023/these.pdf
© [B. Megevand], [2018], INSA Lyon, tous droits réservés



80 Performing mechanical measurements using AFM

2.2 Models for tip—sample contact

The elasticity modulus does not depend only on the data accessible with the AFM (force and
position of the tip); The geometry of the tip-sample contact must also be known. According to
Hooke’s law in its general form,

p=2
€

(2.1)
FE representing a modulus, o the stress, ¢ the strain. The stress, being a ratio of a force to a
surface, depends on this geometry.

In order to apply this to a tip—sample geometry, some assumptions have to be made. The
contact mechanics allowed the development of several theories that can be applied to different
configurations, like the widely known Oliver and Pharr model for nanoindentation|1]. Many
models can be applied to the measurement of local modulus by an AFM tip. The models differ
mainly between themselves by how they take into account the adhesion forces and by the tip
geometry considered'. They allow thus to describe several types of mechanical behaviors and
therefore several types of materials. The main contact models used in AFM nanomechanics are
described below.

2.2.1 Hertz theory

At the end of the nineteenth century, Hertz[2] was the first to describe the distribution of local
stresses caused by the contact of two curved surfaces deforming each other in their elastic domain.

In order to model the contact point between the AFM tip and a sample surface, two spheres
are thus considered, of respective radius Ry and Ry 2, Young’s modulus E; and Ey, and Poisson’s
ratios 11 and vo. The reduced modulus £* is the modulus equivalent to the system at the contact
point. It is defined by equation 2.2:

1 1—v? 1—v2
= 2.2
g Cm ) (g) 22

In the same way, an equivalent radius R* is defined (equation 2.3), without real physical
meaning but useful to the definitions of the models. If R; tends towards infinity (i.e. to describe
a flat sample surface), R* tends towards Ry, which is then the tip’s radius of curvature.

1 1 1 R+ R
- TR (2.3)
R* Ry R Ry Ry
The Hertz model is based on the following assumptions:
e The material is isotropic.
o All the deformations are in the elasticity domain of the material.

e The elasticity is linear.

e The normal force Fi,ormai, pushing the solids 1 and 2 against each other, follows the same
direction than the straight line defined by the centers of the two spheres.

In the Hertz [2], DMT 3] and JKR [4] models, the extremity of the tip is considered to be spherical. In the
Sneddon model [5], the tip is considered to be conical.

2One of the spheres, corresponding to the sample, can be considered then as a semi-space (hence a plane
surface) by extending its radius towards infinity.
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2.2 Models for tip—sample contact 81

e There is no friction nor adhesion.

Then the contact surface can be defined. It is a disc whose area equals wa? where a is the contact

radius. The model states:
513 Fio - R*
e 2.4
a= 1B (2.4)

The relation is valid only if Ry > a and Ry > a.

If d is the penetration, defined by how much the centers of each spheres get closer from each
other, starting from the point where they are just in contact. In the case of tip—sample contact
in atomic force microscopy, this quantity represents the indentation.

2
a
Then relation 2.4 leads to: A
Frormal = gE* R*d3 (26)

If the sphere 1 becomes the sample surface and the sphere 2 the extremity of the AFM tip, R*
tends towards R which can be renamed Ry;p, tip’s radius of curvature. This data is evaluated
during a calibration step (see section 2.3.2). The force and the indentation being known, E* can
be deduced from equation 2.6.

2.2.2 Derjaguin-Muller-Toporov (DMT) model

The Hertz model, however, does not take into account the adhesion forces. The works of Der-
jaguin, Muller and Toporov [3| established a model in which such attractive forces act outside
the contact (which is repulsive). The contact remains hertzian and these adhesive forces are
not able to deform the materials. The assumptions of the Hertz model are always applied, and
viscoelasticity is neglected.

The DMT relation is thus similar to the relation 2.6, with the addition of the adhesive term
Foan -

4 —
Fnormal = gE* R*d? + Fadh (27)

As for the Hertz model, considering the tip—sample contact, R* tends towards R;,. The
adhesion force during each contact cycle is directly accessible in AFM Peak Force mode via the
force curves. Figure 2.1 illustrates the tip—sample contact for a hertzian model. The condition
Ryip > a still stands.

The DMT model is currently the most used in atomic force microscopy for the calculation
of the local elastic modulus. It is, with the Sneddon model [5], the only model which is imple-
mented in Bruker’s PeakForce QNM mode, in the version used in this work. It allows the direct
calculation of the DMT modulus (or Sneddon modulus) in an AFM channel while scanning.

2.2.3 Johnson-Kendall-Roberts (JKR) model

The model introduced by Johnson, Kendall and Roberts[4] describes a non-hertzian sphere-
sphere contact (or sphere-plane as described above). Unlike the DMT model, the attractive
adhesive forces inside the contact zone are taken into account and the exterior forces are ne-
glected.
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Deformation

Tip-sample separation

>

Figure 2.1 — Left: scheme of the tip—sample contact as described by Hertz and DMT models. Right:
AFM force curve showing the deformation zone, corresponding to d on the scheme. It is worth noting
that the actual deformation measured with the AFM also takes into account the Deformation fit
region or Deformation Force level, which is a percentage (by default 85%) of the full deformation [6].

The JKR model predicts an increase of the contact radius a when the interaction is in
the repulsive domain, as shown in Figure 2.2 (The figure is taken from the original publication
describing the model [4]).

Figure 2.2 — Sphere-sphere contact as predicted by the JKR model. The dashed lines represent the
contact of the spheres for a hertzian model, and ag stands for the correspoding radius. The contact
radius a; is the one predicted by the JKR model.

An adhesive neck forms when the two objets separate. Figure 2.3 illustrates this phe-
nomenon in the case of one sphere (in black) has an infinite stiffness and the other (in gray) has
an infinite radius, to apply the model to the tip—sample contact. The indentation d can thus be
negative and the contact radius a is not null when the two spheres separate.

The model gives rise to more complex relationships linking the forces, the properties and the
variables of the contact (contact radius and indentation). Using the same notations as above, if
Frormar 1s the normal force pressing the spheres against each other (thus equivalent to the force
that the tip is applying on the sample surface) and F,g4;, the adhesion force, the contact radius
is given by

3 E*
a = §/4.R* (Fnormal + 2Fadh + 2\/Fadh(Fnormal + Fadh)) (28)
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Figure 2.3 — Formation of an adhesive neck when the surfaces separate, as predicted by the JKR
contact model.

The indentation d is given by

a2 4 aFadh

= m \V3pr

By combining the equations 2.8 and 2.9, the contact radius a can be eliminated and a relation
linking the forces, the radius, the indentation and the equivalent modulus can be obtained.

The JKR model was developed from observations on gelatin and rubber spheres. It is thus

particularly applicable to soft materials, not only because of their stiffness but also because of

their adhesion behavior. However, it is not implemented in the version 8 of Nanoscope, the

software controlling AFM PeakForce QNM, which is used in this work.

(2.9)

2.2.4 Sneddon model

When the materials studied tend to be highly deformed by an AFM tip, in particular soft
biological samples [7| or polymer hydrogels [8], theories assimilating the tip of the AFM tip to a
sphere are no longer valid. In those cases, the Sneddon model [5], which describes the contact
between a rigid cone and an infinite semi-space, is relevant since it is more accurate for important
indentations (i.e. more than 30 nm). Adhesive forces are neglected. Figure 2.4 illustrates the
considered geometry.

‘F

0

Figure 2.4 — Scheme of the tip—sample contact as described by the Sneddon model.
The model stands, for total indentation:

d= ga - tan(6) (2.10)

For the corresponding force, considering E the local Young’s modulus and v the Poisson’s ratio
of the surface, admitting Ey;;, > E:

ma’E *
Frormal = 1.2 -tan(0) = ma*E* - tan(6) (2.11)
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The relation binding force, deformation and modulus is thus:

AT

T tan(f) (2.12)

Fnormal =

Relation 2.12 allows to obtain the local modulus on the basis of the force and deformation
data, provided that the tip angle 6 is known. Tips with a precisely known angle, specifically
designed for the use of the high indentation Sneddon model, are currently marketed.

2.2.5 Model choice and transitional theories

Relations 2.6, 2.7, 2.8 and 2.9, or 2.12 allow to obtain—according to the selected model—the local
modulus when an indentation is performed, from force (applied force and adhesive force) and
deformation data, measurable at each point of an AFM image with the PeakForce QNM mode.
These models exist because it is impossible to know the exact geometry of the actual contact
for any tip and at any point on a surface. Each one therefore applies as an approximation in
particular cases.

Sphere or cone As explained above, the Sneddon model only applies when the tip is assimi-
lable to a cone, i.e. if the radius of curvature of the tip is negligible, compared to of the depth
of indentation. For other models, the tip is considered to be spherical (at its extremity) and the
condition Ry, > a must be respected (radius of contact negligible in front of the radius of
curvature of the tip).

The choice between JKR and DMT models?® is thus critical for low-indentation modulus
measurements (i.e. in the 2—5 nm indentation range). After having long been rival theories, it
was gradually admitted that they simply applied to distinct cases. Tabor [9], particularly, was
one of the first to consider different scenarios, introducing the influence of stiffness and roughness
of each surface in the choice of the more relevant model. He pointed that the adhesion is not
only determined by the intrinsic properties of the materials in contact but also by the roughness
of the surfaces, which can dramatically modify the adhesion. He showed then that both JKR
and DMT theories can be validated experimentally, depending on the adhesion behavior of the
solids in contact.

Maugis transition and areas of validity of models First formulas evaluating the type
of sphere-plane contact were introduced by Muller et al[10], and then, inspired by those of
Dugdale [11], Maugis’ works [12] have finally made it possible to consider defined areas of use
of each model. A parameter, A, is introduced in order to describe the different intermediate
behaviors between the areas of application of DMT and JKR models. Considering now the
contact between a sphere of radius R and a plane, this parameter is defined by the relation 2.13:

s/ 9R

where w represents the adhesion work defined by Bradley [13] (equation 2.14) and o the maximal
stress defined in equation 2.15, &y being the interatomic equilibrium distance.

w— Foan
27 R

(2.14)

3The Hertz model is no longer mentionned : it is equivalent to the DMT model with a zero adhesion force.
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16 w
g = ———
* T 936

Then, for a given situation (materials and geometry), if A < 1072, the contact is better
predicted by the DMT theory. If A > 3, on the contrary, the JKR model is the most appropriate
to describe the situation.

Maugis uses A to link adimensioned expressions of the force, of the contact radius and of the
indentation, thus creating a complex transitional model between JKR and DMT theories. Unfor-
tunately, the model remains theoretical and is still not used in practice for AFM measurements.

The Maugis transition was then completed, in particular by Johnson and Greenwood [14].
Numerous attempts to bring the theories together, giving to each one its domain of application,
have appeared |15, 16]. Johnson and Greenwood [15] established a map (Figure 2.5) which indi-
cates the most appropriate model, according to the parameter A and the intensity of the applied
loads.

(2.15)

104 — —r— T — = | I T

=PInmwR
=]

B

Load

~Bradley
- (rigid)
1oL A . W I - 1 ———

107 102 107 10° 10’ 10
Elasticity parameter A=116p

Figure 2.5 — Johnson and Greenwood’s models map [15]. M-D refers to the Maugis transition
(Maugis-Dugdale)

In AFM, with forces (P) of about ten nN and radii (R) of about ten mm, the relevant
area is the bottom of the map. In the case of polymers, with deformations of the order of a
few nanometers (therefore for a pseudo-spherical contact), A is of the order of 1{17]|, thus in a
domain ideally described by the transitional Maugis theory.

2.2.6 Real tip—sample contact on polymers
External factors and contact models

For typical polymers having a modulus in the 10 MPa—10 GPa range, attempts were made to
define the right model and conditions to quantify local mechanical properties by AFM. Dokukin
et al. emphasized several challenges caused by the scale and the unpredicted factors of a real tip—
sample contact on reference polymer surfaces (i.e. 2.7 GPa polystyrene films and 0.6-0.7 GPa
polyurethane) [18, 19]. By measuring and using the actual tip radius for each experiment (see
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"Absolut method" in section 2.3.2), they showed that an overestimation of the modulus is un-
avoidable. Furthermore, although the higher modulus of the PS implies a lower A parameter
than for the PU, the DMT model was found to fit better the modulus of the latter, while the
modulus of the polystyrene was betterpredicted by the JKR theory. Finally, the authors man-
aged to get consistent quantitative results by sacrificing the AFM resolution, using dull probes
(with tip radii of more than 200 nm).

Scale One way to explain such difficulties is to consider that the reference moduli that are often
compared to AFM values are obtained by other methods corresponding to higher scales. Even
traditional nanoindentation, with typical indentation depths of several hundreds of nanometers,
is not sensitive to the same local phenomena and molecular interactions as the AFM is. Conse-
quently, the properties measured at different scales do not have the same meaning, and it can be
normal to obtain values that do not match.

Humidity The real contact between tip and sample exhibits additional factors that deserve
consideration, although difficult to integrate to contact models. One of those issues is ambient
humidity when using AFM in air, forming a contact-modifying water meniscus. This phenomenon
does not modify the different theories of the contact and their fields of application but can modify
the radius of contact [17].

Real geometry Another important factor is the actual geometry of the tip, which is never
perfectly spherical. These two main factors affect the value and the definition of the tip radius
for the spherical contacts. One way to bypass this is to define an equivalent radius for a given
tip in given conditions, which has to be determined prior to each session in QNM mode, and
entered in the controlling software to be taken into account in the measurements. This approach
consists in deducing this virtual radius by scanning a standard surface whose modulus is precisely
known, and then by adjusting the radius in the software so that the AFM measures the right
modulus value. This protocol, called relative calibration of the tip radius, is detailed in section
2.3.2.

