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Nanocomposites Multifonctionnels Hybrides à Base de Nanomatériaux 2D et Polyamide 
1010 

 
Gabriel Matheus PINTO 

 
RÉSUMÉ 

 
Cette thèse de doctorat se concentre sur le développement de nanocomposites polymères en 
utilisant une matrice de polyamide 1010 (PA 1010) biosourcée et de divers nanomatériaux 
bidimensionnels (2D). Pa 1010 a été choisi pour son potentiel d'application diversifié dans 
plusieurs domaines et son caractère respectueux de l'environnement par rapport aux 
polyamides traditionnels. Les charges nanométriques sélectionnés - l'oxyde de graphène (GO), 
le nitrure de bore hexagonal (h-BN) et le disulfure de molybdène (MoS2) - ont été choisis pour 
leur compatibilité chimique avec les groupes amide du polyamide et leurs structures 2D, ce qui 
conduit à leur surface élevée et à leurs propriétés exceptionnelles. Cependant, un défi clé dans 
l'utilisation de charges nanométriques 2D est d'obtenir une dispersion appropriée dans la 
matrice polymère. Par conséquent, cette thèse propose la nouvelle approche de combiner 
différentes particules 2D dans un seul composite pour améliorer la dispersion mutuelle et 
promouvoir des effets synergiques. 
 
Les nanocomposites ont été produits par fusion dans une extrudeuse double vis. Tout d'abord, 
de faibles quantités (0,1, 0,3 ou 0,5 % en poids) des nanoparticules exfoliées précédemment 
ont été déposées sur les particules de polymère au sol par une technique appelée solid-solid 
deposition. Ensuite, ce mélange de poudre a été introduit à l'extrudeuse pour mélanger la 
matrice polymère avec les charges nanométriques à l'état fondu, formant ainsi un mélange 
homogène. Ce processus facilite considérablement la mise à l'échelle, car il est compatible 
avec l'infrastructure de traitement des polymères industriels existante, permettant son 
intégration dans les lignes de production actuelles et ouvrant la voie à des applications 
commerciales. 
 
Des études sur la dynamique moléculaire ont été menées pour élucider les interactions entre 
les charges nanométriques et la matrice de polyamide, en se concentrant sur le processus de 
relaxation du polymère lors de la transition vitreuse, le volume des chaînes impliquées dans la 
transition de Brill pendant la fusion et l'énergie nécessaire pour séparer les chaînes polymères 
des feuilles nanométriques. Les résultats ont indiqué que GO et h-BN présentent des 
interactions plus fortes avec la matrice polymère par rapport au MoS2, ce qui se reflète 
également dans les performances de leurs respectifs composites hybrides. 
 
La microstructure de la matrice polymère, un facteur critique influençant les propriétés des 
matériaux à base de polymères, a été examinée par des analyses microstructurales. Ces 
analyses ont révélé que l'ajout des charges nanométriques a affecté l'ordre semi-cristallin de la 
matrice polymère. Bien que la transition de phase de α à γ n'ait pas été observée, h-BN et MoS2 
se sont avérés pour diminuer à la fois la fraction cristalline globale et l'organisation des 
domaines cristallins. Au contraire, go n'a pas affecté de manière significative la microstructure 
de polymère. Cependant, avec ses feuilles plus grandes et sa forte affinité chimique, GO a 
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conduit à la plus grande amélioration de la ténacité à la traction à température ambiante (plus 
de 120% à 0,5% en poids). Fait intéressant, cette amélioration n'a pas été observée à basse 
température (-40 ° C), où la diminution de l'ordre microstructural était la principale raison 
d’augmentation de la ténacité de la PA 1010, avec seuls les composites renforcés par h-BN 
conservant certaines caractéristiques d’augmentation de la ténacité d'origine. 
 
Enfin, pour démontrer la multifonctionnalité des nanocomposites développés, il a été démontré 
que l'incorporation de faibles quantités (moins de 0,5 % en poids) de ces charges 
nanométriques 2D permettait aux nanocomposites de conserver les propriétés diélectriques et 
tribologiques originales du PA 1010 tout en améliorant la conductivité thermique de près de 
10%. Ces résultats soulignent le potentiel de ces nanomatériaux en tant qu'additifs à faible 
teneur pour des applications avancées, où l'obtention de propriétés spécifiques sans 
compromettre les autres présente un défi important. 
 
Mots-clés: Nanocomposites polymères; Polyamide 1010; Oxyde de graphène; Nitrure de bore 
hexagonal; Disulfure de molybdène; Propriétés multifonctionnelles 
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Nanomaterials 

 
Gabriel Matheus PINTO 

 
ABSTRACT 

 
This PhD thesis focuses on the development of polymer nanocomposites using a bio-sourced 
polyamide 1010 (PA 1010) matrix and various two-dimensional (2D) nanomaterials. PA 1010 
was chosen for its diverse application potential across multiple domains and its 
environmentally friendly character compared to traditional polyamides. The selected 
nanofillers - graphene oxide (GO), hexagonal-boron nitride (h-BN), and molybdenum disulfide 
(MoS2) - were chosen for their chemical compatibility with the polyamide's amide groups and 
their 2D structures, which leads to their high surface area and exceptional properties. However, 
a key challenge in utilizing 2D nanofillers is achieving proper dispersion within the polymer 
matrix. Therefore, this thesis proposes a novel approach of combining different 2D fillers 
within a single composite to enhance mutual dispersion and promote synergistic effects. 
 
The nanocomposites were produced through melt blending in a twin-screw extruder. First, low 
amounts (0.1, 0.3, or 0.5 wt%) of the previously exfoliated nanofillers were deposited on the 
ground polymer particles by a technique called solid-solid deposition. Then, this powder 
mixture was fed to the extruder to properly mix the polymer matrix with the nanofillers in the 
melt, thus forming a homogeneous mixture. This process significantly facilitates scalability, as 
it is compatible with existing industrial polymer processing infrastructure, enabling its 
integration into current production lines and paving the way for commercial applications. 
 
Molecular dynamics investigations were conducted to elucidate the interactions between the 
nanofillers and the polyamide matrix, focusing on the polymer relaxation process at the glass 
transition, the volume of chains involved in the Brill transition during melting, and the energy 
required to separate polymer chains from the nanosheets. The results indicated that GO and h-
BN exhibit stronger interactions with the polymer matrix compared to MoS2, which is also 
reflected in the performance of their respective hybrid composites. 
 
The microstructure of the polymer matrix, a critical factor influencing the properties of 
polymer-based materials, was examined through microstructural analyses. These analyses 
revealed that the addition of the nanofillers affected the polymer matrix’s semi-crystalline 
order. Although the phase transition from α to γ was not observed in the Polyamide crystals, 
h-BN and MoS2 were found to decrease both the polymer’s overall crystalline fraction and the 
organization of its crystalline domains. On the contrary, GO did not significantly affect the 
polymer microstructure. However, with its larger sheets and strong chemical affinity, GO led 
to the greatest enhancement in tensile toughness at room temperature (over 120% at 0.5 wt%). 
Interestingly, this enhancement was not observed at low temperatures (-40 °C), where the 
decreased microstructural order was the predominant reason for the toughening of PA 1010, 
with only h-BN composites retaining some of the original toughening characteristics. 
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Finally, to demonstrate the multifunctionality of the developed nanocomposites, it has been 
demonstrated that incorporating low amounts (less than 0.5 wt%) of these 2D nanofillers 
allowed the nanocomposites to retain the original dielectric and tribological properties of PA 
1010 while enhancing thermal conductivity by nearly 10%. These findings underscore the 
potential of these nanomaterials as low-content additives for advanced applications, where 
achieving specific properties without compromising others presents a significant challenge. 
 
Keywords: Polymer nanocomposites; Polyamide 1010; Graphene oxide; Hexagonal-boron 
nitride; Molybdenum disulfide; Multifunctional properties
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RESUMO 

 
Esta tese de doutorado se concentra no desenvolvimento de nanocompósitos poliméricos 
usando uma matriz de poliamida 1010 (PA 1010) de origem biológica e múltiplos 
nanomateriais bidimensionais (2D). A PA 1010 foi escolhida por sua potencial aplicação em 
vários campos e seu caráter ecológico em comparação às poliamidas tradicionais. As 
nanocargas selecionadas - óxido de grafeno (GO), nitreto de boro hexagonal (h-BN) e 
dissulfeto de molibdênio (MoS2) - foram escolhidas por sua compatibilidade química com os 
grupos amida da poliamida e suas estruturas 2D, o que leva à sua alta área superficial e 
propriedades excepcionais. No entanto, um dos principais desafios na utilização de nanocargas 
2D é alcançar a dispersão adequada dentro da matriz polimérica. Portanto, esta tese propõe 
uma nova abordagem ao combinar de diferentes cargas 2D em um único compósito para 
aumentar a dispersão mútua e promover efeitos sinérgicos. 
 
Os nanocompósitos foram produzidos por mistura no estado fundido em uma extrusora dupla-
rosca. Primeiramente, pequenas quantidades (0,1, 0,3 ou 0,5% em peso) dos nanomateriais 
previamente esfoliados foram depositados nas na superfície do polímero moído por uma 
técnica chamada solid-solid deposition. Em seguida, essa mistura em pó foi alimentada na 
extrusora para promover uma mistura adequada da matriz polimérica com as nanocargas no 
estado fundido, formando assim uma mistura homogênea. Este processo facilita 
significativamente a escalabilidade, pois é compatível com a infraestrutura industrial existente 
de processamento de polímeros, permitindo sua integração nas linhas de produção atuais e 
abrindo caminho para aplicações comerciais. 
 