Viscoelasticity Despite an extremely small scale, the visco-elastic behavior of polymers can
also distort the calculation of moduli. This problem is partly solved by managing the synchro-
nization times of the device, detailed in section 2.3.2. Although this effect is often neglected
because of very reduced deformation amplitudes, it is at least necessary to specify the oscillation
frequency of the AFM probe when presenting results®*.

Concluding remarks and discussions Considering such factors, the method described in
the next section was established to get reproducible quantitative results, taking into account the
factors cited above.

Regarding the contact model to use in polymer science, a debate between JKR and DMT
is still ongoing. As a general rule of thumbs, it can be considered that the stiffer the scanned
sample is, the better it is described by the DMT model, while the softer and more adhesive it is,
the closer it gets from a JKR-type bevavior. However, this is not always true and unexpected
results can still appear [18]. Furthermore, for non-homogeneous samples, blends and composites,
the optimal model can vary depending on the phase or on the scanned zone.

“Typically about 2 kHz in PeakForce QNM mode.
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It is thus chosen to use the DMT model, that is directly calculated during AFM imaging
in the current version of the control software (see section 2.3.1), allowing faster acquisition of
relevant data, thus more AFM images to reach more significant conclusions.

2.3 AFM operation principle
The following section presents the experimental conditions and general methods used in this

work. The methodology is inspired by the existing AFM manuals [6, 20] and by discussions with
other AFM users.

2.3.1 Hardware, software and supply

Many AFM elements have to be specific to the studied materials, to the scale of the observations,
and obviously to the type of measurements (i.e. the AFM mode). The AFM setup used in his
work is described below.

AFM configuration

All the AFM mappings and measurements in this work were carried out using the following
configuration (from Bruker Corporation):

Microscope: Multimode 8 Scanning Probe Microscope
Controller: Nanoscope V
Software version: Nanoscope, version 8

Scanner: AS-130VLR ("Scanner J" vertical)

NanoScope V Controller OMV Monitor

MultiMode V SPM

Keyboard Mouse Computer

Figure 2.6 — Complete hardware setup. OMYV stands for the optical viewing system [20].
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Image analysis software

The following software was used for AFM image and force curves analysis:
e Gwyddion v. 2.34
e NanoScope Analysis v. 1.50 (Bruker)

o AtomicJ v. 1.7.2 [21]

Probe choice

The AFM probes, having a short lifetime of few scans in normal operating conditions, have to be
changed frequently. Furthermore, the spring constant of their cantilever has to be adapted to the
scanned material, especially in the case of mechanical measurements, as in PeakForce QNM mode.
The general correspondance between Bruker’s probes and the stiffness of the scanned material
is shown in Figure 2.7. In the studies presented in the next chapters, TAP150A (nominal spring
constant® 5N/m) and RTESPA probes (nominal spring constant: 50N/m) were mainly used.

HOPG, SILICA
DNISP-HS =
PS
TAP525A
HPDE, PP
RTESPA
LDPE
TAP150A
Rubber, PDMS
@ SNL-A
100E+3 1E+6 10E+6 100E+6 1E+9 10E+9 100E+9
Young's Modulus (Pa)

Figure 2.7 — Modulus range covered by various probes from Bruker. The modulus of typical
reference samples for each range is indicated as well [6].

2.3.2 Calibration

In order to reach quantitative measurements, according to the contact model used, a calibration
step must be performed prior to any session. This concerns principally the tip and its position in
the tip holder. Three main parameters need to be calibrated and given to the software to allow
the calculations of the local mechanical properties from the force curves:

5The nominal spring constant gives an idea of the order of magnitude of the spring constant of a given probe.
However, its real spring constant may be significantly different from the nominal value, thus the importance of a
right calibration step, described in section 2.3.2.
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e The deflection sentitivity, in other words the link between a given deflection of the
cantilever induced by a contact and the corresponding movement of the laser on the photo-
diode. The calibration is performed with a parallel calibration of the time synchronization
of the setup.

e The spring constant of the cantilever, which affects the local contact load between the
tip and the sample, for a same vertical displacement of the piezo.

e The tip radius (radius of curvature of the extremity of the tip), involved in the equation
2.3, allowing to calculate the local modulus for every contact model where a sphere-plane
geometry is considered.

The calibrations steps for those parameters are detailed below.

Deflection sensitivity and time synchronization

The first calibration step is to tune the deflection sensitivity, giving the relation between the
deflection of the cantilever when the probe is pushed down on the hard sample and the corre-
sponding movement of the laser recorded by the photodiode. It is determined by the tip and
the position of the laser and of the photodiode in a particular configuration. After this step, the
exact position of the tip at each moment is precisely known, allowing to perform the following
calibration steps.

A clean sapphire sample is generally used, since its stiffness can be considered to be infinitely
higher than that of any cantilever.

After this step, the position of the laser must not be changed. To change the sample, it is
generally preferred to remove carefully the whole scanner head, instead of removing only the tip
holder. This avoids slight changes in the relative position of the laser and the cantilever, which
can change the deflection behavior.

Static calibration (Ramp mode) This first step corresponds to the method described in
the section 4.3 of the PeakForce QNM user guide [6]. One force curve is acquired on a point of
the hard sample.

Since the sapphire allows no (or negligible) indentation, the contact zone corresponds to a
pure characteristic of the cantilever. This zone in manually selected, as shown in Figure 2.8. It
can be considered then that the value of the deflection sensitivity is known, and has been entered
in the software. The operation has to be repeated a few times for reproductibility.

Dynamic calibration (Scan mode) The static calibration gives the true value of the deflec-
tion sensitivity, but it has to be verified if it is well taken into account in a scanning situation, in
which the movements of the cantilever are faster than in the static calibration. Some new param-
eters enter into account, and their values have to be tuned so that the value of the "dynamic"
deflection sensitivity matches the one calculated previously in ramp mode.

This step is not mentionned in the manual corresponding to the version 8 of the Nanoscope
software, and is inspired by discussions about the improvements made (or planned) in the next
versions.

While scanning the sapphire sample as if it was a normal sample (applying the same force
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Figure 2.8 — Force curve acquired on a hard sample for the calibration of the deflection sensitivity.
The vertical red dashed lines define the zone used for the calculation of the deflection sensitivity [6].

as in the previous step in ramp®), if the force curves are adjusted in the right way’, it has to be
verified that the dynamic deflection sensitivity (obtained by clicking "Update Sensitivity" in the
force curve windows) is less than 10% different from the one calculated in ramp mode. If not, a
parameter, Drive8 Amplitude Setpoint®, has to be adjusted until the two deflection sensitivities
match.

Once it is done, the value of the time synchronization parameter, Sync Distance New, has to
be noted before the withdrawal of the tip. This value will be used in all the further scans but
has to be entered again in the software each time the tip is engaged.

Spring constant of the cantilever

To know exactly the tip—sample interaction force between the tip and the sample, the spring
constant of the cantilever must be known.

There are many ways to determine this spring constant &y, as described by Ohler [22], but the
most reliable and convenient are the Thermal Tune method 23] and the Sader method |24, 25].
In both methods the cantilever must be free (not engaged on a sample).

Thermal Tune This is the default method, adapted for any kind of soft cantilever (i.e.
kiip < 1 N/m)|22|. The probe is modelled as a harmonic oscillator and the brownian fluctua-
tions of the cantilever are recorded. Hutter et al. evidenced the link between the spring constant

Etip, the thermal energy k71" and the mean square vertical displacement of the cantilever (22),

5The peak force is called PeakForce setpoint in scan mode, and Trig threshold in ramp mode.

"The approach curve and the withdrawal curve must be superimposed, except possibly in the adhesion zone.
It is done by using Auto config or by adjusting manually the time synchronization.

8 Accessible through Calibrate>Property maps in Nanoscope v. 8.15.
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shown in equation 2.16 [23]. k; is the Boltzmann constant and 7' the temperature.

kT
b =)

c

(2.16)

By analyzing the vertical thermal oscillations of the cantilever in the frequency domain, it is
possible to measure (z2) by integrating the area under the peak of the fundamental mode, then
kip can be calculated.

Various further studies evidenced that this equation tends to overestimate the spring constant,
mainly due to the fact that the cantilevers do not behave as ideal spring, and to artifacts linked
with the optical detection system (laser and photodiode). This led to the determination of
correction factors which are proper to each type of scanner. Such factors are taken into account in
the AFM software and the spring constant is directly calculated when the peak of the fundamental
mode is identified and the right temperature is given.

It was found that even for probes of the TAP150A type, widely used in this work and having a
nominal spring constant of 5N/m, the Thermal Tune method gives the most reproducibe results.

Sader method The Sader method [24] is adapted to stiffer cantilevers such as those of the
RTESPA probes. It is adapted only for a rectangular cantilever, since the model requires its
length and its width, generally measured via optical microscopy. The method is then similar to
the thermal tune method, but takes into account the density and viscosity of air (or the fluid in
which the probe oscillates) and the quality factor @ of the peak of the fundamental mode of the
thermal oscillations of the cantilever.

The Sader method is used in this work for RTESPA probes. A java applet allows to calculate
the spring constant on Sader’s website [26] from the data mentionned above.

The challenge of the development of methods to measure spring constants of AFM cantilevers
is to minimize the uncertainities, which are sometimes linked to the conditions of manipulation.
A recent study by Schillers et al. shows that the use of a vibrometer to measure k¢, before
measuring the deflection sensitivity® gives better results that the methods mentionned above for
the imaging of cells and soft matter in liquids [27].

Anyway, the methods used in this work (i.e. Thermal tune and Sader method) are still the
known methods with the lowest uncertainities for the type of probes used for the imaging of
materials in air [22].

Tip radius

The last calibration step to be able to calculate local mechanical properties is related to the
shape of the end of the tip. If it is considered to be spherical in the selected contact model (in
other words, if low deformations are expected), then this step is necessary. There are two ways
of calibrating the tip radius Ry;p, the absolute method and the relative method, both detailed in
the PeakForce QNM manual [6].

Absolute method This method consists in measuring directly the tip end radius, by scanning
a tip calibration artifact sample. This type of sample exhibits a very high roughness, due to
features which are sharper than the AFM tip. While scanning the topography of those features,
the resulting AFM image do not reveal the exact morphology of the sample, but the shape of
the tip. Such an image of a roughness sample is shown in Figure 2.9.

“Which is then adjusted to measure the same spring constant as in vibrometry using thermal tune.
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Figure 2.9 — Typical AFM height image of an artifact sample (polycrystalline titanium, ref. #RS
from Bruker). The peaks of the sample are generally sharper than the AFM tip scanning them, so
their shape in the AFM image actually reflects the shape of the tip.

The Nanoscope Analysis software provides a tool to perform the tip radius calculation, by
automatically choosing the appropriate peaks and by estimating if the tip is blunt or not (or,
at least, in an appropriate shape to use the sphere—plane contact models). An estimation of the
tip radius is given and can then be entered to the Nanoscope software to have the local modulus
directly calculated in the corresponding channel.

The absolute method can be applied in different ways, if other ways to calculate directly
the tip radius are available. Some authors, for instance, used high resolution scanning electron
microscopy images of tips to evaluate their radius [28].

Although being theoretically accurate and quite straightforward, this method is decreasing
in popularity because of the accumulation of error factors that are not compensated, and that
are impossible to evaluate. The most important error factor is the fact that the tip apex is never
perfectly spherical.

Relative method The method used in ths work is the relative one. The tip radius here is
not directly measured, but evaluated by scanning a sample of known modulus and by adjusting
Ryip until this modulus is measured by the AFM. The advantage of such method is that many
previously mentionned error factors are bypassed, because the real modulus of the reference
sample is used. There are however several points of this calibration method that deserve discus-
sion, and a great care in the operation and interpretations is required to be able to consider the
measurements quantitative.

e The calculated tip radius is here virtual and relative to the conditions in which it is
determined. The local mechanical measurements can be considered quantitative only if
the tip—sample contact geometry on the reference sample is similar on the studied samples.
Otherwise, the virtual tip radius does not have any physical meaning, and this leads to
wrong calculations of mechanical properties. It is thus often advised to choose a reference
sample with an elasticity modulus close to that of the studied sample, but the most impor-
tant is to adjust the applied force (PeakForce Setpoint in QNM mode on Bruker systems)
so that the deformation matches reasonably the one obtained on the reference sample.

e The Young’s modulus of the reference sample’s surface is usually known by nanoin-
dentation measurements, which corresponds to a mechanical measurement at a larger scale,
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using different models such as the Oliver and Pharr model [1]. As already mentionned in
section 2.4.2, the assumption of scale equivalence seems fair for homogeneous materials.
For the nanomechanical imaging of polymers, the reference samples have thus to be amor-
phous, isotropic and as flat as possible. In this work, a polystyrene film provided by Bruker
is used as a reference sample, with a nominal modulus of 2.7 GPa. For the imaging of rela-
tively soft samples in the 10—50 MPa range, a confirmation of the tip radius is performed
on a softer reference sample provided by Bruker, a polydimethylsiloxane gel sample with a
nominal modulus of 3.5 MPa, if the probe’s cantilever is soft enough to reach the adequate
deformation on this sample.