Investigações de dinâmica molecular foram conduzidas para elucidar as interações entre as 
nanocargas e a matriz de poliamida, com foco no processo de relaxamento do polímero na 
transição vítrea, no volume de cadeias envolvidas na transição Brill durante a fusão e na energia 
necessária para separar as cadeias poliméricas das nanofolhas. Os resultados indicaram que 
GO e h-BN exibem interações mais fortes com a matriz polimérica em comparação com MoS2, 
o que também se reflete no desempenho de seus respectivos compósitos híbridos. 
 
A microestrutura da matriz polimérica, um fator crítico que influencia as propriedades dos 
materiais à base de polímeros, foi examinada por meio de análises microestruturais. Essas 
análises revelaram que a adição das nanocargas afetou a ordem semicristalina da matriz 
polimérica. Embora a transição de fase de α para γ não tenha sido observada nos cristais de 
poliamida, verificou-se que o h-BN e o MoS2 diminuem a fração cristalina do polímero, assim 
como a organização de seus domínios cristalinos. Pelo contrário, o GO não afetou 
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significativamente a microestrutura do polímero. No entanto, com suas folhas maiores e forte 
afinidade química, o GO levou ao maior aumento na tenacidade à tração à temperatura 
ambiente (mais de 120% a 0,5% em peso). Curiosamente, esse aumento não foi observado em 
baixas temperaturas (-40 °C), onde a menor ordem microestrutural foi a razão predominante 
para a tenacificação da PA 1010, com apenas os compósitos de h-BN parcialmente mantendo 
algumas de suas características tenacificantes. 
 
Finalmente, para demonstrar a multifuncionalidade dos nanocompósitos desenvolvidos, foi 
demonstrado que a incorporação de baixas quantidades (menos de 0,5% em peso) desses 
nanomateriais 2D permitiu que os nanocompósitos mantivessem as propriedades dielétricas e 
tribológicas originais da PA 1010, enquanto a condutividade térmica foi aumentada em quase 
10%. Essas descobertas ressaltam o potencial desses nanomateriais como aditivos de baixo 
teor para aplicações avançadas, onde alcançar propriedades específicas sem comprometer 
outras apresenta um desafio significativo. 
 
Palvras-chave: Nanocompósitos poliméricos; Poliamida 1010; Óxido de grafeno; Nitreto de 
boro hexagonal; Dissulfeto de molibdênio; Propriedades multifuncionais 
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INTRODUCTION 

 

In this section, a concise context will be presented to provide background information on the 

thesis’ topic, elucidating the significance and relevance of polymer nanocomposites based on 

polyamide 1010 (PA 1010) and 2D nanomaterials. Following this contextual overview, the 

specific objectives of the research are outlined, detailing the aims of the study while explaining 

how these were systematically addressed in each subsequent chapter. 

 

0.1 Context 

 

Polymer nanocomposites represent a cutting-edge class of materials that combine the 

properties and processability of polymers with the enhanced functionalities provided by 

nanoscale fillers. These nanocomposites can offer significant improvements over traditional 

composites in terms of mechanical strength, thermal and electrical conductivity, and other 

functional properties, all while maintaining lightweight characteristics. The integration of 

nanoscale fillers into polymer matrices allows for the development of materials with a tailored 

balance of properties, making them suitable for a wide range of applications, including 

aerospace, automotive, electronics, and biomedical (Abd Malek et al., 2020; Aghajani, Ehsani, 

Khajavi, Kalaee, & Zaarei, 2022; Ashok & Kalaichelvan, 2020; J. Bai et al., 2019; Bragaglia 

et al., 2021; Xing Chen et al., 2009; Dong et al., 2022; Du et al., 2010; Garcia et al., 2021; 

George, Joy, & Anas, 2021; Horváth et al., 2011; Hu et al., 2019; Hussain, Hojjati, Okamoto, 

& Gorga, 2006; Jang, Youn, Song, & Lee, 2016; Kumar, Goel, & Kumar, 2017; Lei et al., 

2014; P. Li, Zhang, Yang, Yuan, & Jiang, 2021; Q. Li et al., 2016; C. Liu et al., 2019; Md Said 

et al., 2021; X. Meng, Wang, Cong, Ye, & Zhou, 2019; Naskar, Keum, & Boeman, 2016; Nie 

et al., 2022; Öner, Keskin, Kızıl, Pochat-Bohatier, & Bechelany, 2019; Peddamallu, Sridharan, 

Nakayama, & Sarathi, 2019; Pham, Li, Bekyarova, Itkis, & Mulchandani, 2019; Qu, Fan, 

Mukerabigwi, Liu, & Cao, 2021; Radisavljevic, Radenovic, Brivio, Giacometti, & Kis, 2011; 

Ramezani et al., 2022; Salunke & Gopalan, 2021; Santhosha, Nayak, Pollok, Langenhorst, & 

Adelhelm, 2019; Sarkar et al., 2019; Seki, Kizilkan, İşbilir, Sarikanat, & Altay, 2021; Shin, 

Shin, & Choi, 2020; Sorrentino et al., 2015; L. S. Su & Tsai, 2021; Vikraman et al., 2019; 
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Yinrui Wang & Xie, 2020; S. N. Wei et al., 2022; Woodward et al., 2017; X. Wu, Liu, Shi, 

Yang, & Zhang, 2022; L. Xu, Tan, Xu, Xie, & Lei, 2019; Z. Yu & Drzal, 2020; S. Zhou, Shi, 

Bai, Liang, & Zou, 2020). 

 

Polyamide 1010 (PA 1010), derived from renewable resources, is an environmentally friendly 

polymer known for its excellent mechanical properties, thermal stability, and good resistance 

to chemicals and abrasion. PA 1010 is a long-chain aliphatic polyamide that not only supports 

sustainability initiatives but also offers desirable features such as high strength, durability, and 

flexibility. These properties make it an ideal candidate for developing high-performance 

composites (A. Kausar, 2017; Ayesha Kausar, 2017, 2018; Kuciel, Kuźnia, & Jakubowska, 

2016; Kuciel, Kuźniar, & Liber-Kneć, 2012; Levinta et al., 2020; Wanli Li et al., 2008; 

McKeen, 2012; S.-L. Zhang, Wang, Jiang, Wang, Ma, & Wu, 2005; Zhishen, Qingbo, Jinhua, 

Hongfang, & Donglin, 1993). 

 

Among nanoscale fillers, 2D nanomaterials have emerged as revolutionary components in the 

field of composites due to their extraordinary properties. Among these, graphene oxide (GO), 

hexagonal boron nitride (h-BN), and molybdenum disulfide (MoS2) have been extensively 

studied for their unique characteristics, e.g., remarkable mechanical strength, large specific 

surface area, high thermal conductivity and stability, electrical insulation and/or 

semiconducting behavior, and outstanding lubricating character (Blase, Rubio, Louie, & 

Cohen, 1994; Brent, Savjani, & O’Brien, 2017; Dean et al., 2010; Furimsky, 1980; Holinski & 

Gänsheimer, 1972; Kinloch, Suhr, Lou, Young, & Ajayan, 2018; P. Liu et al., 2018; Luo et al., 

2017; Rasul, Kiziltas, Arfaei, & Shahbazian-Yassar, 2021). 

 

However, there is still a great challenge regarding filler agglomeration in the production of 

polymer nanocomposites due to the large specific surface area these nanomaterials exhibit, 

which favors their restacking when they are embedded in a polymer matrix. A recent approach 

proposed in the literature to mitigate this effect is the employment of hybrid nanofillers. This 

concept involves the simultaneous incorporation of multiple nanofillers into a polymer matrix 

by carefully selecting and combining fillers such as GO, h-BN, and MoS2. This approach aims 
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to harness the synergistic effects that can arise from the distinct properties of different fillers, 

potentially leading to superior material performance compared to single-filler systems (X. Cui 

et al., 2015; Kavimani et al., 2021; Ribeiro, Trigueiro, Lopes, et al., 2018; Ribeiro, Trigueiro, 

Owuor, et al., 2018; Ribeiro et al., 2019, 2020a). 

 

Another important issue is that, up to this date, most works in the literature have employed 

significant high amounts of nanofillers (> 20 wt%) when studying nanocomposites with 

thermoplastic matrices such as PA 1010, which is detrimental for some intrinsic properties of 

the neat polymer, such as flexibility and ductility. 

 

Therefore, this PhD thesis aims to develop low-content polymer nanocomposites based on PA 

1010 and various 2D nanomaterials, specifically GO, h-BN, and MoS₂. The study covers both 

single-filler systems and hybrid composites, where pairs of these nanomaterials are combined 

to evaluate potential synergistic effects. The composites were fabricated using the conventional 

melt-blending technique in a twin-screw extruder, following a preliminary solid-solid 

deposition method to coat the polymer powder with the nanomaterials, thereby enhancing 

dispersion uniformity prior to extrusion. By employing low nanofiller contents (< 0.5 wt%), 

the intent is to achieve enhancements in functional properties such as thermal conductivity 

while not compromising the inherent mechanical properties of the polymer matrix. 

Additionally, molecular dynamics and microstructural characterizations were performed to 

gain insights into the interactions between each nanofiller and the polymer matrix, offering a 

deeper understanding of the nanocomposites’ structural and functional characteristics. 

 

0.2 Objectives and Outline 

 

The general aim of this thesis is to develop and characterize polymer nanocomposites based 

on PA 1010 and 2D nanomaterials (GO, h-BN, and MoS2) at extremely low contents (0.1 – 0.5 

wt%), focusing on three key areas: (I) physical interactions between polymer chains and the 

nanofillers; (II) changes in the polymer microstructure; and (III) multifunctional properties. 
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To achieve these objectives, a thorough literature review on the subject was performed, which 

is presented in this thesis’ Chapter 1 and published in Polymer Composites. This literature 

review was also selected as the cover article for the issue in which it was published. Then, 

polymer nanocomposites based on PA 1010 and GO, h-BN, or MoS2, applied both individually 

and in pairs, were produced through melt blending in a twin-screw extruder. Three contents 

were investigated, i.e., 0.1, 0.3, and 0.5 wt%, with the final content being kept the same for the 

hybrid composites while applying a ratio of 1:1 for each nanofiller. After acquiring the 

nanocomposites, the different degrees of interaction between each nanofiller and the polymer 

matrix were investigated by studying how the relaxation processes of the polymer chains were 

affected by the presence of the nanofillers. This first study is presented in this thesis’ Chapter 

2 and was published in Polymer. Then, the microstructural changes in the semi-crystalline 

structure of PA 1010 promoted by the addition of the nanofillers, as well as the mechanical 

behavior of the nanocomposites under tensile stress and different environmental conditions 

were investigated. The results of this second study are presented in this thesis’ Chapter 3 and 

were published in Polymer Composites. Lastly, important functional properties for engineering 

applications, i.e., dielectric behavior, tribological aspects, and thermal conductivity were 

investigated. These results are reported in this thesis’ Chapter 4 and were published in Journal 

of Applied Polymer Science. 
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ABSTRACT 

2D materials are a very up-and-coming class of additives in the field of polymer composites 
due to their versatility and exceptional intrinsic properties. This enables researchers to create 
a variety of nanocomposites that can be employed in a myriad of emerging multifunctional 
applications. The performance of such nanocomposites depends heavily on the quality of the 
2D materials, their interactions with the polymer matrix, as well as on their dispersion and 
morphology when embedded in the polymer. In order to control these variables, one needs to 
choose wisely between the available synthesis techniques and mixing strategies, playing with 
the process-structure-property relationships, while keeping in mind the compatibility with 
current industrial infrastructure. Therefore, this paper presents a brief review on the 2D 
materials most used in polymer nanocomposites, the main synthesis techniques and mixing 
routes developed, the state of the art on the most sought-after properties in  different  systems, 
and what are the effects of the morphology evolution. In each section, the main challenges are 
highlighted, and possible strategies to overcome them are presented, e.g., the advent of hybrid 
2D nanostructures, which promote synergistic effects, enabling the combination of properties 
that were not previously achievable on the final material. Finally, the paper ends by presenting 
a perspective of the current state in the development of these emerging multifunctional 
nanocomposites and what are the most important steps that need to be taken, not only 
academically, but also industrially, in order for these materials to start being widely applied 
and become staples in the daily life of humanity. 
 
Keywords: Polymer Nanocomposites; Multifunctional Materials; 2D Materials 
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1.1 Introduction 

 

Multifunctional materials with specific features are starting to be considered one of the 

fundamental pillars in many industries, such as in mobility systems, wearable electronic 

devices, energy storage and conversion, and environmental rehabilitation. In that sense, 

composites based on nanoscale fillers incorporated in a polymeric matrix constitute a very 

interesting class of advanced materials with multifunctional properties. Two-dimensional 

materials (2DM), commonly represented by graphene, with a thickness of just one atomic 

layer, have become steadily more important for composite applications because of their 

considerable surface areas and exceptional physical properties (Kinloch et al., 2018; P. Liu et 

al., 2018). 

 

In the last decades, many new 2DM have emerged beyond graphene, e.g., hexagonal boron-

nitride (h-BN) (Luo et al., 2017), numerous transition metal dichalcogenides (TMDs), such as 

molybdenum disulfide (MoS2), among others (Brent et al., 2017), with their combined 

distinctive optical, electromagnetic, and conductive properties contributing to flexibility and 

mechanical resistance. Figure 1.1 presents the bidimensional structure of these aforementioned 

materials. 
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Figure 1.1 – Top view (a-c), lateral view (d-f), and TEM images (g-i) of the structure of 

graphene, h-BN, and MoS2, respectively. Reproduced with permission from (Coleman et al., 
2011; Hernandez et al., 2008; Jialin Liu, Hui, & Lau, 2022) 

 

Ideally, the use of these materials could result in nanocomposites with impressive 

multifunctional attributes, which explains the astounding increase in the annual number of 

publications with “polymer” and, “graphene”, “boron nitride”, or “MoS2” as keywords from 

2005 to 2022, as presented in Figure 1.2. 
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Figure 1.2 – Annual number of publications with keywords “polymer” and, “graphene”, 

“boron nitride”, or “MoS2” from 2005 to 2022. Source: Scopus. Accessed in November 2022 
 

Moreover, as the maturity of 2DM’s mass production techniques develops (L. Yang, Chen, 

Yu, & Liu, 2021), the emergence of new products with relevant industrial applications shows 

that the technology is accelerated towards the market (Barkan, 2019; Kong et al., 2019; Reiss, 

Hjelt, & Ferrari, 2019). Thus, the scientific efforts regarding 2DM-reinforced polymer 

composites may now change from a purely technology-pushed to a market-pulled approach. 

 

However, it is still a challenge to fully transfer the excellent properties of 2DMs to polymeric 

matrices using traditional processing methods, which involve the direct mixture of the 

nanofillers with polymers in the melt (Mittal, Dhand, Rhee, Park, & Lee, 2015; Yoo, Shin, 

Yoon, & Park, 2014). There are two main limitations: (i) production of 2DM with a controlled 

number of layers, lateral dimensions and surface functionalities, and (ii) obtaining uniform 

dispersions with as little agglomeration as possible, as well as controlling the final morphology, 

i.e., relative orientations, distribution and content inside the polymer matrix (Ma, Siddiqui, 

Marom, & Kim, 2010; Potts, Dreyer, Bielawski, & Ruoff, 2011). 
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Despite the efforts to develop new methodologies to achieve different composites’ 

morphologies using 2DM, there is still a lack of understanding of how to optimize the final 

composites for specific applications, which require multiple properties. This can be partially 

attributed to the large variation of 2DM features in terms of geometry, structural defects and 

functional groups induced by different syntheses (Ma et al., 2010). Moreover, the ideal 

composite morphologies strongly depend on the specific application. For example, aligned 

2DM maximize barrier properties, while an interconnected 3D network with low percolation 

threshold is preferable for homogeneous electrical/thermal conductivity (X. Shen, Zheng, & 

Kim, 2021). Therefore, multifunctional applications can demand exclusive morphologies. 

Another practical example is in electroactive actuators and in energy storage: it is particularly 

desired materials with high dielectric constant and low dielectric loss, but these two properties 

are generally mutually exclusive (Q. Li et al., 2015). Therefore, aiming to attend the strict 

demands required by multifunctional applications, it is extremely important to establish a 

complete comprehension of the process-structure-property relation. 

 

On that account, this paper aims at presenting a critical review on the use of 2DM in polymer 

nanocomposites, more specifically, graphene-related materials (GRM), h-BN, and MoS2. The 

paper starts with a brief definition of these 2DM, addressing some of the interesting properties 

that they present, which makes them so appealing for polymer nanocomposites. Then, the 

biggest and most important challenges to be overcome for the production of 2DM/polymer-

based nanocomposites are presented. These go from the synthesis of nanomaterials, which 

highly influence their intrinsic properties, to the available mixing routes, which define the 

fillers dispersion and their viability for mass production. Afterwards, an individual section is 

given for three of the most fundamental properties towards emerging multifunctional demands, 

i.e., mechanical reinforcement, thermal properties (conductivity and stability), and electrical 

conductivity (EC). Some other miscellaneous properties might be presented throughout this 

manuscript if the specific nanomaterial exhibits an interesting characteristic that is not 

addressed by the main topics. Additionally, the combination of these 2DM as hybrid fillers is 



10 
 

also tackled, enlightening why these 2D hybrid materials show even more promise than their 

individual constituents for some applications. 

 

1.2 2DM Intrinsic Properties 

 

The differentiated properties arising from 2DM are the main reason for their possible 

applications in multifunctional systems. These properties, ranging from mechanical strength to 

electrical behavior, have been evaluated using Scanning Probe Microscopy (SPM) techniques, 

such as Atomic Force Microscopy (AFM) in nanoindentation mode and Scanning Tunneling 

Microscopy (STM) (M. Zeng, Xiao, Liu, Yang, & Fu, 2018). In this context, monolayer 

graphene without structural defects is regarded as one of the most rigid materials due to its  

graphitic bonds (C. Lee, Wei, Kysar, & Hone, 2008). Although other 2DM, such as h-BN 

(Falin et al., 2017), and MoS2 (Bertolazzi, Brivio, & Kis, 2011; Castellanos-Gomez et al., 2012) 

have inferior moduli and ultimate strengths than graphene, these are still significantly higher 

than polymeric materials, as can be verified in Table 1.1. 

 

Table 1.1 – Young's moduli of 2DM obtained from simulations 
2D Material Young’s modulus (GPa) Ref. 

Graphene 1000  (C. Lee et al., 2008) 

GO 200-250 (Suk, Piner, An, & Ruoff, 
2010) 

rGO 250-300 (Gómez-Navarro, Burghard, 
& Kern, 2008) 

h-BN 271 (Falin et al., 2017) 

MoS2 ~ 300 
(Bertolazzi et al., 2011; 

Castellanos-Gomez et al., 
2012) 

GO = graphene oxide; rGO = reduced graphene oxide; MoS2 = molybdenum disulfide; h-BN 
= hexagonal boron-nitride. 
 

The structure and type of bonds present in these nanostructures are not only responsible for 

their excellent mechanical properties, but they are also the base for their multifunctionality. 

For instance, the EC of these 2DM varies in orders of magnitude, going from extremely 

conductive graphene to semiconductor MoS2, and insulating h-BN. Such a vast array of 
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properties theoretically allows the modification of the final composites’ characteristics at will. 

This could be done by choosing the appropriate 2DM or even their hybrids in an adequate 

association. 