A typical DMT modulus image and DMT modulus histogram of a reference polystyrene film
is shown in Figure 2.10. In this case, the tip radius is already tuned: the modulus distribution
is centered around the reference value of 2.7 GPa.
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Figure 2.10 - DMT modulus image of a reference sample (polystyrene (PS) film from Bruker, left)
and corresponding modulus distribution (right).

2.4 Discussions about quantitative measurements

2.4.1 Considerations about the Poisson’s ratio

After the calibration, the last step to reach true quantitative measurements is to enter the Pois-
son’s ratio of the scanned materiall®, since it is used in equation 2.2, on which most contact
models are based. This may be the most challenging part, since the imaging of heterogeneous
materials such as polymer blends or composites, but also semicrystalline polymers implies nec-
essarily significant changes in the real Poisson’s ratio within a single image.

Since it is impossible to predict such local Poisson’s ratios, at a nanoscale and often confined,
it is chosen here to consider a fixed Poisson’s ratio of 0.3, which is a reasonable average value
for common polymers, for all experiments at the nanoscale. Thus the local modulus (generally
the DMT modulus, Epysr) considered in this work includes the potential shift of the Poisson’s
ratio from its default value of 0.3. As a worst-case scenario, this means that if a scanned zone
has a real Poisson’s ratio of 0.5 instead of the considered value of 0.3, the local modulus would
be overestimated by 15%, according to equation 2.2.

10Note: it is also important to do so with the reference sample in the case of a relative calibration of the tip
radius.
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2.4.2 Definition of the local modulus

The main reference sample used in the relative calibration process is a polystyrene (PS) film,
which modulus (usually 2.7 GPa) is determined by nanoindentation. The PS being amorphous
and homogeneous, this is assumed that the mesoscopic scale modulus (given by nanoindenta-
tion, which can be considered equivalent to a macroscopic modulus) and the nanoscale modulus
can be considered to be the same. Although some authors evidenced slight caracteristic het-
erogeneities at the nanoscale, even for amorphous PS|29|, the assumption of scale equivalence
seems fair enough for the reference sample, given the amorphous nature of PS (the lenghtscale
and amplitude of heterogeneities documented by Wang et al. in PS can be considered negligible
in nanomechanical measurements since it was never observed using PeakForce QNM and equiv-
alent techniques). However, it is the only case where the elastic modulus can be considered
to be equivalent at every scale: while a macroscale modulus reflects the average of molecular
interactions, heterogeneities and sometimes defects in a bulk material, a local modulus measured
by AFM only traduces the mechanical behavior of a zone of few square nanometers. Therefore,
a difference between local and macroscopic Young’s modulus can be expected, particularly for
heterogeneous materials.

An example is the poly(-butylene-adipate-co-terephthalate) (PBAT), a crystalline copoly-
ester, usually exhibiting a macroscopic Young’s modulus from tensile tests in the 40—50 MPa
range [30]. As described in the next chapters, the local modulus of PBAT measured by AFM is
varying in the 50-200 MPa range in average. While the order of magnitude is conserved, this
shows that the modulus is not necessarily equivalent through the scales.

Furthermore, the macroscopic and the local modulus of materials such as bulk polymers can
differ because of the scale of the measure. Such polymer can have different local properties at the
interface with the air, because of the spatial organization of the chains that are less constrained by
each other in such zones. In AFM nanomechanical mappings, the scanned depth is typically few
radii of gyration of the chain’s atoms, which corresponds to the depth of those zones. Therefore,
although some comparisons are made between the properties at different scales, the concepts of
"local (nanoscale) modulus" and "macroscopical modulus" mean distinct things.

The local modulus used in this work, measured by AFM at each pixel of a modulus map can
thus be defined. It is calculated using the DMT model (as well as the adhesion force), and is
relative to the modulus of a reference sample (generally 2.7 GPa polystyrene). The conditions to
obtain quantitative measurements, respecting as well as possible all the assumptions mentionned
above, are detailed in section 2.4.3.

2.4.3 Ideal conditions for quantitative measurements

To be able to make absolute quantitative measurements with AFM nanomechanical mappings
using force curves means:

e To apply the right contact model for each modulus or adhesion measurement, i.e. for each
pixel of an AFM image.

e To make sure that the assumptions that are necessary to apply a given model are reasonably
respected. For instance, if it is intended to apply the Hertz or the DMT model, it is
important to make sure that the tip radius Ry, is by far larger than the contact radius a.
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In polymer science!!, this would mean, using the currently applied models, to be able to
calculate the A parameter (equation 2.13) at each point, allowing to choose the appropriate
one between JKR and DMT. It would be also useful to be able to apply the Maugis-Dugdale
transitional model, which is still challenging.

If an absolute quantitativity of the technique is still a challenge, methods such as relative
calibration allow to obtain quantitative measurements if some conditions are respected. To be
able to stick to the assumptions made to use one contact model, the contact geometry must be
equivalent in the tip radius calibration step and in the scanning of the studied samples. If the
applied force may vary, the deformation have to stay in the same range during all the
experiment. This should guarantee the conservation of the contact geometry. The deformation
maps can also help to identify where the other measured properties are valid or not.

The mechanical properties of the studied sample should not be too different from those
of the reference sample, typically remaining within the same order of magnitude for the local
modulus. This limit can be exceeded, but in this case the validity is generally confirmed with a
different reference sample.

Finally, the probe wear must be prevented. It is common to observe a sudden increase of
the average adhesion force during scanning, as shown in Figure 2.11 with the horizontal adhesion
steps. This is caused by a change of the contact geometry, due to damage or pollution of the tip
apex. The tip radius has to be calibrated once again. To avoid this, when a really fine resolution
is not needed, the tip is stabilized before the calibration. This can be done by scanning the
hard sample later used to calibrate the deflection sensitivity: several scans are done'? until the
adhesion force is perfectly stable. Tips with a radius of approximately 20 nm are generally much
less damaged during the scans.
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Figure 2.11 - AFM adhesion map showing hints of tip modification. The horizontal sudden adhesion
steps marked by red arrows correspond, if they are not visible on any other channel, to moments in
the scan in which the contact geometry changed, because of tip damage or pollution.

By respecting these conditions, it has been possible to perform quantitative and reproducible
measurements on most samples.

" Excepting really soft polymers such as hydrogel, on which force curves are usually studied using Sneddon’s
model due to large indentations [8].

12The PeakForce Setpoint or equivalent, i.e. the maximal applied force, has to be equivalent or slightly higher
than the further applied force, used when scanning the studied samples.
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2.5 Conclusion

Nanomechanical measurements using an atomic force microscope are made possible by the appli-
cation of theoretical models from contact mechanics, modeling the tip—sample contact. According
to the mechanical properties of the sample and the way the AFM is operated, the geometry and
the behavior of this contact may vary. Consequently, several contact models are available to
describe each case.

To be able to choose and to apply the most appropriate contact model and to respect the cor-
responding assumptions are the keys to quantitative measurements for a given studied material.
It is also essential to adapt the choice of the probe: the cantilever has to be chosen appropriately
to be stiffer than the studied samples, but not too much to remain responsive and sensitive.
Then the calibration of the probe is mandatory, prior to any quantitative measurement. The
deflection sensitivity and the spring constant of the cantilever have to be known precisely, along
with the radius of curvature of the tip apex.

Nevertheless, external factors have also to be taken into account to avoid accumulated errors
in such a sensitive technique. This is why the last calibration step, the evaluation of the tip
radius, is usually performed indirectly, by scanning a reference sample of known modulus. This
bypasses many error factors, but implies to scan all the samples of the session with a great care
to stick to the same conditions as during the calibration. Then quantitative and reproducible
measurements can be achieved.

One has to keep in mind that the properties at this scale, and particularly the elasticity
modulus, are only equivalent to their counterparts at the macroscopic scale in the case of amor-
phous, homogeneous and isotropic materials. Sometimes, materials behave very differently at
the nanoscale, and to study how and why is the major interest of such a technique.
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3.1 Introduction 101

This chapter corresponds to a paper published in RSC Avdances in 2016 under the title "Prob-
ing nanomechanical properties with AFM to understand the structure and behavior of polymer
blends compatibilized with ionic liquids”.

Abstract

PeakForce QNM AFM mode was used to investigate the nanoscale mechanical properties of
poly(butylene-adipate- co-terephtalate) /poly(lactic acid) (PBAT/PLA) blends successfully com-
patibilized with phosphonium-based ionic liquids (ILs). This novel AFM mode allowed to evi-
dence the phase structuration and also emphasized the effect of the ionic liquids on the mechanical
behavior at nanoscale of the polymer phases and interfaces. On one hand, phosphonium-chloride
IL (il-Cl) was shown to play an efficient role as interfacial agent, i.e., acting for a finer dispersion
of PLA nodules in PBAT continuous matrix. On the other hand, phosphonium-phosphinate IL
(il-TMP), leads to PLA dispersed phase as fibrils and locates as an interphase layer between the
two polymers. Adhesion force mappings confirmed that ILs are mainly localized at the interfaces
between the two polyesters. The PeakForce QNM AFM study allowed to propose complete mod-
els for the compatibilization mechanism allowing to establish relationships between the nanoscale
structure and the macroscopic mechanical properties of these blends.

3.1 Introduction

Understanding the link beyond compatibilization at molecular scale and macroscopic physical
properties is an extremely important challenge in polymer and composite science, as it gives
tools for formulation and processing to target final properties.

The Atomic Force Microscope (AFM) [1] is a powerful tool for its ability to reach a nano-
metric resolution on surfaces, using the interaction of a sharp tip with the sample[2]. Since
the emergence of the Tapping Mode, in which the tip comes into an intermittent contact with
the scanned surface, preventing it from fast damage, the technique became viable to study soft
matter, and especially polymers [3].

The introduction of the force curve, relating tip-sample distance and interaction force (Fig-
ure 3.1) acquired for each contact, opened a new field in nanomechanics [4, 5] as it gives access
to physical properties such as mechanical stiffness [6], adhesion force, or dissipated energy at
the nanoscale. Nevertheless, this method usually required long acquisition time and heavy data
processing. More recently, Bruker AXS (CA, USA) developped the PeakForce Quantitative
NanoMechanics (QNM) mode [7] and integrated this technology into an AFM scan mode, allow-
ing to take full profit from the recordings as well as mapping simultaneously topography and
mechanical properties.

AFM QNM mode became an unavoidable tool to understand the mechanical behavior and
structure of polymers at the nanoscale[8, 9, 10, 11]. Such a mode was applied to explain how
the properties of polymers change after physical and chemical treatments[12, 13, 14] or for
investigating the interfaces between polymers [15]. Significant advances could also be made in the
understanding of interfacial interactions in polymer blends, composites and nano-composites [16,
17, 18, 19, 20].

Bio-based composites and blends start to be intensively investigated according to the growing
interest for renewable resources. AFM with QNM mode was used for the better understanding of
the behavior of polycaprolactone [10] or poly(lactic acid) [21, 22]-based materials and composites
containing cellulose nanofibers |23, 24, 21| and nanocrystals [25, 26| or chitin [§].
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Figure 3.1 — Typical AFM Force curve with accessible mechanical data, adapted from Bruker’s
Application Note #128 [7] (image reproduced with the kind authorization of Bede Pittenger)

Poly(lactic acid) (PLA) is a good candidate to replace many commodity oil-based poly-
mers |27]. However, due to its brittle nature, many routes were considered to improve its mechan-
ical properties, and a promising one is to design blends by combining PLA with a more impact-
resistant polymer |28, 29]. PLA blended with poly(butylene-adipate-co-terephtalate) (PBAT), a
flexible aliphatic-aromatic copolyester, is today widely investigated [30, 31, 32] as a promising
material for various applications such as food packaging and compostable films for agriculture.

Phosphonium ionic liquids were already identified to display favorable interactions with
PBAT [33, 34, 35] and were selected in a previous study [36] as efficient interfacial agents, i.e.
compatibilizers, for PBAT /PLA blends. In this chapter, AFM nanomechanical mappings are
carried out for those blends in order to investigate the underlying mechanisms involved in that
novel route of polymer compatibilization. This chapter aims to propose a quite simple method
to evaluate microstructure, interfaces and interactions at the nanoscale.

3.2 Experimental

3.2.1 PBAT/PLA blends

Materials used in this study were prepared as described by Lins et. al. [36]. Poly(lactic acid), PLA
2002D (1.5-2% of D isomer) was obtained from NatureWorks® LLC Co. (USA). Poly(butylene-
adipate-co-terephtalate) (PBAT) was supplied by BASF Co. (Germany) under the trade name of
Ecoflex®. Two ILs based on the same phosphonium cation (i.e. trihexyltetradecyl phosphonium)
with two different anions (i.e. chloride denoted il-Cl and bis-2,4,4-(trimethylpentyl)phosphinate,
also denoted il-TMP) were provided by Cytec Industries Inc. The structures of the polymers
and ionic liquids are summarized in Table 3.1.

All the blends were extruded and injected for tensile test samples. The PBAT:PLA weight
ratio was 80:20 and 1wt% of ionic liquid was added in the corresponding blends. Table 3.2
summarizes their main tensile properties (Young’s modulus E and strain at break €,,45).

3.2.2 AFM measurements

The AFM measurements were carried out using a Bruker Multimode 8 scanning probe microscope
with a Nanoscope V controller under ambient conditions. The PeakForce QNM (Quantitative
NanoMechanics) mode was used, allowing the simultaneous recording of topography and force
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Table 3.1 — Designation and structure of the components considered in this study

Nomenclature  Chemical Structure
Polymers :

PBAT OJTHOH {”2} HM“Z)_C o«( ]‘H

CH,

c—clH—oj—
PLA |

(0]

Ionic Liquids :

CeHia
b ¢
P.
. Corhs” | euts
i1-Cl1 Cabrs
CeHia e
(¢}
b |
CeHyy’ (LH;C“HB : P\o
3 .
iI-TMP 2

Table 3.2 — Tensile properties of the blends measured by Lins et al.[36]

Young’s Modulus [MPa] Strain at break [%]

PBAT A1 894
PBAT/PLA 115 540
PBAT/PLA /il-Cl 140 1000
PBAT/PLA/il-TMP 165 910

curves for each pixel. By applying a model for the tip-sample contact, the mechanical properties
of the scanned surface, such as local modulus and adhesion were mapped. Here the Derjaguin-
Miiller-Toporov (DMT) [37] model was used, leading to equation 3.1.

4
F = gE*\/Rd3 + Foan (3.1)

where F' is the applied force, F,4, the adhesion force, R the tip radius,d the tip-sample
distance and E* the reduced modulus. The latter modulus is defined by equation 3.2.

5= (50 +(552) 52

Subscripts 1 and 2 represent each material in contact (i.e. the studied sample and the silicon
tip), each one with a modulus, F;, and Poisson’s ratio, v;.

The TAP150 probe, with a nominal spring constant of 5 N/m, was used. Its deflection
sensitivity was measured on a hard sapphire surface. The spring constant was calibrated by
thermal tuning method and the tip radius was evaluated by the relative method [38] on Bruker’s
polystyrene standard reference sample.

3.2.3 Sample preparation

For AFM observation, a clean surface of a representative part of the sample had to be obtained.
Surface preparation using a microtome operating at -100°C was inefficient in this case. In
fact, AFM imaging showed highly deformed structures on the surfaces and no correspondence
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104 AFM study: Compatibilization of PBAT /PLA blends with ionic liquids

with previous analyses of the morphologies analyzed by Transmission Electron Microscopy [36].
Cryofractured surfaces were therefore considered. Surfaces for AFM observation were prepared
by breaking tensile coupons after cooling them in liquid nitrogen for 10 minutes. The tensile
samples were hit in their middle part in order to locate the fracture in the central section which
is a representative surface of the bulk morphology of the material.

3.2.4 DSC measurement

DSC measurements of the neat polymers and blends were performed using a Q10 (from TA
Instuments) from -70 to 200°C. The samples were kept for 1 min at 200°C to erase the thermal
history before being heated or cooled at a rate of 10 K.min~! under nitrogen flow (50 mL.min~!).
The glass temperature, Ty, was measured at the maximum of the derivative of the heat flow at
the heat capacity change. The melting temperature, T;,, was measured from the maximum of
the endothermic peak during heating. The crystallinity ratio, x ppar [%], of PBAT /PLA blends
was calculated from the melting enthalpy of fully crystalline PBAT, i.e. 114 J.g=![39].
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Table 3.3 — Melting and crystallization temperatures of neat PLA, PBAT, PBAT/PLA blends and
PBAT/PLA blends with IL addition

T, (°C) T, (°C) T (°C) T, (°C) AH: [J/g] AHp [J/g] X [%]

Blend PBAT PLA PBAT PLA PBAT
PBAT -34 — 121 — 17 14 13
PLA — 63 — — — — —
PBAT/PLA -28 61 119 — 9 15 13
PBAT/PLA/il-Cl -29 60 122 — 15 8 7
PBAT/PLA/il-TMP -28 o7 124 150 16 4 3

3.3 Results and discussions

3.3.1 Thermal behavior of neat polymers and PBAT /PLA blends

DSC traces for the neat polymers, PBAT/PLA and PBAT/PLA/ILs blends are presented in
Figure 3.2. DSC results, with calculated crystallinity ratio for the PBAT phase are shown in
Table 3.3.

Comparing the PBAT /PLA blends with and without ILs, the main effects of the ILs relates
to a decrease in PBAT crystallinity (-6 and -10% with il-Cl and il-TMP, respectively). In the case
of PBAT/PLA/il-TMP, two types of PLA crystalline phases evidenced from two endothermic
peaks close to 150°C, i.e. the ionic liquids induced crystalline morphisms.

(@)

Heat Flow (mW) Exo up

-50 0 50 100 150
Temperature (°C)

Figure 3.2 - DSC thermograms of (a) PLA, (b) PBAT/PLA, (¢) PBAT/PLA/IL-C], (d) PBAT/-
PLA/IL-TMP and (e) PBAT (heating rate: 10 K.min~1).

3.3.2 Effects of ILs on the morphology of PBAT /PLA blends

The mapping of the DMT modulus shows a clear mechanical contrast in between the two polymer
phases, i.e. PBAT and PLA, in the blends. For all the studied samples, two phases were
clearly distinguished as PBAT is substantially softer (macroscopic Young’s modulus : 40-50
MPa) compared to PLA (which exhibit a bulk Young’s modulus of 3.5 GPa) [36].

Figure 3.3 shows 3.5x3.5 wm? maps of each blend surface, with on top the topographic scan
and at the bottom the DMT modulus maps. On the latter ones, orange-white areas, relating to
high DMT modulus values, correspond to the PLA phase, while the dark blue areas correspond to
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106 AFM study: Compatibilization of PBAT /PLA blends with ionic liquids

the PBAT low-modulus matrix. The effect of the addition of ionic liquids on the microstructure
of the blends was emphasized.

800.0 MPa

P Qe ©

Figure 3.3 - AFM Height (top) and DMT Modulus (bottom) maps of a 3.5 x 3.5 um? region of a:
(left) PBAT /PLA sample; (center) PBAT/PLA/il-Cl sample ; (right) PBAT/PLA /il-TMP sample

In fact, the morphology of the PBAT /PLA neat blend (Figure 3.3—1left) is common for blends
based on non-miscible or only slightly miscible polymers, i.e. irregularly shaped PLA particles
having a broad distribution of particle sizes. The addition of il-Cl (Figure 3.3—center) leads to
more uniform and more spherical PLA droplets, while il-TMP-modified blend displays a PLA
phase shaped as fibrils. These morphology features are in agreement with the previous studies
by TEM of such blends [36].

The average particle size for each blend is summarized in Table 3.4. More than 40 nodules
over several images were measured in their 2 dimensions (largest and lowest diameter), to achieve
a statistical accuracy. In the case of the blend containing il-TMP, only the shortest dimension,
1.e. the diameter of the fibril, was taken into account.

Table 3.4 — Average particle size of PBAT/PLA blends measured with AFM

Blend Average particle size [nm| Standard deviation [nm]
PBAT/PLA 357 196
PBAT/PLA/il-C1 300 112

PBAT/PLA /il-TMP 250 96

The compatibilization mechanism is highlighted, first by the reduction of the average nodule
or fibril diameter from more than 350 nm to 300 nm with the addition of il-Cl, and to 250
nm with il-TMP. In addition, the reduction of the standard deviation by almost a factor 2
with the addition of both ionic liquids shows a clear influence on homogeneity, i.e. a successful
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3.3 Results and discussions 107

compatibilization. Previous TEM results [36] show nodules sizes and dispersions within the same
order of magnitude.

3.3.3 Effect of ILs on the mechanical properties of individual phases

Quantitative results of the DMT modulus on an AFM scan can be presented as modulus distri-
butions, or histograms, of that modulus. Figure 3.4 shows typical DMT modulus distribution
recorded on a single scan, for neat PBAT, PBAT /PLA and PBAT /PLA/ils blends.

In each case, the first narrow low-modulus peak corresponds to the quite homogeneous PBAT
matrix. In the blends, another peak, lower in amplitude, appears at a higher DMT modulus (at
about 1 GPa). It corresponds to the PLA dispersed phase.

6 15 5
= -
=43 10
223 5
c — —
=0 3 0 3
0.0 0.1 0.2 0 1
{a) DMT Modulus [GPa] {b) DMT Modulus [GPa]
2l 02 |
. ] ]
o — -
210 0.1
i — —]
c - —
= 0 0.0
S B A B I L B B B B
0 1 0 1
{c) DMT Modulus [GPa] {d) DMT Modulus [GPa]

Figure 3.4 — Typical statistical distributions of the DMT modulus in (a) PBAT, (b) PBAT/PLA,
(c) PBAT/PLA/il-Cl, and (d) PBAT/PLA /il-TMP blends. The dark gray vertical lines on (b), (c),
and (d) represent the full width at half maximum of the peaks corresponding to the PLA phase.

As the shape of the distribution strongly depends on the scan path, i.e. on the proportion
of each component encountered along the scan, no general conclusion can be taken from those
single distributions. However, modulus values could be obtained separately for each phase by
fitting each distribution peak with a gaussian curve. This was done on 6 scans at least for each
blend, giving quantitative DMT modulus data on the phases.

PBAT phase (matrix).

Figure 3.5 shows the average DMT modulus (and standard deviations) obtained for neat PBAT
and the blends by fitting the PBAT distribution peak.

First, it is interesting to notice that the neat PBAT DMT modulus obtained by AFM-QNM
(i.e. 100 MPa) does not correspond to the Young’s Modulus obtained from tensile tests (i.e.
between 40 and 50 MPa|[36, 33]). This difference issues from the fact that both moduli should
be considered differently. In fact, the DMT modulus is measured very locally, while the Young’s
modulus considers a large volume of matter. Such a difference between nano- and macroscopic
moduli was already reported in the litterature. For example, Perrin et. al.|17| observed larger
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Figure 3.5 — Average DMT modulus for the PBAT phase of each blend and neat PBAT

moduli on PE-POSS nanocomposites when measured with AFM (ranging from 160 to 240 MPa)
than with a tensile test (ranging from 105 to 125 MPa).

Nevertheless, from the comparison between the DMT moduli of the PBAT in the neat PBAT
and in blends, the PBAT matrix of the PBAT/PLA blend seems to be slightly stiffer (+10%).
This phenomenon can be attributed to a partial miscibility of PLA into the PBAT matrix which
is confirmed by the increase of the glass transition temperature of the PBAT phase (Table 3.3)
from -34°C to -28°C when PBAT is blended with PLA.

In contrast, the addition of 1% of il-Cl to the blend induced a decrease of the DMT modulus of
the PBAT matrix. This change can be explained by a lower effect of the crystalline phase of this
polyester as the ionic liquid hinders the nucleation of crystallization. In fact, the PBAT phase
crystallinity rate decreases with the introduction of ionic liquids (Table 3.3). The lowest modulus
value, obtained for the il-Cl modified blend, could be explained by the better interactions of this
ionic liquids in PBAT compared to il-TMP modified one.

PLA phase.

DMT moduli for the PLA dispersed phase in the various PBAT /PLA blends are reported Figure
3.6.

The addition of ionic liquids tends to decrease the average PLA DMT modulus in the same
order of magnitude for both ILs. Very slight plasticization was reported by Lins et. al. (Table
3.3), as a 1K decrease of the glass transition with the addition of il-Cl and 4K decrease with
il-TMP. This phenomenon is in agreement with the previous conclusions. In fact, more favorable
interactions of il-Cl with PBAT were observed, and on the opposite, il-TMP and PLA have better
interactions.

Considering the gaussian fits of the PLA peak, the average full width at half maximum
height is about 400 MPa for both PLAT/PLA and PBAT/PLA /il-TMP. For the non-modified
PBAT/PLA blend, the broadness of the distribution peaks issued from the irregular shape of
the nodular dispersed PLA phase. For the il-TMP modified blend, the existence of a crystalline
PLA structure induces a more complex mechanical response, thus a broader distribution of DMT
moduli. In the case of PBAT /PLA /il-Cl, narrower peaks (the average full width at half maximum
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Figure 3.6 — Average DMT modulus for the PLA dispersed phase in each type of PBAT/PLA
blends

decreases to 160 MPa) are the signature of a more homogeneous organization of the amorphous
PLA phase.

Effect of il-TMP on PLA crystallinity : As shown by DSC results (Table 3.3), a crystalline
structure appeared in the PLA phase of the blend containing il-TMP. A DMT modulus profile
taken across a PLA fibril is shown in Figure 3.7. The low-modulus PBAT phase, the inter-
faces/phases (see next section), and the PLA phase (with a modulus higher than 600 MPa) can
be easily identified. Nevertheless, the center of the PLA zone exhibits an even higher modulus,
close to 1 GPa. The evidenceded crystalline structures having a melting point close to 150°C, is
thus localized in the center of the fibril.

_ 1.2 GPa 1.0
400 nim: 1.0 f'w;f‘\ |— Modulus profile

JArmorphous PLA

e - 0.8 E i rystallin
.. = : 0.5 — PLA
. e 06 ) o + Interphase
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Figure 3.7 — DMT modulus map of a zone containing a PLA fibril in the PBAT/PLA/il-TMP
blend, and corresponding modulus profile taken along the fibril section.

To summarize : on the one hand, the addition of ionic liquids tends to reduce the DMT
modulus of the PLA phase in PBAT/PLA blends, but on the other hand, it leads to an opposite
effect on the mechanical behavior at macroscale. In fact, the addition of 1% il-Cl induces an
increase of the Young’s modulus of +20%, and the same amount of il-TMP induces a +45%
increase. In addition, the strain at break is about two times higher than for the neat PBAT /PLA
in both IL-modified blends. Therefore, there is other factors of strengthening induced by ionic
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Figure 3.8 — AFM 1 x 1 um? topography (left) and DMT modulus (center) images with corre-
sponding modulus profiles for PBAT/PLA : (a), (b) and (c¢); PBAT/PLA/il-Cl : (d), (e) and (f);
PBAT/PLA/il-TMP : (g), (h) and (i). The modulus profile are taken following the red dashed line
in (b), (e) and (h).

liquids. Obviously, the microstructuration of the blends, particularly in the case of the PLA
fibrils generated from the use of il-TMP, plays an important role on the macroscopic Young’s
Modulus. Nevertheless, such an improvement could not be totally explained by the geometrical
description of the dispersed phase, i.e. size and shape distributions. As a consequence, a special
attention could be paid on the interface between the two polymers which is reported in the
following section. Interpretations are discussed in section 3.3.5.