 

Regarding the thermal conductivity (TC), monolayer graphene shows a very high value, 

surpassing that of diamond, which distinguishes it as the highest among current materials. Even 

though h-BN has a lower TC than graphene, its low EC makes it useful for applications that 

require TC associated with electrical insulation, e.g., in thermal interface materials (TIMs), 

electrical cables insulation, refractory crucibles, and electronics packaging (Kuang et al., 2015; 

Rasul et al., 2021). This excellent TC arises from the innate crystalline structure of 2DMs, 

which allows the phonons to be transported without much scattering (X. Shen et al., 2021). 

While GRM and h-BN are considered highly thermally conductive fillers, MoS2 has been less 

explored in this field due to its three-atom lamellar structure, which generates higher phonon 

scattering (I. Jo, Pettes, Ou, Wu, & Shi, 2014; Wu Li, Carrete, & Mingo, 2013; Yafei Wang et 

al., 2021). Table 1.2 summarizes the EC of these materials and Table 1.3 their TC. 

 

Table 1.2  Electrical properties of the addressed 2DM and some derivatives. Values 
reproduced from (Tokarczyk et al., 2014; Turchanin et al., 2009) 

2D Material Electrical property  

Graphene Conductive (resistivity < 10 /sq) 

GO Insulating 

rGO Conductive (resistivity = 10-20 k /sq) 

h-BN Insulating 

MoS2 Semiconductor (band gap = 1.4 – 1.9 eV) 
GO = graphene oxide; rGO = reduced graphene oxide; MoS2 = molybdenum disulfide; h-BN = hexagonal boron-
nitride. 
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Table 1.3  Thermal conductivity of the addressed 2DM and some derivatives 
2D Material Thermal Conductivity (Wm-1K-1) Ref. 

Graphene 5000 (Balandin et al., 
2008) 

GO 72 – 670 (Junjie Chen & Li, 
2020) 

rGO 30 – 2600 (Y. Zeng et al., 
2019) 

h-BN 360 (I. Jo et al., 2013) 

MoS2 40 - 50 

(I. Jo et al., 2014; 
Wu Li et al., 2013; 
Yafei Wang et al., 

2021) 
GO = graphene oxide; rGO = reduced graphene oxide; MoS2 = molybdenum disulfide; h-BN = hexagonal boron-
nitride. 
 

Although this class of materials present high conductivities along the basal plane direction, 

they show elevated anisotropy. Graphite’s TC in its thickness is just ~ 6 Wm-1K-1, i.e., three 

orders of magnitude lower than in its basal plane direction. This occurs due to the increased 

phonon scattering across the van der Waals’ interlayer forces (Balandin, 2011). This trend is 

not exclusive to TC. For example, the EC and mechanical performance also manifest 

substantial anisotropy, promoting uneven properties in polymer composites (Z. Wang et al., 

2015; Yousefi et al., 2013, 2014). Some details for each family of 2DM are given below. 

 

1.2.1 Graphene-Related Materials 

 

Graphene is a bidimensional sheet of sp2 hybridized carbon atoms organized in a honeycomb 

structure. As already mentioned, it is considered the “thinnest and strongest material in the 

universe” having exceptional physical and chemical characteristics, which leads to its 

impressive properties. It also has a very large specific surface area (2360 m2g-1), which exceeds 

TiO2 by more than one order of magnitude (33.3 – 174.5 m2g-1). Therefore, high-performance 

nanocomposites are thought to benefit from using it as a filler (Gouzman et al., 2019; X. Sun 

et al., 2021; Young, Kinloch, Gong, & Novoselov, 2012; X. Yu et al., 2017; Zhu et al., 2010). 

In addition, some tailored forms of graphene, such as reduced graphene oxide (rGO), present 

some very interesting optical properties, e.g., the capacity to absorb light energy at visible or 
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near-infrared (NIR) wavelengths and convert it to phonon energy (Leeladhar, Raturi, & Singh, 

2018; Shi et al., 2015; J. Wei et al., 2017). These latter properties have motivated the 

engineering of some photothermal nanocomposites such as actuators (D. D. Han et al., 2015; 

L. Yu & Yu, 2015) and solar steam generators (Liang et al., 2019; G. Wang et al., 2017; H. 

Wang, Mi, Li, & Zhan, 2020). 

 

All of these characteristics made GRM the most employed nanofillers to obtain 

nanocomposites over the last few years (Ashok & Kalaichelvan, 2020; Dong et al., 2022; 

Garcia et al., 2021; George et al., 2021; Hu et al., 2019; C. Liu et al., 2019; Md Said et al., 

2021; Seki et al., 2021; L. S. Su & Tsai, 2021; Z. Yu & Drzal, 2020), as can be seen in Figure 

1.2. It's also important to note that by 2019, papers on graphene/polymer composites account 

for about 50% of all articles on graphene-based composites. The reason for that is the much 

wider range of possible applications for polymer nanocomposites compared to metallic or 

ceramic nanocomposites due to the chemical modifications that this nanomaterial can undergo 

(X. Sun et al., 2021). 

 

1.2.2 Hexagonal Boron Nitride 

Of the three crystalline forms, h-BN is the most stable among boron-nitride materials 

(hexagonal, cubic, and wurzite). It can be found in 0D fullerenes, 1D nanotubes, and the 2D 

nanosheets. Similar to graphene, its atomic structure has boron and nitrogen atoms bonded by  

strong covalent bonds in an hexagonal pattern. In spite of that, its layers are stacked by weaker 

van der Wall’s forces and Lip-Lip bonds, with boron and nitrogen atoms positioned above and 

below one another in neighboring layers. (Golberg et al., 2010; W. Meng, Huang, Fu, Wang, 

& Zhi, 2014; Weng, Wang, Wang, Bando, & Golberg, 2016).  

 

One of the significant material classes with several uses is h-BN/polymer composites 

(Aghajani et al., 2022; Bragaglia et al., 2021; Nie et al., 2022; Öner et al., 2019; Qu et al., 

2021; Salunke & Gopalan, 2021; S. N. Wei et al., 2022; X. Wu et al., 2022; S. Zhou et al., 

2020), encompassing fields like health care and medicine (Xing Chen et al., 2009; Horváth et 

al., 2011), energy storage (Lei et al., 2014; Q. Li et al., 2016), electronic engineering (Jang et 
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al., 2016), and the mobility sector (automotive (Naskar et al., 2016) and aerospace (Hussain et 

al., 2006)). While graphene/polymer nanocomposites have received a lot of attention, less 

focus has been placed on h-BN/polymer composites. However, h-BN is a very interesting 2DM 

to be explored, because, differently from other 2D nanofillers, it is a dielectric due to a wide 

bandgap (~5.6 eV) (Blase et al., 1994; Dean et al., 2010). In addition to this higher electronic 

bandgap, h-BN has better thermal stability than graphene, which makes it the perfect candidate 

for electrical insulation applications (Rasul et al., 2021). Another intriguing feature is that B-

N (Lip-Lip) bonding's partial ionic electronic structure may be beneficial for molecular 

interactions with polymers, as has been already demonstrated by molecular dynamics (MD) 

simulations (Xiaoming Chen et al., 2015). Finally, it also differentiates itself from its 

carbonaceous counterparts by being white, which enables the dying of its composites (Zhi et 

al., 2006).  

 

1.2.3 Molybdenum Disulfide 

 

Molybdenum disulfide (MoS2) is one of the more than 40 possible types of transition metal 

dichalcogenides (TMD). A monolayer of MoS2 structure is formed by a prismatic trigonal 

arrangement of S–Mo–S, constituted of 2 planes of hexagonally arranged sulfur atoms that 

sandwich an also hexagonal plane of molybdenum atoms. These three planes are strongly 

bonded through ionocovalent interactions. Even so, the lamellae are associated to its neighbors 

through van der Waals interactions (Coleman et al., 2011; Dickinson & Pauling, 1923; Mak, 

Lee, Hone, Shan, & Heinz, 2010).  

 

Depending on the lamellae disposition, four different polytypes of MoS2 can be formed, the 

2H (hexagonal), 3R (rhombohedral), and 1T (tetragonal) being the most studied. Among them, 

the most common phase is the thermostable 2H, that occurs naturally as molybdenite, being a 

diamagnetic semiconductor. The 3R phase has the same coordination as the 2H polytype in its 

layers, however, they are arranged in a rhombohedral arrangement. (Singh et al., 2018). The 

1T-MoS2 is conductive and shows a metastable arrangement, being obtained only via synthetic 



15 
 

 

routes (Singh et al., 2018; Wypych & Schöllhorn, 1992). Figure 1.3 illustrates these different 

allotropic forms. 

 

 
Figure 1.3 – (a) Top view of 2H and 1T MoS2 monolayers; (b) Polymorphic structures of 

MoS2. Reproduced with permission from (Mouloua et al., 2021) 
 

MoS2 has been used as a solid-state lubricant and catalyst for hydrogen evolution and 

hydrodesulfurization in bulk form for a very long time (Furimsky, 1980; Holinski & 

Gänsheimer, 1972). However, although the exfoliation of MoS2 to monolayer was performed 

for the first time in 1986 (Joensen, Frindt, & Morrison, 1986), major attention to the material 

was drawn only after the emergence of graphene (P. Li et al., 2021; X. Meng et al., 2019; 

Peddamallu et al., 2019; Ramezani et al., 2022; Sorrentino et al., 2015; L. Xu et al., 2019). As 

soon as Geim and Novoselov’s (Novoselov et al., 2004) discussion on the “electric field effect 

in atomically thin carbon films” gained momentum, several researchers devoted their attention 

to MoS2 and other TMDs. 

 

Due to its superior optoelectronic properties, exfoliated MoS2 is mainly used for optoelectronic 

applications (Rao, Maitra, & Waghmare, 2014). Among promising applications are devices 

such as transistors (Radisavljevic et al., 2011), solid-state lithium-ion batteries (J. Bai et al., 

2019; Du et al., 2010; Santhosha et al., 2019), supercapacitors (Sarkar et al., 2019; Yinrui 
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Wang & Xie, 2020), solar cells (Abd Malek et al., 2020; Shin et al., 2020; Vikraman et al., 

2019) and sensors (Kumar et al., 2017; Pham et al., 2019). Moreover, the non-linear 

susceptibility of monolayer MoS2, which may be ~ 3.4 times higher than that of monolayer 

graphene, brings opportunities for the material in integrated frequency conversion, nonlinear 

switching, and signal processing in telecommunications (Woodward et al., 2017). 

 

1.3 Current Challenges 

 

Although it is known that the mastery of the process-structure-property triad relation is 

essential to achieve multifunctional characteristics in polymer nanocomposites, controlling it 

is still an enormous challenge. In the case of nanocomposites containing 2DM, this hardship 

mainly originates from two reasons: (i) control of the quality during the synthesis of these 

2DM; (ii) viability of mixing techniques in different polymer systems and scalability. Some 

aspects of these two challenges are reviewed below. 

 

1.3.1 Structural Defects 

 

A characteristic that affects 2DM properties is related to structural defects, or presence of 

functional chemical groups that can promote the breakage of the nanostructures symmetry 

(Addou & Colombo, 2022). For instance, edge effects and folding of the nanosheets in 

graphene can lead to a lower modulus, ~ 500 GPa, almost half of a defect-free monolayer 

graphene sheet (Q.-Y. Lin et al., 2013; Ruiz-Vargas et al., 2011). The moduli of graphene's 

chemical derivatives graphene oxide (GO) and reduced graphene oxide (rGO) are also 

significantly lower, as shown in Table 1.1 (Gómez-Navarro et al., 2008; Suk et al., 2010). 

Although these values are below those of pure graphene, they are nevertheless superior to those 

of conventional fillers, e.g., carbon black and titanium dioxide (TiO2), which are in the order 

of 4.1 - 27.6 GPa and 230 - 288 GPa, respectively (T. Chen, Qiu, Zhu, & Li, 2016; Dittrich, 

Wartig, Hofmann, Mülhaupt, & Schartel, 2013). 
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Graphene’s EC and TC are substantially reduced by defects, as well as by the presence of 

functional groups, as can be seen in Table 1.2 and Table 1.3. This occurs due to electron and 

phonon scattering, where the sp² hybridization of the carbon atoms changes to sp³ (Jung, Dikin, 

Piner, & Ruoff, 2008; X. Shen, Wang, Wu, Liu, & Kim, 2016). It is well known that GO 

presents lower EC and TC than neat graphene. Therefore, it is often reduced to partially recover 

graphene’s characteristic C=C bonds (Jung et al., 2008). However, even after reduction, both 

conductivities remain much lower than those of pristine graphene. The inherent properties of 

2DM are thus adversely affected by functionalization, despite the fact that functional groups 

are required to increase their dispersion and interfacial dynamics with polymer matrices. In 

order to balance the interfacial quality of nanomaterials in composites with their inherent 

qualities, a compromise must be made. 

 

Although defect structures are more discussed in GRM due to the great interest in graphene’s 

chemical derivatives, the other 2DM are not exempt from it. In the case of h-BN, defects are 

usually formed during its synthesis. There are three main types of defects that are more 

common for this 2DM, i.e., N and B vacancies (VN and VB), antisites (NB and BN), which is 

when a N atom takes the place of a B atom and vice-versa, and carbon substitution (CN and 

CB), which is when a C atom takes the place of either a N or B atom. 

 

These defects have been investigated theoretically through density functional theory (DFT) 

simulations and experimentally observed (Azevedo, Kaschny, De Castilho, & De Brito Mota, 

2007; Jiménez et al., 1998, 1997). It has been noticed that CN/CB are the most stable defects, 

while antisites are more likely to occur than vacancies. Nonetheless, VN and VB can also arise, 

and they interestingly present opposite effects on the lattice. While VN tends to create a 

“contraction”, reducing the distance between the first-neighboring B atoms, more expressive 

deformations are produced by VB, since it leads to an increase in that distance due to repulsion 

from the neighboring N atoms (Azevedo et al., 2007). 

 

In respect to MoS2, the 2D lattice may present a nearly limitless number of defects, as has been 

demonstrated for GRM (Banhart, Kotakoski, & Krasheninnikov, 2011). However, due to the 
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additional complexity imposed by the three-dimensional architecture and the binary element 

system involved, structural defects have been less investigated in MoS2 (W. Zhou et al., 2013). 

Thus, only the simplest intrinsic defects will be presented here. Similar to h-BN, these consist 

basically on different possible vacancies and antisites atoms created during the growth in 

bottom-up processes, being much less observed in samples obtained by top-down approaches 

(Banhart et al., 2011). For example, it has been demonstrated both theoretically and 

experimentally that MoS2 and S2Mo antisite defects have higher formation energies, whereas 

VS has the lowest, making it the most easily observable (W. Zhou et al., 2013). 

 

It’s also curious that S divacancies (VS2) require almost twice as much energy as single VS to 

form, which diverges from GRM, in which divacancies are energetically favored over 

monovacancies (G. Do Lee et al., 2005). Additionally, it has been observed that, since the 

neighbor S atoms from a VMo become loose, it is unusual for a VMo to occur, more commonly 

being observed complex vacancies, e.g., VMoS3. However, this can be leveraged for 

applications where active edge sites are desirable, such as chemical sensing and hydrogen 

generation (Kumar et al., 2017; Pham et al., 2019; T. Wang et al., 2014). It’s worth mentioning 

that, despite not being the scope of this work, many other dislocations have been predicted for 

MoS2 structures, which could be utilized in the future to modify the material's characteristics 

for particular uses (W. Zhou et al., 2013). 

 

1.3.2 Synthesis Methods 

 

The selection of a proper synthesis method is essential, because it will define not just  the level 

of structural defects, but also the number of layers (n), degree of functionalization, and lateral 

size. When the aspect ratio decreases, which can be due to increased n or shorter sheets, inferior 

properties arise. For example, an eight-layer graphene has a modulus and ultimate strength 

30% lower than a monolayer graphene due to the slippage of layers (Falin et al., 2017). A 

similar trend occurs for TC. When it surpasses 4 layers, TC gets close to bulk graphite (~ 1300 

Wm-1K-1) (Ghosh et al., 2010). 
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There are three variations that can be applied for the top-down synthesis of 2DM: (i) liquid 

phase exfoliation; (ii) chemical exfoliation; (iii) intercalation-assisted exfoliation. Figure 1.4 

summarizes the most common approaches for exfoliating 2DM, highlighting each procedure’s 

main advantages and disadvantages. 

 

 
Figure 1.4 – Main procedures adopted to exfoliate 2DM, highlighting their main advantages 

(green) and disadvantages (red) related to the nanomaterial’s features: (a) Direct liquid 
exfoliation; (b) Chemical exfoliation; (c) Exfoliation assisted by intercalating agents 

 

The top-down exfoliation of bulk crystals in solvents using sonication or high shear is the most 

straightforward method to create 2DM for composites, providing sufficient mechanical energy 

to separate the nanosheets. A large variety of 2DM, including graphene (Hernandez et al., 

2008; Paton et al., 2014), h-BN (Coleman et al., 2011), and MoS2 (Coleman et al., 2011; Varrla 

et al., 2015), have already been successfully produced by this technique. Its main advantage is 

the maintenance of the crystalline network with few defects. However, in other media, the 

absence of functional groups makes it more challenging to disperse 2D nanosheets. The most 

used solvents, usually chosen by the match of their surface tension and the crystal’s surface 

energy, are organic solvents such as dimethylformamide (DMF) or n-methyl-2-pyrrolidone 

(NMP) (Chhowalla et al., 2013; Jawaid et al., 2016), ionic liquids, or their combinations. The 

exfoliation in other media is also possible in the presence of surfactants, but such procedure 

predominantly yields multilayer particles even after prolonged times of sonication and shear, 
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which is harmful to the sheets’ lateral size, i.e., the material's aspect ratio (Hennrich et al., 

2007; Khan, O’Neill, Lotya, De, & Coleman, 2010). However, stable dispersions of few-layers 

MoS2 were recently obtained through exfoliation in water without any surfactant (Rodriguez 

et al., 2020). It was proposed that hydrogen atoms provided by H2O molecules decorated MoS2 

edges during the exfoliation, making the nanosheets dispersion highly stable. Moreover, it was 

found that due to the optimized geometry of MoS2 with thiol (S–H) decorated edges, the 

crystallinity of the material was kept higher than non-functionalized flakes. 

 

The Hummers' method, which involves using strong oxidizing agents like potassium 

permanganate (KMnO4) and sulfuric acid (H2SO4) to produce oxygenated functional groups 

like epoxide, hydroxylic, and carboxylic groups that increase the lattice spacing in graphite 

derivatives, can be used to make layer separation easier (Hummers & Offeman, 1958). The 

obtained groups facilitate the nanosheets' exfoliation, which increases the stability of the 

material in water and, consequently, the yield of particles with fewer layers and larger sheet 

lateral sizes (J. E. Kim et al., 2011; Z. Xu & Gao, 2011). However, the crystal lattice structures 

originally formed by sp2 hybridized carbons suffer significant changes when there are 

oxygenated functional groups, leading to much lower EC and TC. This makes chemical or 

thermal reduction an interesting step before the fabrication of composites that require high 

conductivity (X. Lin et al., 2012; Stankovich et al., 2007). 