3.3.4 Effect of ILs on the interfaces
Extent of interfacial zone from DMT modulus changes.

It was chosen to define the interfacial zone or interphase between PBAT and PLA phases from
the changes of the DMT modulus, i.e. the extent of the transition corresponding to the change
of the DMT modulus between two stable values. Along a profile (see Figure 3.8 for examples of
various profiles), the thickness of this interfaciel zone can be measured, and the DMT modulus
transition can be considered as linear which can be quantified from the slope of DMT modulus
vs. distance curve, dEpysr/dx (where x is the distance). This slope relates to the degree of local
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miscibility of the two phases (the lower slope value corresponds to the higher miscibility) and
defines the interfacial zone or interphase thickness. Along more than 20 profiles for each blend,
interface thicknesses and DMT modulus slopes were measured. The average results are reported
in Table 3.5.

Table 3.5 — Average interface thickness and DMT modulus slope for each blend

Blend Interphase thickness [nm| dEpyr/dz [MPa/nm]
PBAT/PLA 43 £ 17 32 £ 11

PBAT /PLA /il-Cl 88 + 38 13+8

PBAT/PLA /il-TMP 63 + 19 92 + 12

Clearly, the addition of ionic liquids tends to make the interfaces thicker compared to neat
PBAT /PLA interfacial zone. il-TMP addition leads to interphases which are +45% thicker while
il-Cl induces two times thicker interphase, in comparison with the non-modified PBAT /PLA
blend. The lower DMT modulus slope indicates that the phases may be locally miscible because
of the ionic liquid which is probably located in the interfaciel zone. Thus, one can propose that
an interphase is generated from the localization of the IL in between the two phases.

This structuration of IL-modified blends may be the key process to explain the improvements
observed at the macroscopic scale, ¢.e. increase of both Young’s modulus and strain at break.
Macromolecular mechanisms governing the interphase behavior will be discussed later.

Localization of ionic liquids in the PBAT/PLA blends.

The previous results suggest that the ionic liquids are localized at the interface. To confirm this
idea, the same images and profile lines shown in Figure 3.8 are presented in Figure 3.9 with
adhesion force maps instead of DMT modulus images. On the profiles the marks are the same
as in Figure 3.8, quantifying the interphase thickness from the length of the DMT modulus step
change.

It is important to notice that the measured adhesion force can be highly influenced by the
topographic variations : the contact area between tip and sample may increase, inducing a locally
higher measured adhesion force, only caused by topography. Therefore, the adhesion analysis
was always done along profiles in which the topography remains flat enough to avoid significant
modifications of the tip-sample contact area. An example of this effect is noticeable in Figure
3.9 (b) : on the right side of the scan, some zones display high adhesion while there is nothing
more than PBAT and PLA. Those areas correspond in Figure 3.9 (a) to steep height variations
influencing the adhesion measure.

In the PBAT/PLA blend (Figure 3.9 (a), (b) and (c)), the adhesion force varies as a step
through the interphase. The PLA phase being less adhesive (or less likely to interact with the
AFM tip), the adhesion force drops just before the DMT modulus step (see Figure 3.8 (c), using
the same markers as in Figure 3.9). PBAT displays adhesion between 15 and 20 nN with the
AFM tip as PLA leads to a value close to 10 nN.

In the blend containing il-Cl, a 150 nm wide adhesive zone is visible in Figure 3.9 (f). This
one is almost two times larger than the modulus-defined interphase (see markers). Since no other
component is present in the blend, and both PBAT and PLA do not exceed 20 nN of adhesion,
such an observation confirms the presence of il-Cl at the interface. One can notice that the
adhesion phenomenon tends to be localized on the PBAT side which confirms better interactions
of il-Cl with PBAT than PLA as reported previously.
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Figure 3.9 — AFM 1 x 1 um? topography (left) and adhesion (center) images with corresponding
profiles for PBAT/PLA : (a), (b) and (c); PBAT/PLA/il-Cl : (d), (e) and (f); PBAT/PLA/il-TMP :
(g), (h) and (i). The adhesion profile are taken following the red dashed line in (b), (e) and (h) and
the analyzed zones are the same as in Figure 3.8.

As shown in Figure 3.9 (h) and (i), the PBAT/PLA blend containing il-TMP also exhibits
an adhesion peak at the interface between PBAT and PLA which is weaker than in the previous
case. The adhesion maximum is, for this il-TMP modified blend, localized on the PLA side of the
interphase. Again, this observation confirms the better interactions of il-TMP phosphinate anion
with PLA than PBAT as reported previously. According to the increase of the PLA crystallinity
in the il-TMP modified PBAT/PLA blend, one can suppose that a small fraction of the ionic
liquid is also located into the PLA phase.

In summary, the study of adhesion confirms a preferential localization of ILs in the interphase
between the two components of the blend. Low amount of the ionic liquids may also be localized
into one polymer phase, depending on the affinity of the IL with one polymer component.

3.3.5 Discussions

In the non-compatibilized PBAT /PLA blend, the poor interactions between PBAT matrix and
PLA dispersed phase leads to interfaces which act as weak components under mechanical stress
application. As an ionic liquid is added to such a blend, this one localizes at the interface and
plays the role of interfacial agent interacting with both polymers. However, il-Cl and il-TMP
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Figure 3.10 — Schematic representation of interactions between PLA and PBAT with the addition
of IL-CI (top) and il-TMP (bottom)

exhibit different behaviors indicating that the counter anion, chloride or phosphinate, leads to
specific interactions with one of the polyester, i.e. PLA or PBAT.

In the case of il-Cl, the large influence on the interphase thickness is in agreement with the
fact that the PBAT/PLA/il-Cl blend displays the highest strain at break (i.e. 1,000%). In
fact, due to its small size, the chloride anion can easily be attracted by its counterpart, i.e. the
phosphonium cation, and more specifically the central phosphorous, and do not play a relevant
role in the compatibilization process (see Figure 3.10). One can emphasize the important role of
the aliphatic chains of the cation which could interact with the alkyl segments in PBAT (Figure
3.1). Such an hypothesis is consistent with its preferential presence on the PBAT side of the
interface. According to its better affinity with PBAT than the PLA polymer, the phosphonium
cation allows a better local miscibility of the phases (hence the increased interphase extent),
leading to a diffuse interphase resulting in continuous interactions of the chains under strain.

II-TMP seems to have a lower influence on the miscibility and as a consequence on the
mechanical behavior at large strains, i.e. on the strain at break. The stiffness (Young’s modulus)
of the PBAT/PLA/il-TMP is improved due to the fibrillar shape of the PLA phase. At the
molecular scale, the structure of the TMP anion makes it more likely to form Keesom interactions
with the ester groups of both polymers (see Figure 3.10). As PLA has a higher density of
ester groups, il-TMP has to be preferentially located on the PLA side of the interphase. As
a consequence, the interface may consist then in a cationic outer layer, interacting with the
alkyl segments of PBAT, and an anionic inner layer, interacting with the ester groups of PLA.
Furthermore, the inner phosphinate layer may have an influence on the organization of PLA
chains which can explain the crystalline structure in the bulk of the fibril.

Figure 3.11 summarizes the proposed molecular structures for each blend.
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Figure 3.11 — Schema of the interface structure for (a) PBAT/PLA, (b) PBAT/PLA/il-Cl and
(c) PBAT/PLA/il-TMP

3.4 Conclusions

Nanomechanical properties mapping of PBAT/PLA blends compatibilized with ionic liquids
were performed, exploring the differences induced by the nature of the counter anion for a
given phosphonium—based ionic liquid. AFM QNM mode constitutes an outstanding method
to understand the nanoscale structure and to investigate interfacial interactions involved in the
compatibilization process, without requiring delicate sampling. The macroscopic mechanical
properties improvement was successfully explained from molecular and nanoscale phenomena
observed with AFM.

The mechanical stiffness contrast gave access to the different induced nanostructures. Non-
compatibilized blends exhibited an irregular nodular organization of the dispersed PLA phase,
while with the addition of 1% phosphonium-based ionic liquid, the distribution of particle sizes
became narrower. From the addition of a chloride anion, regular spherical PLA droplets of about
300 nm in diameter were observed. With the phosphinate (TMP) anion, regular PLA fibrils were
formed. A crystalline PLA structure induced by il-TMP and identified using DSC was observed
and localized in the bulk of the PLA fibrils.

Quantitative DMT modulus mappings highlighted a decrease of the nanoscale DMT modulus
of both phases with the addition of ionic liquids, especially with il-Cl. Consequently, the Young’s
modulus (which is measured at the macroscale) increase could be explained by more favorable
interfacial interactions between PBAT and PLA mediated by the ionic liquid. DMT modulus and
adhesion data analysis confirmed this assumptions. il-Cl leds to a two times thicker interphase
inducing a better local miscibility of PBAT and PLA phases, explaining the improvement of the
macroscopic mechanical properties such as the strain at break. II-'TMP induced a slighter effect
on the local miscibility, but formed an interface layer ensuring interactions with both polymers.
Adhesion force mapping confirmed the preferential presence of ionic liquids at the interface (but
in a different side of the interface for il-TMP and il-Cl). Ionic liquids were also localized in
the polymer phases in a lower concentration which could contribute to modify the crystalline
structures. In fact, both il-Cl and il-TMP led to a reduction of the PBAT crystallinity, while
il-TMP helped the nucleation of a crystalline structure into the PLA fibrils. In addition to the
basic understanding of the morphology of these specific polymer blends, this study confirms that
ionic liquids can offer new routes for compatibilization of polymer blends.
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The PeakForce QNM AFM mode was revealed to be a powerful tool to access to the very
local mechanical properties with a remarkably easy sample preparation. The method described
in this chapter opens a new path for a better understanding of the nanoscale behavior of blends
and composites, 7.e. to design and tailor their functional properties from nanoscale.
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4.1 Introduction 123

This chapter corresponds to a paper currently submitted under the title "Advanced character-
1zation of the structuration of ionic liquids in a copolyester using atomic force microscopy”.

Abstract

The influence of the addition in small amounts (2wt%) of two phosphonium-based ionic liquids
(ILs) on the nanostructuration and mechanical properties of a poly(butylene-adipate-co-tere-
phtalate) (PBAT) matrix was investigated using complementary approaches. Advanced char-
acterization techniques, ¢.e. dielectric spectroscopy and nanomechanical characterizations using
atomic force microscopy (PeakForce QNM mode, Bruker) were used along X-ray diffraction,
differential scanning calorimetry and dynamic mechanical analysis to explain the mechanical
(tensile) properties of each blend. The semicrystalline matrix was found to have a spherulitic
structure, with crystalline lamellae composed of butylene terephtalate units. In one case, the ad-
dition of an immiscible phosphonium-phosphinate ionic liquid (il-TMP) to the matrix, inducing
a 33% increase of the strain at break, was found via AFM to induce a nodular microstructure
with dissipative effects and smooth nodule-matrix interphases. In the other case, a phosphonium-
chloride ionic liquid (il-Cl) generated a complex structuration effect on the matrix: being miscible
in the amorphous phases, it increases the chain mobility, as would do a plasticizer, of the mobile
amorphous phase (MAF) consisting of free polymer chains, while it hinders the relaxation, thus
chain movements, of the rigid amorphous phase (RAF), i.e. PBAT chains that are partially
anchored in the crystalline phase, or confined between crystalline lamellae. This double effect
induced a moderate macroscopic Young’s modulus drop (less than -20%) with a +60% increase
of the strain at break, and almost no influence on thermal properties. AFM in situ mechanical
measurements, along with dielectric spectroscopy, allowed to propose complete mechanisms for
the ILs-matrix interactions, highlighting the potential of such additives for the tuning of the
properties of polymers.

4.1 Introduction

In polymer science, developing ways to design, tailor and adjust properties of existing materials
is a major challenge. The main routes to modify such properties are via the processing of the
polymer, by acting on its physical structuration and/or on phenomena such as phase separation,
or via the formulation with additives, adding physical or chemical interactions that can modify
the final properties.

The use of ionic liquids (ILs) represents a novel route to modify the structure and properties
of polymers [1]. The numerous existing cation-anion combinations make them suitable for various
applications: they have been used as plasticizers |2, 3, 4], solvents for cellulose [5], intercalating
agents for bio/nanocomposites with clays [6], compatibilizers for biopolymer blends [7], as well as
reagents and parts of thermoset networks [8]. Ionic liquids have also shown promising capabilities
for the nanostructuration of polymer systems such as fluorinated copolymers, in which a tunable
effect on the crystallization behavior, on the dispersion morphology and on the crystalline phase
structure have been reported by Yang et al.[9].

This has been particularly useful in the field of biopolymers, where the capability to modify
the properties is a critical issue: in order to propose an alternative to traditional oil-based
polymers, the goal is to be able to tune the properties of biopolymers to obtain materials that
are equivalent.
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A key to that issue is to understand completely the mechanisms that link formulations and
processes to functional properties, at every scale of the material. Atomic Force Microscopy [10]
is a particularly useful tool to investigate the properties of materials at nanoscale with an out-
standing resolution. The intermittent contact of an extremely sharp tip with the sample surface
allows to gather informations about its local properties [11], and the capability to acquire force
curves [12, 13| led recently to the development of PeakForce QNM (Bruker, USA), an AFM mode
allowing a high-resolution mapping of mechanical properties of surfaces [14].

This has already allowed promising results for the understanding of the structure-properties
links of polymers [15, 16]. The technique gives access to the mechanical behavior at a nanoscopic
scale, by mapping properties such as the tip-sample adhesion force, the local elastic modu-
lus or the energy dissipation. A better understanding and vizualization of various phenomena
could be achieved, for instance the creation via annealing of an interphase between two blended
immiscible polymers|[17], or the surface properties changes due to surface treatments|18] or
photo-oxidation [19].

In this study, the effects of some phosphonium—based ionic liquids on a biodegradable matrix
are investigated. The poly(butylene-adipate-co-terephtalate) (PBAT) is an aliphatic-aromatic
copolyester used in various forms, from films to fibers [20] in fields such as medicine, agriculture
and food packaging[21]. The use of PBAT has been revealed to be very promising in fully
biodegradable blends [22, 23] and composites[24]. In those particular fields, phosphonium ionic
liquids have also already shown a good potential with PBAT, for their compatibilizing and/or
intercalating properties to design nanocomposites with clays |25, 26], lignine [27] and blends with
PLA[7, 28].

Given the wide field of applications of the PBAT /ILs combinations, it is proposed in the
present work to go deeper in the characterization of their mutual interactions, choosing two ILs
that are already known for their different behavior when blended with PBAT. As a starting
point, it is chosen to focus on the modification of tensile mechanical properties induced by the
addition of 2wt% of a ionic liquid, as reported by Livi et al.[29] and represented in Figure 4.1.
The further analysis aims to explain, for both ionic liquid, its effect on the matrix to reach
such modifications of mechanical properties: an increase of the strain at break, from 510% (neat
PBAT) to 810% and 680% with il-Cl and il-TMP, respectively, and a modulus drop from 47 to
40 MPa with il-CI.

AFM nanomechanical mappings already demonstrated their capabilities to highlight the link
between structure and properties on both biopolymers [30, 31, 32] and polymer structures blended
with ionic liquids |33, 28]. The combination of this technique with dielectric spectroscopy hav-
ing shown promising results for polymer—based materials [34], it is used here to elucidate the
interaction between PBAT and the ILs and propose an action mechanism.

4.2 Experimental

4.2.1 PBAT/ILs blends

Poly(butylene-adipate-co-terephtalate) (PBAT) was supplied by BASF Co. (Germany) under
the trade name of Ecoflex®). It is a statistical copolymer with 50% butylene adipate (PBA) and
50% butylene terephtalate (PBT) segments.

The two ionic liquids based on a trihexyltetradecyl phosphonium cation with two different
anions (i.e. chloride denoted il-Cl and bis-2,4,4-(trimethylpentyl)phosphinate denoted il-TMP)
were provided by Cytec Industries Inc. They are in a liquid state at ambient temperature and
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Figure 4.1 — Tensile properties of the blends measured by Livi et al.[29]

at any temperature range used in this study. The chemical structures of the matrix and ionic
liquids are summarized in Table 4.1.

Table 4.1 — Designation and structure of the components considered in this study

Nomenclature  Chemical Structure
PBAT matriz:

o o o o
|| ” H H Hy || Hp J»
Ho¥c—@—c—o—(c 9&0 - c—(c )4—c—o—€c ):10 pH
PBT PBA
lonic Liquids:
CEH13
3 o
CSHI:!/ |\C14H29
il-Cl CeHys
CeHia e
- |
AN 5
CeH Cuts
3 (LH,; 14 . \o
il-TMP 2

Processing of PBAT with and without ILs

All the samples used in this study were prepared by twin screw extrusion and injection molding,
as a simple and scalable process. Ionic liquids were introduced in low amounts (2% wt) and the
blends were processed at 160°C and 100 rpm with a 100 rpm rotation for about 3 minutes (the
same was done for the neat PBAT matrix) using a 15 g—capacity DSM micro-extruder (Midi
2000 Heerlen, NL) [29].
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126 AFM study: Structuration of ionic liquids in PBAT

Dielectric spectroscopy samples The samples used for dielectric spectroscopy were injected
into a 1 mm thick disk mold (diameter: 32.5 mm) at 60°C. Circular gold electrodes were sputtered
on both sides of the samples using a mask (diameter: 25 mm), applying 30 mA during 300 s for
each side.

AFM, DMA and XRD samples The samples used for DMA, XRD and AFM characteri-
zations were obtained from dumbbell-shaped specimens, injected the same way as for the disks
described above. For XRD, the wide extremities were used, while for AFM and DMA samples
the center beam was preferred.

The surfaces for AFM mappings were prepared via microtomy at -130°C along the cross-
section of the beams to get a smooth surface without affecting the microstructure.

Density measurements

Volumetric mass density measurements were performed using an hydrostatic weighing system
provided by Mettler Toledo, used on a Mettler Toledo precision weighing scale. The samples are
precisely weighed in air and in water, and the volumetric mass psqample is given by equation 4.1.
All the samples studied here have a higher density than water, so their weight in water can be
measured.

Pwat
Psample = 1 wa:;z} (41)
o Mair
Where pyater is the volumetric mass of water at room temperature (998.29 kg.m =2 at 20°C),
m,, the weight of the sample in water and mg;, the weight of the dry sample in air.

4.2.2 Atomic Force Microscopy

The AFM mappings were carried out using a Multimode 8 scanning probe microscope (Bruker,
Santa Barbara, USA) with a Nanoscope V controller under ambient conditions. To map mechan-
ical properties such as local modulus and adhesion forces, the PeakForce QNM mode (Quantita-
tive NanoMechanics) was used. Mechanical properties such as adhesion force and local modulus
could be mapped, by applying the Derjaguin-Miiller-Toporov (DMT) contact theory to model
the geometry and behavior of the tip-sample contact [35]. The Johnson-Kendall-Roberts model
(JKR) could also be used [36], but the most relevant for polymers is a theoretical transitory
model between JKR and DMT which is not numerically applicable [37, 38]. The DMT model is
implemented in the AFM software and, being relevant for the purpose of this study, it is chosen
here. The contact modulus £* is defined by equation 4.2.

1 1—v? 1—v2
7= (7)) (%) (42
E* Eq By
where F7 and Es represent the modulus of the silicon tip and of the sample surface, respec-
tively, while v1 and v, represent their respective Poisson’s ratio. The DMT model predicts the

relation given by equation 4.3, allowing to calculate mechanical properties at each pixel of an
AFM image.

4
F = 3 EVRE + Fu (4.3)

where F' is the applied force, F,q4; the adhesion force, R the tip radius, d the tip-sample
distance and E* the equivalent contact modulus.
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The Al-coated! TAP150 probe with an aluminium coating was used (nominal spring constant:
5 N/m). Prior to each measurements session, the deflection sensitivity was measured on a hard
sapphire surface. The spring constant was calibrated using a thermal tuning method and the tip
radius was evaluated using a reference sample of known modulus (amorphous and homogeneous
polystyrene film), as suggested by the relative calibration method [14].

4.2.3 X-ray diffraction

Wide angle X-Ray diffraction (WXRD) analysis was carried out using a X-Ray diffractometer
(D8 Advance, Bruker, USA) with a Cu radiation source operated at 40 kV and 40 mA.

The diffractograms were treated using Fityk (version 1.2.1)[39]. Each peak was fitted using
a gaussian or pseudo-Voigt profile? to gather every parameter to apply Scherrer’s equation:

g K\

~ B.cos(9)

A being the X-ray wavelength (for a copper source, A = 1.5418 A), 3 the full width at half

maximum of the peak and 6 being Bragg’s angle. K is a dimensionless factor linked to the shape

of the crystallites. Its value for polybutylene terephtalate (PBT) is usually fixed at 0.89 or 0.9

by most authors [40, 41]. This value should only concern crystallites with a spherical shape, and

other values were documented for each crystalline directions of simple crystallites shapes (i.e.

cubic, octahedral and tetrahedral) [42]. The reported values for K are typically in the 0.7—2.0

range. Anyway, the PBT crystallizes with a triclinic unit cell [43, 44|, and no clue of the exact

crystalline shape is available. In this case, it is chosen to keep the value of 0.89 for K, as a first
estimation, keeping in mind that the results for d can be under-estimated.

(4.4)

4.2.4 Dynamic Mechanical Analysis (DMA)

Uniaxial torsion DMA was performed using Dynamic Mechanical Thermal Analyzer (Ares G2,
TA Instruments, USA), at fixed frequency of 1 Hz and heating rate of 3°C/min using specimens
of dimensions 25 mmx4 mmx2 mm in a temperature range of -80 to 80°C applying a 0.1%
imposed strain.

4.2.5 Differential Scanning Calorimetry (DSC)

DSC measurements were performed using a Q20 (from TA Instuments, USA) from -70 to 170°C
using a Chiller cooling system. The samples were kept for 2 min at 200°C to erase their thermal
history before being cooled and then heated at a 10°C/min rate under a nitrogen flow (50
mL/min). The glass temperature (T;) was measured at the maximum of the derivative of the
heat flow signal when the glass transition step occurs, in the heating phase. The crystallinity
Xc of PBAT was calculated with the heat of melting of fully crystalline for PBAT, evaluated by
Herrerra et al. to be 114 J.g~— 1.

4.2.6 Dielectric spectroscopy

The dielectric analysis measurements were carried out using a ModuLab XM system (Solartron
analytical- AMETEK, USA). Each sample underwent two cycles with isothermal frequency sweeps
from 108 to 1072 Hz performed every 3°C from -70 to 60°C, applying a 5V — RM S voltage.

!Some AFM probes are coated with aluminium to optimize the laser deflection.
2The pseudo-Voigt fit was only used for the 101 peak. See Table 4.2 and Figure 4.3.
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128 AFM study: Structuration of ionic liquids in PBAT

The results were analyzed using WinFit (Novocontrol, Germany). The transitions associated
with relaxations or conductivity were fitted using Havriliak-Negami plots and the obtained fit
parameters were used to calculate the activation energy. The Havriliak-Negami equation [45]
stands:

Ae
(L+ (2mfr)™)P

&(f) =0 + (4.5)

where f is the frequency, &,.(f) is the complex permittivity, e, the permittivity at infinite
frequency, Ae = €9 — £o, with g9 the permittivity at low frequency, and 7 is the relaxation
time of the material at the considered temperature. « and (8 are the Havriliak-Negami shape
parameters and are comprised between 0 and 1. Adjusting those parameters to obtain a proper
fit of a relaxation allows, via the specific relaxation time 7 at different temperatures, to calculate
the activation energy E4 associated with it applying an Arrhenius law?, given in eqn 4.6.

—E4
T(T) = Too - €ZP(—5 4.6
(1) = o - e 2) (4.)
Where 7o, is a constant (relaxation time at an infinite temperature, in s), kp the Boltzmann
constant and T the temperature in Kelvins. The same equation stands replacing 7 by o, the
direct current (DC) conductivity (here measured at very low frequency, i.e. 0.01 Hz), to calculate
the activation energy associated with the conduction phenomenon.

4.3 Result and discussions

4.3.1 Morphological and thermal characterization
Densities

The volumetric mass density was measured to be 1.217 +0.001 g.cm™ for every sample. Since
no significant change is observed, it can be considered that the macroscopical organization of the
PBAT polymer chains remains unchanged by the presence of ionic liquids.

Microstructures

Figure 4.2 shows AFM micrographs of the microstructure of the three systems, with height and
DMT modulus mappings. First, while il-Cl seems to be miscible in the PBAT matrix without
changing its apparent structure, il-TMP forms nodules and is at least partially immiscible in
PBAT. This is consistent with the morphologies observed in transmission electron microscopy
by Livi et al.[29]. The apparent holes in topographic images of the PBAT /il-TMP system and
the fact that these features display a low modulus is also consistent with the idea of ionic liquid
nodules.

The AFM DMT modulus images of the three blends also suggest a common crystalline
organization in a lamellar form, creating spherulites at a larger scale. A more detailed view of
the lamellae in AFM is given further. DMT modulus images already proved their efficiency to
identify and characterize crystalline lamellar structures [32].

3 All the measurements gave a linear relation between In(7) and 1/T, justifying the application of the Arrhenius
law and not the VTF (Vogel-Fulcher-Tammann) law.
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Figure 4.2 — AFM height (top) and DMT Modulus (bottom) maps of a 5 x 5 um? region of a:
(left) PBAT sample ; (center) PBAT/il-Cl sample; (right) PBAT /il-TMP sample

Crystalline structure

The degree of crystallinity of the blends was measured to be 14+ 1% in DSC for all the blends
without significant difference due to the presence of ionic liquids. A XRD analysis was carried
out, revealing the main peaks associated with the crystalline directions for the three systems,
displayed in Figure 4.3.

The peaks correspond to those observed by Briber and Thomas for the PBT homopoly-
mer [46]. The fact that the crystalline domains in PBAT are composed of PBT units is confirmed
by Herrera et al. [47] and by Kuwabara [48].

To estimate the size of the corresponding crystallites, Scherrer’s equation was applied to each
peak. The results are summarized in Table 4.2.