 

A modified Hummers’ approach or other chemicals like sodium hydroxide (NaOH) have also 

been used to exfoliate h-BN and MoS2 (Jing et al., 2017; X. Li et al., 2013; G. Zhao et al., 

2015). In the case of h-BN, the smaller interplanar distance makes its exfoliation much more 

difficult than that of graphene (N. Wang et al., 2019), promoting preferential functionalization 

only at the edges (Jing et al., 2017). As a result, some investigations have attempted to 

maximize exfoliation using a ball mill while urea, furoic acid, or NaOH is included. Although 

this step increased the exfoliation, the lateral dimensions were significantly reduced due to the 

high energy applied by the mill. On the other hand, hydroxyl and amine groups at the edges of 

h-BN have been beneficial for dispersion and interfacial interactions with different solvents 

and polymeric matrices (Ding, Zhao, & Yu, 2018; D. Lee et al., 2015; Lei et al., 2015). 
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A third alternative mentioned in the literature is exfoliation assisted by intercalating agents. 

For example, a pre-step can be used to intercalate acids, such as H2SO4, or HNO3, between the 

basal planes of the bulk material, after which expanded graphite (EG) is created by thermal 

expansion (Geng, Wang, & Kim, 2009). As EG has a much greater interplanar distance than 

the original graphite, exfoliation is already possible with moderate mechanical agitation, which 

avoids excessive breakage, allowing the production of 2D nanomaterials with a lateral size of 

up to 50 m (Geng et al., 2009; J. Li, Sham, Kim, & Marom, 2007). Since there is no expressive 

functionalization of the basal planes, the formed nanomaterial continues to exhibit expressive 

EC and TC. Although acids, such as H2SO4, and H3PO4, have also functioned as efficient 

intercalating agents for h-BN (Kovtyukhova et al., 2013), allowing exfoliation of monolayers 

with lateral sizes > 10 m (Kovtyukhova, Perea-López, Terrones, & Mallouk, 2017), it was 

noticed that ionic liquids and Li+ are effective in the intercalation of MoS2 [168,169]. 

 

1.3.3 Preparation Methods 

 

Another key factor to achieve multifunctional characteristics in polymer nanocomposites is 

strongly related to how the nanofillers are added to the matrix. These nanocomposites are 

typically manufactured by three processes: (i) in-situ polymerization; (ii) solvent casting; (iii) 

melt mixing. Figure 1.5 presents the basic principles of each technique along with a summary 

of their advantages and disadvantages. 
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Figure 1.5  Different processing methods for polymer nanocomposites, highlighting its 
main advantages (green) and disadvantages (red): (a) in-situ polymerization; (b) solvent 

casting; (c) melt compounding 
 

In the first method, the nanofiller and the monomer are mixed in a reaction chamber prior to 

polymerization (Galpaya et al., 2012; O’Neill, Bakirtzis, & Dixon, 2014). The liquid monomer 

is initially used to incorporate the nanofiller before polymerization is started using a suitable 

initiator and either radiation or heat (Kuilla et al., 2010; Verdejo, Bernal, Romasanta, & Lopez-

Manchado, 2011). Through several chemical reactions, covalent bonds are formed between the 

nanofiller and the polymer. Since the polymer macromolecules grow in between the filler’s 

layers, this method is known to achieve the highest degree of exfoliation (F. Meng et al., 2017), 

as well as the lowest percolation thresholds (Papageorgiou, Kinloch, & Young, 2015). 

 

Solvent casting is considered the simplest method for preparation of polymer nanocomposites. 

In this procedure, the polymer and nanofiller are dissolved or dispersed in a suitable solvent 

(B. Li and Zhong 2011). The nanocomposite is then produced by precipitating or casting a film 

with further evaporation of the solvent (Mensah et al. 2018; Madhad and Vasava 2019). 

Compared to other methods, solvent casting provides a simpler preparation process, however 

it is unhealthy and environmentally unfriendly, since it usually requires the use of organic, 

toxic solvents (Fu, Yao, and Yang 2015). 
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The melt blending technique has been regarded as the most practical, realistic, and economical 

method for manufacturing nanocomposites (Fu, Yao, and Yang 2015). The polymer is heated 

to a high temperature, which melts it and blends it with the nanoparticles using high shear and 

extensional forces. Since the matrix is already polymerized and not solubilized, it presents a 

greater challenge compared to the other approaches to properly disperse the nanofillers. 

Nevertheless, this approach is thought to lead to industrial processes that are more compatible, 

ecologically benign, and cost-effective due to the much higher production rates and the absence 

of toxic solvents (Madhad et al. 2021; Verdejo et al. 2011; Hussain et al. 2006; Mohan et al. 

2018; Muñoz et al. 2018; H. Kim, Abdala, and Macosko 2010). 

 

Due to the aforementioned advantages of the melt blending technique, much research has been 

devoted to improving, and even tailoring, the morphology of nanocomposites obtained by such 

process (W. hua Xu et al. 2021; Muñoz et al. 2018; Danda et al. 2020). For example, our 

research group has recently performed a study based on design of experiments (DOE) to 

identify what would be the best way to add 2DM into the polymer matrix. Two strategies were 

investigated, as can be verified in Figure 1.6Figure , and it was observed that coating the 

polymer powder with exfoliated 2DM prior to melt mixing (solid-solid deposition - SSD) 

improved the dispersion and amount of nanosized particles, while feeding the 2DM liquid 

dispersion directly in the extruder (liquid-phase feeding - LPF) promoted a higher aggregation 

trend (Muñoz et al. 2018). 
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Figure 1.6 – Different strategies developed to insert 2DM into the polymer matrix through 
melt compounding: SSD is based on the deposition of the exfoliated nanosheets onto the 

surface of the polymer powder prior to melt mixing; LPF is based on feeding the 2DM liquid 
suspension directly into the extruder. Reproduced with permission from (Muñoz et al. 2018) 

 

Alternatively, it has recently been proposed the use of a one-step melt mixing method based 

on the dynamic interplay involving alternating convergent and divergent flows and steam 

explosion (Xu et al., 2021). This approach is of interest because it does not require chemical 

agents or complex procedures, since the fast exfoliation of water-infiltrated EG into few-layer 

graphene nanosheets and synchronous dispersion in melts are made possible by the co-action 

of the internal force produced by steam explosion and the exterior force received from 

elongational melts. However, it is important to point out that this strategy is viable only for 

polyolefins and other non-polar thermoplastics, since they are not sensitive to water during 

melt processing, while polar matrices, e.g., polyesters, polyamides, and polycarbonates are 

susceptible to hydrolysis. 
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1.4 Mechanical Properties 

 

This section will address the main results in the literature regarding the advent of 2DM as 

mechanical reinforcements for polymer nanocomposites. Special care is taken to detail the 

fundamental features of 2DM that mainly influence their degree of reinforcement, or lack 

thereof. These consist basically in the 2DM stacking, presence of structural defects, and sheet 

lateral size (specific surface area). Then, some strategies and conditions that may improve the 

efficiency of reinforcement are presented, e.g., functionalization, processing techniques that 

allow the tailoring of the nanocomposites’ final morphology, employment of hybrid 2DM, and 

even environmental parameters. 

 

1.4.1 Physical Characteristics 

 

1.4.1.1 Number of layers 

 

As previously described, the number of layers is a very significant feature that influences the 

intrinsic mechanical properties of 2DM. Therefore, the same is valid for their polymer-based 

nanocomposites, where an increased number of layers can be deleterious. The relationship 

between the number of layers in 2DM and the mechanical properties of its polymer 

nanocomposites has been experimentally studied. It was revealed that there is good stress 

transfer between both the monolayer and bilayer graphene and the polymer matrix. However, 

tri-layer and multilayer graphene showed less effective stress-transfer, which was credited to 

the slippage across internal graphene layers. Therefore, as there are more layers added, the 

nanocomposite's modulus drops (Gong et al. 2012). 

 

It has also already been proven that the agglomeration effect, detrimental for the reinforcement, 

is induced by the use of high filler contents. For example, 40 wt.% of h-BN led to decreases of  

~ 80% and 20% in tensile strength and elastic modulus, respectively, in an epoxy matrix (X.-

B. Wang et al. 2014). Since higher filler contents favor the formation of aggregates, one needs 
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to be very cautious about how much filler is introduced into the polymer so that the mechanical 

properties are not prejudiced.  

 

This effect has recently been proposed to originate from a “superlubricity state” when the 

lamellar material is subjected to high shear stresses. It has been demonstrated that it is not 

precisely stacked layers that slip, since the required shear force for that would be too high, 

even during melt processing. What actually happens is that when the filler is not sufficiently 

distributed, different clusters can aggregate in an out-of-register orientation. This effect is 

different from the precise re-stacking of layers, requiring much lower stresses to promote 

slippage. Therefore, in such cases, there might be a disaggregation of these smaller clusters 

(Ferreira, Andrade, & Fechine, 2019; Ferreira, de Lima, & Fechine, 2020), as depicted in 

Figure 1.7a. 

 

 
Figure 1.7 – (a) Superlubricity effect of agglomerates; (b) and (c) are SEM images exhibiting 

toughening mechanisms from the sliding and debonding of GRM flakes on the fractured 
surface of a 0.07 wt% PC/rGO composite and a  0.54 vol% epoxy/GNP composite, 

respectively. Scale bar is 5μm in (b). Reproduced with permission from (Ferreira et al., 2019; 
J. Wang et al., 2017; Wu et al., 2015) 
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On the other hand, it has also been demonstrated that this effect can actually be beneficial in 

some situations, e.g., as observed for polycarbonate (PC) and epoxy nanocomposites (Figure 

1.7b,c) (J. Wang et al., 2017; Wu et al., 2015). It can clearly be seen in the SEM images from 

the fractured surfaces that debonding takes place not only at the matrix/GRM interface, but 

also at flake-flake contacts, causing microcracks around the nanosheets. As a result of this 

additional mechanism, primarily driven by the sliding of the flakes, the nanocomposite's 

toughness can be substantially improved (J. Wang et al. 2019; Chandrasekaran et al. 2014), 

increasing by 46% for PC/0.07 wt% rGO and nearly 900% for epoxy/0.8 vol% GNP, 

respectively. 

 

1.4.1.2 Presence of Structural Defects 

 

The final mechanical behavior of nanocomposites will be significantly influenced by structural 

defects, not just because they affect the intrinsic properties of 2DM, but mainly for the reason 

that the polymer-filler interface will be affected by them. This has been verified by molecular 

dynamics (MD) simulations based on three different structural defects. It has been observed 

that, even though interfacial and shear strength were negatively affected by single vacancy 

(SV) and double vacancy (DV), Stone-Wales (SW) defects improved the mechanical 

properties of nanocomposites (M. Li et al. 2017). These SW defects are presented in Figure 

1.8a, and consist on the rotation of C-C bonds in 90°, which changes four adjacent benzene 

rings with sp2 hybridization to pentagons and heptagons in the atomic structure. 
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Figure 1.8 – (a) Formation of Stone-Wales defect in the graphene structure; (b) Increased 
surface roughness generated by SW defects in the graphene structure; (c) Variations in the 

interaction potential energy between pristine graphene and SW-graphene with PMMA 
polymer chains during NPT simulations. Adapted with permission from (B. Yang et al. 

2021a) 
 

As the presence of SW defects increases the surface roughness of graphene sheets (Figure b), 

SW-graphene has a stronger adsorption capacity and interaction with polymer molecular 

chains, which limits their mobility (B. Yang et al. 2021a). Figure 1.8c illustrates this effect by 

comparing the interaction potential energy of pristine graphene and SW-graphene with 

polymer chains during isothermal-pressure ensemble (NPT) simulations. It can be seen that, 

due to the introduction of “ravines” and “pits” on the surface of SW-graphene, it becomes more 

capable of binding polymer chains. 

 

Similarly, another MD simulation study checked the effect of such defects not just on the 

interaction energy with polymer macromolecules, but also on the interfacial shear strength and 

on the pull-out energy. Curiously, it was verified that, even though SW defects indeed promote 

a higher interaction with polymer chains than DV, the interfacial shear strength and pullout 

energy are more affected by DV than SW defects. Therefore, it was stated that the interfacial 

bonding strength must not be the determining factor in the interfacial shear strength of these 

systems, with the surface roughness, which is more prominent with DV defects, playing a more 

important role in creating mechanical interlocking between 2DM’s surface and the polymer 
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chains. Nevertheless, it was noticed that, when these nanosheets are functionalized with 

hydroxyl groups, the opposite is true. That is because these hydroxyl groups become more 

exposed to the macromolecules when the sheets are not as pleated. Since DV defects create 

more pronounced deformations on the bidimensional plane, the functional groups become less 

exposed, which hinders their capability to increase the interfacial shear strength (Xin, Duan, 

and Mu 2020). 

 

1.4.1.3 Lateral Dimensions 

 

The nanofiller aspect ratio is perhaps one of the most recognized factors that influences the 

mechanical characteristics of nanocomposites. As it is widely known, 2DM with a larger lateral 

size are better suited to act as mechanical reinforcement in polymers due to more interaction 

sites available for stress transfer. This has been demonstrated in the literature by both 

theoretical and experimental investigations. 

 

MD simulations have been used to investigate the influence of 2DMs’ sheet lateral size on 

their mechanical reinforcing capabilities. A greater number of exposed atoms are available in 

nanoparticles with larger surface area to volume ratios, which leads to more molecular 

interactions with polymer chains, i.e., larger interfaces. Consequently, 2DM with larger lateral 

dimensions act better as mechanical reinforcements, since the stress created at the interface is 

proportional to the stress generated within the nanomaterial sheets. (Kelly and Macmillan 

1986; Rouhi 2016). 

 

These theoretical results, which were obtained for h-BN, are experimentally confirmed in the 

case of graphene. Indeed, the effect of the size of graphene nanosheets has been evaluated, 

ranging from 20 nm to 1 m. It was observed that, as the size of the platelet increased, the 

mechanical reinforcement was larger, as can be seen in Figure 1.9a (J. Kim et al. 2017). Since 

larger nanosheets have more friction during pullout from the matrix due to a larger interface, 

the energy needed to fracture the polymer composite should indeed be higher with increasing 

sheet size. This is clearly visible in the SEM images of the fractured surfaces (Figure 1.9b). In 
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contrast to the smooth surface of the neat polymer, the composites exhibit rippling patterns 

that become denser when the lateral size of the 2DM is increased, which is translated into more 

energy being dissipated by the material before failure. 

 

 
Figure 1.9 – Polymer composites’ mechanical properties as a function of GRM lateral sheet 

size: (a) Ultimate tensile strength and toughness of graphene/epoxy nanocomposite as a 
function of graphene lateral size (GQDs = graphene quantum dots; GF_S = small graphene 
sheets; GF_M = medium graphene sheets; GF_L = large graphene sheets); (b) SEM images 

of the composites’ fractured surfaces as a function of GRM lateral size. Adapted with 
permission from (J. Kim et al. 2017) 

 

A similar behavior was observed in a study of PET/multi-layer graphene oxide (mGO) 

nanocomposites. It was verified that, when mGO is better dispersed in the polymer matrix, its 

specific surface area increases. Therefore, there is more interfacial adhesion in the composite 

as a whole, which enables more dissipation of strain energy when subjected to mechanical 

stresses (Pinto, Silva, & Fechine, 2020).  
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1.4.2 Strategies to Improve Reinforcement 

 

1.4.2.1 Functionalization 

 

Some polymer matrices may present some degree of interaction with 2DM without further 

functionalization, e.g., tensile strength, elongation at break, and toughness were improved by 

27%, 94%, and 100%, respectively, by using ultra-low concentrations (0.05 wt%) of MoS2 in 

a PS matrix (Rodriguez et al. 2021). When it is considered that these nanocomposites were 

developed using the straightforward melt compounding approach, these findings are even more 

astounding. However, this is only due to the good interaction of the nanofiller with some 

polymers. In such cases, hydrogen bonding is considered a major factor. On the other hand, 

for polymers that have no available sites for such interactions, a suitable strategy for the 

improvement of interface is functionalization, which may be covalent or non-covalent.  

 

While covalent functionalization allows the polymer chains to chemically bond to the surface 

of the nanofiller, non-covalent functionalization only creates sites where stronger physical 

interactions are possible, e.g.,  -  interactions and hydrogen bonds (Sayed-Ahmad Baraza 

2019; Hirsch and Hauke 2018; Punetha et al. 2017; Layek and Nandi 2013). For instance, a 

simultaneous increase in the maximum stress and ductility, resulting in 134% increase in the 

toughness of PVA, using only 0.5 wt% MoS2 has been demonstrated after functionalizing it 

with hydroxyl groups. As a result, hydrogen bonding between the polymer and the nanofiller 

was boosted, being noticed through significant displacement in the infrared stretching 

vibrational mode of the PVA hydroxyl groups (ߥOH) (J. Zhang et al. 2019). A similar approach 

was adopted for developing MoS2/Nylon-6 nanocomposites. Lipoic acid covalently attached 

to the MoS2 surface offered carboxyl terminal groups as initiators for in situ polymerization of ߝ-caprolactam. Thus, the macromolecular chains grew chemically linked onto the MoS2 

nanosheets. As a result, with the amount of only 0.1 wt%, the tensile modulus and strength 

increased by 42% and 50%, respectively, compared to only 10% and 14% without 

functionalization (X. Wang, Kalali, and Wang 2015). 
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Functionalization is more widely common in GRM/polymer composites, even when dealing 

with polymers that may present good affinity due to polar groups. This is explained by the 

greater interest that GRM has attracted. To exemplify this trend, some functionalized-

GRM/PET nanocomposites are presented in Table 1.4. 

 

Table 1.4 – Influence of functionalization on GRM/PET based nanocomposites’ mechanical 
properties 

Functionalization Mixture 
Method Content (wt%) Highlights Ref. 

Alkyl-ether groups Solution 
blending 0.5 

Improvements of ~ 
100%, 56%, and 67% in 
the tensile strength, 
Young’s modulus, and 
strain at break, 
respectively. 

(Shim et al. 
2012) 

Pyrene-terminated 
molecule Melt mixing 1.0 

Impact strength 
increased by a factor of 
9 

(Tong et al. 
2017) 

Trimellitic 
anhydride Melt mixing 1.0 

Increase of 12.2% in 
Young’s modulus, 
without significant loss 
of elongation at break 

(Aoyama et 
al. 2018) 

Amine, amide, and 
magnetite Melt mixing 0.1 

Low degree of 
functionalization led to 
increases of ~ 18% in 
strain at break, 87% in 
tensile 
strength, 38% in 
Young's modulus, and 
256% in toughness in 
respect to neat PET 

(Souza et 
al. 2021) 

 

It is noticeable that the insertion of functional groups can lead to better interactions between 

2DM and polymers, as can be observed in Figure 1.10, where the GRM presents a much larger 

interfacial area with the polymer matrix after functionalization with dodecyl-ether functional 

groups. This enables the use of very low filler contents. Nevertheless, one has to be cautious 

about how much the crystalline structure of 2DM, which is responsible for their potential 

mechanical properties, is affected by functionalization. If the crystalline plane becomes 

excessively distorted, it may lose some of its advantageous properties (Sun, Li, Zhang, & Yang, 

2020; Xin, Duan, & Mu, 2020). It is also worth mentioning that functionalizing 2DM adds 
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another step in the production ladder, which may take significant time and not be as industrially 

viable. 