Table 4.2 — Main PBT crystalline directions observed in the PBAT/ILs blends and corresponding
estimated domain sizes obtained with the application of Scherrer’s equation (eqn 4.4).

d [nm]|
Orientation 011 010 101 100 111
PBAT 81 135 3.0 103 6.5

PBAT/il-Cl 9.0 142 27 112 6.7
PBAT/il-TMP 74 124 37 93 59

Given the uncertainity associated to the peak fitting in XRD, due to the preponderance of the
amorphous phase, the difference in the sizes of the crystallites between the blends are irrelevant.
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Figure 4.3 — WAXS scans of neat PBAT and PBAT/ILs blends. Each peak corresponds to a PBT
crystalline direction, according to the study of Briber and Thomas [46].

It is thus considered that there is no major observable variation of the size of the crystallites
caused by the ionic liquids. Such crystallites are observable in AFM, by scanning parts of the
spherulites as in Figure 4.4.

309.1 MPa g 5
i
250.0 _
E .
g 0.2 A
200.0 T —'\/"
- - - i p=4
g 4 1500 01 ] A68nm
::‘" - LI N I B I I
n-:}l:' 1““1"”“ * 4 | 105? 0.00 0.05 0.10

% [um]

Figure 4.4 — 350 x 350nm AFM DMT modulus map of a PBAT surface exhibiting crystalline
lamellae, and corresponding modulus profile taken along the red line, perpendicularly to the direction
of the lamellae. Crystalline lammelae correspond to the modulus peaks.

A red profile is drawn perpendicularly to the lamellae, and 4 modulus peaks (corresponding
to stiff PBT crystallites) are identifiable between the purple vertical lines (representing a distance
of 46.8 nm). This means an average spacing of less than 12 nm between the lamellae in this case,
of the same order of magnitude as their estimated dimensions given in Table 4.2. This suggests
that the amorphous chains stacked between lamellae are quite confined, as confirmed further.

Thermomechanical relaxations

The DMA analysis was carried out on the blends to identify the thermal transitions of the three
systems. The evolution of the storage modulus and of the loss modulus across the temperature
range (-80 to 80°C) is shown in Figure 4.5.

The storage modulus drop around -30°C, associated with a peak in the losses, is very likely
to correspond to the « transition of the blends, passing from a glassy state at low temperatures
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Figure 4.5 — Variation of the storage modulus (top) and of the loss modulus (bottom) of PBAT
and PBAT-ILs blends with temperature at 1 Hz

to a rubbery state. The « transition temperature 7, can be defined by the temperature at the
maximum of the loss modulus peak.

The results are summarized in Table 4.3. They are in good accordance with the glass transi-
tion temperatures obtained by DSC, which also correspond well to the results reported by Livi
et al.|29].

No significant drop of the glass transition temperature is observed. Those results are not
likely to correlate any placticization effect induced by the ionic liquids. Even if such a slight
effect is possible (-2°C in the T, of the PBAT/il-Cl blend, but not confirmed in DSC), it cannot
explain the big modifications of mechanical properties induced by the addition of 2wt% il-Cl.

A second transition can be observed on the DMA curves around 50°C, with a slight drop of
both moduli. This can be associated with an o’ interfacial relaxation. Since it can be observed

Table 4.3 — Transition temperatures observed in DMA (from the loss peak) and DSC analysis. All
the values are given with +1°C.

Blend: T, (DMA) [°C] T, (DSC) |°C]
PBAT -30.5 -35.1
PBAT/il-Cl -32.4 -35.0
PBAT/il-TMP -30.8 -36.0
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132 AFM study: Structuration of ionic liquids in PBAT

in all the blends and not only PBAT/il-TMP, the corresponding interface is likely to be the
one between the crystalline phase and the amorphous phase, and/or an amorphous interphase
between crystalline lamellae, as reported in P(VDF-CTFE)*/ILs blends by Yang et al. [9].

Summary of the morphological, thermal and mechanical characterizations

The routine characterizations techniques described above showed that, except for the il-TMP
nodules, no significant difference of the organization of the matrix is induced by the ionic lig-
uids: the density, the crystallinity (degree and structure) and the thermal/thermomechanical
properties remain almost unchanged by the addition of 2wt% of a ionic liquid.

It is thus proposed to explore deeper the interactions between phases and within the phases,
using nanomechanical data measured in AFM and dielectric spectroscopy to answer the appearing
problem: how 2wt% of a ionic liquid can significantly change the mechanical properties of the
matrix (increase of the strain at break with, for il-Cl, a small decrease of the Young’s modulus)
without affecting the other bulk properties 7

4.3.2 Elucidating the mechanisms of interactions of ILs with the PBAT ma-
trix

Dielectric spectroscopy and nanomechanical analysis

Dielectric spectroscopy An example of the spectra obtained for the relative dielectric per-
mittivity e,” and the corresponding loss ¢,” at two temperatures is given in Figure 4.6. For all
the blends, three phenomena were evidenced: the o and o’ relaxations, and conductivity at low
frequencies and/or high temperatures.

On the left curve, the permittivity spectra at -22°C displays a slight peak in ¢,” around
100 Hz, which corresponds to the « relaxation. For PBAT/il-Cl, this peak is merged into the
conduction slope, but is still identifiable. The activation energies calculated from the Havriliak-
Negami fits parameters for the blends are summarized in Table 4.4, obtained from Arrhenius
plots shown in Figure 4.7. Although the value of the activation energy for the alpha relaxation
of PBAT /il-TMP could not be calculated properly, no major difference is expected, as between
the neat PBAT and PBAT/il-Cl (less than 3%), since the corresponding relaxation occurs almost
at the same temperature for all the blends, as observed in DMA and DSC.

Table 4.4 — Activation energies (F4) of each phenomena observed in dielectric spectroscopy. All
the values are given in kJ.mol ™!

FE 4 of: a relaxation o relaxation Conductivity
PBAT 232.6 72.4 69.4
PBAT/il-Cl 239.0 82.8 80.7
PBAT/il-TMP 5 72.4 67.0

In the diagrams of Figure 4.6 (right), the real and imaginary parts of the complex permittivity
of the three blends at 50°C (323 K) are shown with their frequency dependence. €” (bottom right)
mostly reveals an important conduction phenomenon in the three cases, much more important
for the blend with il-Cl and also relevant for the PBAT /il-TMP system. This can be explained

*Poly(vinylidene fluoride- co-chlorotrifluoroethylene)
5This value was not calculated because the corresponding relaxation could not be fitted properly, due to
overlapping phenomena (conduction) in the frequency domain.
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Figure 4.6 — Relative dielectric permittivity (top), loss (middle) and real conductivity (bottom)
versus frequency, at -22°C (left) evidencing the «a relaxation around 100 Hz and at 50°C (right)
showing conduction and the o’ relaxtion. The latter corresponds to the conductivity step around
100 Hz for PBAT, and is overlapped by the conduction for the other blends (It corresponds anyway

to the steps in €,” and could be fitted properly).

by ionic conductivity, first induced by impurities in the PBAT matrix, and by the ionic liquids
in the blends. The miscibility of il-Cl and the smaller size of the chloride anion correlates higher

conduction losses for PBAT/il-Cl.

If the o’ relaxation peak at 50°C is almost totally masked by the conductivity slopes in
the imaginary permittivity spectrum (loss) in Figure 4.6, the €’ spectrum (top right) reveals a
step for the three systems, which corresponds to this relaxation. This may reflect the confined
part of the amorphous phase, i.e. the chains that are confined between the crystalline lamellae
or anchored in the crystalline phase, often called rigid amorphous phase or fraction (RAF)[9].
In other words, this reflects the interface between the amorphous and crystalline phases. The
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Figure 4.7 — Arrhenius plots for the described relaxations. All linear regression fits are obtained with
a squared correlation coefficient superior to 0.99. Similar results were obtained for the conductivities.

broadness of the corresponding loss peak in DMA and in dielectric spectroscopy, reason why it
is almost masked in both cases by other phenomena, confirms this idea, as described by Alegria
and Colmenero [49].

The PBAT polymer, having a relatively low crystallinity (i.e. between 10 and 15% [47, 29]),
fits well in the category of semicrystalline polymers that are likely to form such an interfacial
amorphous phase (RAF), distinct from the fully free chains of the main amorphous phase, denoted
mobile amorphous fraction (MAF) [50]. Furthermore, the formation of a rigid amorphous phase
was already reported for the PBT polymer [51]. The two amorphous zones can be observed in
Figure 4.4, where dark blue domains correspond to the MAF (represented by the a relaxation)
and the inter-lamellar amorphous regions (for instance the darker strips in the orange crystalline
zones) correspond to the RAF (represented by the o’ relaxation).

In terms of activation energy (Table 4.4), both ionic conductivity and o’ relaxation reveal the
same trend: on one hand, those phenomena in neat PBAT and in PBAT /il-TMP seem to require
the same activation energy. This is consistent with the fact that il-TMP is immiscible (or very
slightly miscible) in the PBAT matrix. The same matrix is characterized for neat PBAT and
PBAT/il-TMP, the nodules having almost no influence in the dielectric response, except that
they increase the ionic conductivity.

On the other hand, both the conduction and the o’ relaxation require around 15 to 20% more
energy in the blend with 2wt% il-Cl (even if the number and size of its charge carriers make it
more conductive than the other blends). The ionic liquid may thus play a role in the interfacial
amorphous zone between the PBT-rich crystalline phase and the rest of the amorphous phase.

This observation for PBAT/il-Cl cannot be directly correlated with the tensile mechanical
properties summarized in Figure 4.1: interfacial relaxation and conduction phenomena require
more energy in this blend while it is mechanically softer and with a higher strain at break. This
necessarily hints the coexistence of various different (but certailny interdependent) mechanisms
induced by the ionic liquid. They are discussed in the following section.

Nanomechanical analysis An AFM nanomechanical analysis was carried out over a large
number of images for every system to evaluate what are the nanoscale mechanisms that explain
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such modifications of macroscopical properties, unexpected dielectric spectroscopy results and
almost no substancial difference in other physical properties.

First, the DMT moduli from mappings such as those presented in Figure 4.2 were gathered
into distributions. Figure 4.8 displays such representative diagrams for the three blends.
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Figure 4.8 — Representative logarithmic distributions of DMT modulus over AFM images for each
blend. The vertical axis represents the density of probability associated with each modulus value in
modulus mappings.

With the support of additional AFM nanomechanical data, a synthesis of the effects of the
two different ionic liquids on the PBAT matrix are discussed in the following sections.

Effect of il-TMP

In Figure 4.8, the main peaks of the neat PBAT and of the PBAT/il-TMP blend are centered
around 140 MPa, which correlate the fact that the continuous matrix in PBAT /il-TMP behaves
similarly to the neat PBAT.

Although the reported low miscibility may limit any effect of the il-TMP on the matrix [52],
in the distribution in Figure 4.8, the PBAT /il-TMP system also exhibit a low modulus shoulder
that corresponds to the softer il-TMP nodules. It is a continuous shoulder and not a distinct
peak, suggesting the existence of transitional zones between ionic liquid nodules and PBAT
matrix, 7.e. an interphase.

In Figure 4.9, the same profile is taken across the height image and the DMT modulus image.
The region between the two vertical dashed blue lines on the height profile can be interpreted
as the matrix edge, close to the interface with the nodule, since there is no significant height
variation with the rest of the matrix.

However, in that zone of about 40 nm, a DMT modulus transition can be observed into the
polymer matrix. This can be interpreted as an interphase constituted by free dangling segments
of the polymer chains from the matrix, explaining the smooth modulus transition. The neat
PBAT modulus is quickly restored when going further into the matrix, due to the immiscibility
of the ionic liquid.

It is known that phosphonium cation and phosphinate anions are among the most basic
ions used in ionic liquids [53, 54]. Studies reports that basic ionic liquids are good catalysts for
depolymerisation of polyesters structurally similar to the PBAT, for instance poly(lactic acid) [55]
and polyethylene terephtalate [56, 52|. This may also affect the aspect of the interphases, but it
couldn’t be confirmed experimentally.

Figure 4.10 displays a mapping of the dissipated energy at each tip-sample contact, for
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Figure 4.9 — AFM 1 x 1 um? topography (top) and DMT modulus (bottom) images of a PBAT /il-
TMP surface with corresponding profiles, taken following the red dashed line.

the PBAT/il-TMP blend. It can be clearly observed that the nodules (or the corresponding
interphases) correspond to zones where more energy can be dissipated. The macroscopical strain
at break of this blend increased by 33% for this blend compared to the neat PBAT, according
to Livi et al. |29] (This can be explained by the fact that the blend can store more energy under
stress due to its IL nodules, which can hinder the crack propagation, thus increasing the strain
at break while the continuous matrix keeps the Young’s modulus of the neat PBAT.
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Figure 4.10 — Topography (left) and dissipation energy (right) AFM nanomechanical mappings of
the PBAT/il-TMP blend, revealing the dissipative nature of the nodules.

Effect of il-Cl

As shown in Figure 4.8, PBAT/il-Cl exhibits a DMT modulus distribution centered around
60 MPa, which is less than the half of the equivalent for the other blends. This trend is observed
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for all the recorded mappings. In tensile tests, the modulus drops only by 18% with the addition
of 2wt% of il-Cl, and as seen above, this cannot be only explained by a plasticization effect (no
significant variation of the T} is observed in DSC measurements). As il-Cl seems totally miscible
with the matrix, an attempt to localize it can be made using adhesion mappings, as already done
in a previous study on PBAT /PLA /ILs blends [28].

First, different zones of the PBAT matrix have to be identified. As seen with the XRD anal-
ysis, the crystalline phase of the PBAT matrix is composed by stiff PBT units. The amorphous
phase, which is majoritary, may consist mostly in butylene adipate segments, along with the
rest of the butylene terephtalate. In DMT modulus images, spherulites are easily identifiable.
Finally, an intermediate amorphous phase (RAF), characterized by the o’ relaxation, was also
identified by dielectric spectroscopy and DMA.

In Figure 4.11, based on their shape, some obvious spherulites were marked in red on the DMT
modulus images for PBAT/il-Cl and neat PBAT, and the mask was reported on the adhesion
mappings. It is worth noting that the spherulites may not only be constituted by the crystalline
phase, but also by inter-lamellar rigid amorphous zones.
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Figure 4.11 - AFM 5 x5 um? DMT modulus (left) and adhesion (center) images with corresponding
profiles (right) for neat PBAT (top) and PBAT/il-Cl (bottom). The profiles are taken following the
white lines in the images, and the vertical purple lines on the profiles correspond to the gaps between
zones marked in red. Some (but not all) clearly identifiable spherulites are marked in red in the
images.

The crystalline zones being identified, it can be observed that PBAT and PBAT /il-Cl follow
different trends:

e On the one hand, for the neat PBAT, the lamellar crystallinity seems to be the only contrast
factor in the DMT modulus image. Between the purple vertical lines in the profiles in Figure
4.11, a zone between spherulites that corresponds to the amorphous phase, no significant
difference with the rest of the profile is visible in adhesion.

e On the other hand, for the PBAT/il-Cl blend, a clear difference can be seen between zones
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with crystalline phase (i.e. spherulites, marked in red) and zones between spherulites
(mainly corresponding to the MAF), that exhibit a lower local modulus and higher adhe-
sion. This can be observed in the profiles, where the part of the curves that corresponds to
the amorphous zone between spherulites is marked in dark red, displaying a modulus drop
and an adhesion peak. The fact that adhesions forces reaching values that are not observed
on the neat PBAT® hints the presence of another component, i.e. the ionic liquid. The
adhesion mappings reveal thus that il-Cl may be preferentially located in the amorphous
phase of the PBAT matrix.

Based on such observations, an explanation of the complex effect of il-Cl on the PBAT matrix
can be made. First, the ionic liquid, located mostly in the amorphous phase of the PBAT, tends
to increase drastically the chain mobility at the nanoscale in the MAF, explaining the local
(DMT) modulus drop observed in AFM, compared to that of the other systems (see Figure 4.8).

The il-Cl should obviously be present not only in the MAF but also in the RAF, given its
effect on the o’ relaxation. The polymer chains being much more constrained in this phase, the
ionic liquid may act differently and reduce even more their movement capability, thus making
the relaxation of this zone requiring more energy (dielectric data). This may represent a gain in
stiffness at a higher scale than what is observed in AFM, counterbalancing the dramatic drop
in the nanoscale modulus, explaining a lesser drop in the macroscopic scale Young’s modulus.
From this point of view, the ionic liquid has the same role as a filler functionalization, but with
the crystalline phase.

This can also be explained by a cooperation effect between the ions of il-Cl and the polymer
chains, due to dipole-dipole and/or ionic interactions, that should be much more present than
in the neat blend. These interactions are also highlighted by the conductivity data: if the
conductivity is more important in the PBAT/il-Cl blend, the energy required to activate the
conduction is much higher than in the other systems.

The phosphonium-chloride ionic liquid have thus a double effect on the PBAT matrix: on
one hand it acts like a local plasticizer, increasing the chain mobility in the MAF phase (thus
increasing the global strain at break), but on the other hand it forms strong cooperating interac-
tions, particularly in the interfacial RAF phase, compensating some effects induced by the gain
in chain mobility and limiting the Young’s modulus decrease.

4.4 Conclusions

The effects of the introduction of a small amount (2wt%) of two different phosphonium ionic
liquids on the structure and mechanical properties of a PBAT copolyester have been investigated
using advanced characterization techniques, and in particular AFM nanomechanical imaging.
This method allows, via the simultaneous acquisition of several images of the same surface,
high resolution mappings of different mechanical properties such as the local elasticity modulus,
the tip-sample adhesion force and the energy dissipation. By this way, the nanostructure of a
material is explored from unusual points of view, allowing to go deeper into the understanding
of the molecular organization of the studied polymers, and the way they are modified, here by
ionic liquids.

The tensile mechanical properties of the PBAT matrix were affected by both ionic liquids:
while the addition of a phosphonium-phosphinate ionic liquid, denoted il-TMP, increased the

5Tt is worth noting that to compare adhesion forces quantitatively from an image to another, the images in
Figure 4.11 were acquired in the same session with the same tip.
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strain at break of the matrix by 33% without affecting the Young’s modulus, the same amount of
il-Cl, a phosphonium-choride IL, increased the strain at break by 60% and reduced the modulus
from 47 to 40 MPa. However, no substantial modification of the density, of the crystalline
structure and of thermal properties (i.e. the glass transition temperature and the crystallinity)
were recorded.

The same crystalline structure was identified in the three systems, consisting in lamellae
constituted by PBT segments. Two amorphous phases were identified by dielectric spectroscopy
according to their relaxation behavior: the mobile amorphous fraction (MAF) and the rigid
amorphous fraction (RAF). The former consists in fully free polymer chains in relatively large
amorphous domains while the latter represents the constrained chains between crystalline lamel-
lae or at the crystalline/amorphous interface.

It was shown that il-TMP is immiscible in the PBAT, but organizes itself into dissipative
nodules that form, as shown by profile analysis in AFM, a smooth interphase with the matrix,
consisting in softer dangling polymer chains. Being continuous, the PBAT matrix keeps most
of its properties while the nodules just hinders the defaults propagation under stress, increasing
the strain at break. To confirm this effect macroscopically using a tearing strength test on films
with and without il-TMP could be an interesting perspective, as it is directly applicable for
compostable PBAT films used in agriculture.

The other ionic liquid, il-Cl, is perfectly miscible in the amorphous phases of the PBAT
matrix, as observed with AFM adhesion mappings. In the MAF, the overall effect seems to be a
dramatic increase of the chain mobility, explaining a huge local modulus drop (more than -50%
in average) and the 60% increase in the macroscopic strain at break, with relatively free charge
carriers explaining a higher conductivity than in other blends. This is partially compensated by
a stiffening effect of the ionic liquid on the RAF, as it increases the activation energy associated
with the relaxation of this phase. The ionic liquid has thus a double effect, allowing to optimize
the mechanical properties (the macroscopic Young’s modulus in only reduced by 20%) and to
keep unchanged the crystalline structure and the glass transition temperature.

Through the example of PBAT, this study highlights the potential of ionic liquids, whose
structurating effect could be an alternative to traditional additives to tailor and tune the prop-
erties of polymers. According to the desired modification of the properties, at least three possi-
bilities can be identified with ionic liquids:

e A traditional plasticization effect, as reported for instance by Sankri et al. with an imi-
dazolium ionic liquid on a starch matrix [2]. This would mean an increase of the strain at
break, and a decrease of the Young’s modulus and of the glass transition temperature.

e An increase of the strain at break with a moderate decrease of the Young’s modulus, but
without affecting the thermal properties, as reported for the blend with il-Cl.

e An increase of the strain at break without affecting much the modulus, as reported for the
blend contaiing il-TMP.

The combination of AFM nanomechanical mappings with other advanced characterization
techniques such as dielectric spectroscopy allowed to access complex structurating mechanisms
that link mechanical, thermal and electric properties together, allowing to explain the influences
of ionic liquids on the properties of a polymer matrix.
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General conclusions and perspectives

This work gives a functional methodology for AFM nanomechanical mappings in order to un-
derstand structuration phenomena in polymers. The theoretical basis and considerations were
reviewed and two main studies were presented to illustrate the possibilities given by this tech-
nique. Various ways of using nanomechanical mappings, at different steps of the studies, were
covered to show their versatility.

After reviewing the models from contact mechanics that are necessary to perform mechanical
measurements with an AFM tip, some practical considerations and calibration methods were
presented. Common imaging artifacts were identified and good practices were deduced and
summarized, either from literature and from personal observations.

In the context of the development of biopolymers and the growing need to create such ma-
terials with properties that can be easily tailored, the two main studies presented in this work
were centered on the understanding of the structurating behavior and properties modification of
ionic liquids in biopolymers, from the macroscopic scale down to the nanoscopic one.

The role of two phosphonium-based ionic liquids, il-Cl and il-TMP, as compatibilizing agents
in a PBAT/PLA biopolymer blend was first investigated. From an obvious improvement of
macroscopic mechanical properties with the incorporation of 1wt% of a ionic liquid in the blend,
AFM nanomechanical mappings helped to evidence the mechanisms underlying the compatibi-
lization. First, the microstructures were evidenced using local modulus contrast, and then quan-
titative mappings of the adhesion force and/or the local modulus helped to localize a crystalline
phase and the ionic liquids (i.e. at the PBAT/PLA interface). The study of the evolution of
the local modulus across PBAT /PLA interfaces using the AFM mappings allowed to understand
that ionic liquids tend to turn them into thicker and more cohesive interphases, by interacting
with both polymers. This must be the key mechanism that help stress transfer between the soft
and tough PBAT and the stiff PLA, improving the overall macroscopic mechanical properties of
the blends.

In a second study, the nanoscale structuration induced by small amounts (2wt%) of the same
ionic liquids in the semicrystalline PBAT matrix was investigated. Also starting from the in-
duced modification of tensile mechanical properties (i.e. overall increase of the strain at break,
and moderate drop of the Young’s modulus in the case of il-Cl), an in-deep investigation of the
phenomena underlying such modifications was proposed. AFM nanomechanical mappings of the
local modulus, adhesion, dissipation energy and topography were used along other advanced
characterization techniques such as dielectric spectroscopy and X-ray diffraction to identify such
phenomena. It was proven that while the crystalline structure of the PBAT remains relatively
unchanged by the addition of ionic liquids, the il-TMP, immiscible into the matrix, forms dissi-
pative nodules of few hundreds nanometers in diameter that still form a cohesive interphase with
the matrix, probably hindering the crack propagation, thus increasing the macroscopic strain at
break, while leaving the other properties of the cocontinuous matrix relatively unchanged. The
other ionic liquid, miscible into the amorphous phase of PBAT, was shown to have a double
effect: while increasing dramatically the chain mobility in the bulky, mobile parts of the amor-
phous phase, it tends to act more like a stiffening agent in the more confined parts that are closer
to the crystalline portions. AFM tip-sample adhesion force mappings showed their efficiency to
identify zones in which the ionic liquid is more concentrated.

AFM nanomechanical mappings showed thus their efficiency as a powerful characterization
technique, combining an outstanding resolution with the ability to map simultaneously differ-
ent properties giving complementary informations about the nanoscale structure and behavior
of polymer systems. The sample preparation is moreover relatively simple: cryomicrotome is
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generally used, but sometimes a simple cryofracture in liquid nitrogen is the best solution tu
observe bulky materials. The preparation of films, if relevant, can also be used.

This technique has still a great potential to reveal, beginning with the extension of the
methods to other materials such as nanocomposites. The ability to explore the interfaces can be
of great help in this field: properties gradients, for instance, in such zones can give many useful
informations about the interactions between two materials. From a wider point of view, such
AFM characterizations could help to establish and validate interfacial modellings in composites
and blends, using for instance finite elements, in order to predict interfacial properties and
optimize their strength. This could be a good step forward in fields using many composite
materials, such as aircraft construction, where preventing events like delamination or fiber pull-
out is critical.

Since other complementary AFM modes were developped, their integration into the methods
presented in this work is extremely promising. The acquisition of electrical properties mappings
are now possible simultaneously with the nanomechanical mappings, allowing for instance to
map additionally the current density induced by a voltage applied between a conductive AFM
tip and the sample basis or substrate. Such characterizations can give additional informations
which can be extremely relevant in materials containing ionic liquids, for example.

In summary, this work proposed a complete and practical understanding of AFM nanome-
chanical mappings and how they can help to understand the structure-properties relationships
in polymer-based materials. It would complete its objectives if it could now serve as a basis to
push deeper the AFM characterizations of local properties, as they have still a great potential.
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Appendix A

Elements of methodology: Average
value of a property of a material

Some results displayed in this work are mean values obtained from measurements made with a
calibrated AFM setup. In order to have consistent data, especially for nanomechanical properties
that have potentially no equivalent for comparison, a careful statistical approach is necessary.

The following conditions were respected when displaying the average value of a property (for
instance the moduli in Figure 3.11):

e A minimum of 6 images (generally between 8 and 12) are used to calculate the average.

e Those images are obtained in at least 3 different sessions (thus with a different tip, different
external conditions. . .).

e For each image, the average deformation is equivalent to the deformation obtained on the
calibration sample when calculating the tip radius.

e No evidence of tip damage or contamination is reported during the session.

Concerning the interphase thickness in Chapter 3, the measurement is made by drawing
profiles across the PBAT /PLA interphases in zones presenting low topographic variations (Figure
3.8). To obtain the averages, the modulus slopes and the standard deviations for each blend
(table 3.5), a minimum of 3 profiles per image were used (i.e. a minimum of 18 profiles in total,
applying the conditions mentioned above).

In chapter 4, such a method is also used to choose the representative distribution curves of
Figure 4.8. Those curves (and their interpretations) are consistent with the mean values of the
DMT modulus of PBAT, shown in Figure A.1.
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Figure A.1 — Average values of DMT modulus of PBAT /ionic liquids blends
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