 

 
Figure 1.10 - SEM images of 0.1wt% PET/GO nanocomposites obtained by solution 

blending without (a) and with (b) functionalization of GO sheets by dodecyl-ether groups. 
Images were acquired with a voltage of 5.0 kV. Reproduced with permission from (Shim et 

al. 2012) 
 

1.4.2.2 Morphology Tailoring 

 

Even though it would be interesting to assemble interconnected pre-networks to avoid 2DM 

agglomeration in polymer matrices, for instance, by forming a nanomaterial pre-network based 

on a metallic foam template, and then infiltrating it with polymer resin (Jia et al., 2014), these 

techniques are highly complex and not easily adaptable to industrial thermoplastic processes. 

 

However, to optimize the dispersion and orientation of the nanofiller inside the polymer matrix, 

several processing techniques can be used. For instance, the alignment of 2DM inside the 

matrix might result from the composites’ uniaxial or biaxial drawing and stretching. An 
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increased ratio of 11 in Young’s modulus has been obtained for ultrahigh molecular weight 

poly(ethylene) (UHMWPE)/h-BN composites, and polyvinyl chloride (PVC)/h-BN 

composites had their tensile strength increased by 100% after such operations (Tajaddod et al. 

2016; Jan et al. 2014). Figure 1.11 presents the increase in Young’s modulus acquired in the 

UHMWPE/h-BN composites after drawing due to the additional exfoliation and dispersion 

promoted by this process. 

 

 
Figure 1.11 – (a) Increase in Young’s modulus after drawing of h-BN/UHMWPE 

nanocomposite; (b) SEM images comparing the UHMWPE/h-BN composites morphology 
before and after the drawing process, highlighting the enhanced exfoliated nature of the h-BN 

sheets in the drawn sample. Reproduced with permission from (Tajaddod et al. 2016) 
 

Another interesting approach combines the advantage of functionalization with different 

processing methods. In this case, noncovalently functionalized 2DM are pre-incorporated into 

the polymer matrix via solvent mixing to produce masterbatches, and it is subsequently diluted 

to the final composition by melt blending. The employment of such approach led to an 

astounding 26.6 fold increase in elongation at break for a PLA/fGO system at only 0.2 wt% 

without losing its tensile strength (Zhang et al., 2018). Even though these results are indeed 

impressive, this strategy still requires an additional processing step to produce the 

masterbatches by solution casting. 

 

An alternative would be substituting some of the regular kneading blocks (KB) by extensional 

mixing elements (EME) in the mixing zone of an extruder. It has been shown that the increased 
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elongational flow promoted by these special mixing elements significantly improves the 2DM 

exfoliation in the matrix during melt blending, which is especially hard to achieve with simple 

KB (Danda et al. 2020). Consequently, the total interface between the two phases is also 

increased, which leads to much higher transfer of properties from the polymer matrix to the 

nanofiller, as can be verified in Figure 1.12 for a TPU/GO nanocomposite at only 0.25 wt%. 

 

 
Figure 1.12 – Effect of employing extensional mixing elements during the melt blending of a 
TPU/GO nanocomposite at 0.25 wt%: (a) Normalized mechanical properties as a function of 

mixing element. Inset: Extensional mixing elements with different elongational rates; (b) 
SEM image of the fractured surface of the nanocomposite mixed by kneading blocks, 

evidencing the presence of large agglomerates; (c) SEM image of the fractured surface of the 
nanocomposite mixed by extensional mixing elements, evidencing the better level of 

dispersion. Adapted with permission from (Danda et al. 2020) 
 

 

 

 

 

1.4.2.3 Hybrid 2DM 

 

A very promising alternative to functionalization and to the employment of more complex 

processing strategies could be the use of 2DM in the form of hybrids, i.e., combining different 
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2DM that could lead to synergistic effects in polymer nanocomposites. Table 1.5 presents some 

examples of studies that investigated such hybrid systems. 

 

Table 1.5 – Effects of 2DM nanohybrids on the mechanical properties of polymer 
nanocomposites 

Polymer matrix Hybrid filler Content (wt%) Highlights Ref. 

Epoxy GO/h-BN 0.5 

Increases of 140% in 
tensile strength, 177% in 
ultimate strain, and 32% 
in elastic modulus 

(Ribeiro, 
Trigueiro, 
Owuor, et 
al. 2018) 

Polyurethane GO/h-BN 0.5 

Increases of 85% in 
tensile strength, and 
140% in Young’s 
modulus 

(Ribeiro 
et al., 
2020) 

Polyurethane h-BN/MoS2 0.5 

Increases of 80% in 
Young’s modulus, and 
102% in the elastomer 
crosslink density 

(Ribeiro, 
Trigueiro, 
Lopes, et 
al. 2018) 

Epoxy h-BN/MoS2 1.0 

Increases of 95% in 
tensile strength, 60% in 
ultimate strain, and 58% 
in Young’s modulus 

(Ribeiro 
et al. 
2019) 

GF-reinforced 
epoxy rGO/MMT 0.3 

Increases of 97% in 
tensile strength, and 
44.5% in flexural 
strength, along with 
enhancements in  the 
energy absorption 
capability 

(Kavimani 
et al. 
2021) 

 

It is evident that through this strategy, great mechanical improvements are achieved at very 

low filler contents. To explain the phenomena of how 2DM nanohybrids act, MD simulations 

have been performed with a focus on the system stabilization energy. According to the 

findings, hybrid 2DM can stop exfoliated layers from becoming stacked again, since the force 

necessary to promote the separation of layers is much lower than with a single 2DM, as can be 

seen in Figure 1.13. This illustrates how the nanostructures work together to improve 

dispersion in the composite, proving their synergism. 

 



37 
 

 

 
Figure 1.13 - MD simulations of GO/h-BN hybrid stacking structure and how its eases the 
displacement of nanosheets under shear and normal forces compared to individual fillers. 

Reproduced with permission from (Ribeiro, Trigueiro, Owuor, et al. 2018) 
 

1.4.3 Environmental Aspects 

  

Although the intrinsic characteristics of 2DM, as well as the morphology in polymer 

nanocomposites, are extremely important aspects that need to be considered when assessing 

the mechanical properties of a final product, the environmental conditions are also something 

to consider. For example, for uses like hydrogen storage tanks in electric vehicle fuel cells, 

sterilization tanks for space missions, and structural components in the aerospace industry, 

composites with excellent mechanical performance in low temperatures are necessary 

(Govindaraj, Fox, Aitchison, & Hameed, 2019). Additionally, hierarchical composites for 

structural and high velocity impact resistance applications, such as ballistic protection, are also 
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a promising field for 2DM (Clifton et al. 2020; Valorosi et al. 2020). With that in mind, 

experimental studies have been conducted to investigate hierarchical polymer nanocomposites 

that could be applied in these situations. 

 

The inclusion of 2DM has been a promising method for improving the performance of fiber-

reinforced polymers, in which the fiber surface is modified to increase its surface area and 

ensure better adhesion and stress transfer at the interface. For that, a continuous coating 

process, in which carbon fibers (CF) are directly submersed in a graphene dispersion can be 

employed (Valorosi et al. 2020; Karger-Kocsis, Mahmood, and Pegoretti 2020; Qin et al. 

2015). This method has been effective in enhancing the cryo-mechanical attributes of 

composites made of short carbon fibers (SCF) and poly(ether-sulfone) (PES). When GO was 

applied to the SCF surface, the cryogenic mechanical characteristics significantly improved. 

Figure 1.14 illustrates the difference between the tensile strength improvement for this PES 

hierarchical nanocomposite at room temperature (RT) and cryogenic temperature (CT). The 

proportion of matrix adhering to the pulled-out GO-coated fiber is more substantial at CT than 

at RT, which explains the enhanced cryogenic mechanical properties (Li, Hua, Qu, Xiao, & 

Fu, 2016). A similar response was achieved for a graphene/epoxy composite. While at RT the 

percentage increase in tensile strength was only 3.5%, at CT it was 17.1% at only 0.1 wt% 

(Shen et al., 2012). Due to the discrepancy in the coefficients of thermal expansion (CTE) at 

such temperatures, the clamping stress created at CT on the 2DM-polymer interface has been 

identified as the strengthening mechanism (Hussein et al. 2017). 
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Figure 1.14 – (a) Tensile strength enhancement at 77K and RT for different GO/SCF/PES 

systems; (b) SEM image of 0.5 wt% GO-coated SCF composite at RT, and (c) at 77 K. 
Adapted with permission from (Li et al., 2016) 

 

Although it has been shown that the tensile properties of polymers are enhanced in a more 

expressive manner at low temperatures by the addition of 2DM, this trend is not repeated for 

impact strength. The cryo-mechanical impact strength of GO/epoxy nanocomposites 

functionalized by surface-modified silica nanoparticles (APTES) were measured, and the 

results show that it reaches its maximum value at 0.5 wt% for both CT and RT. However, the 

increase is 92% at CT, and 154% at RT. This may be attributed to the decreased matrix 

molecular mobility at CT, which is even lower in the presence of nanofillers (Jiang et al. 2014). 

 

1.5 Thermal Properties 

 

Thermal management is a crucial element for the safety, dependability, and effectiveness of 

many applications, including textiles, electronics packaging, communications systems, energy 

storage, medical equipments, vehicle and aerospace components, among others. (Chen, Huang, 

Sun, & Jiang, 2019; Han et al., 2020; Moore & Shi, 2014; Shanker et al., 2017; Zhang, Deng, 

& Fu, 2018). However, conventional heat sink materials like metals and ceramics present a 

significant density and limited flexibility, severely impeding the advancement of technologies 

(Boden et al. 2014). Fortunately, widespread attention has been given to 2DM/polymer 

composites because of their improved TC and stability. Three primary reasons are credited for 

the improved performance: (i) the homogenous distribution of the nanofiller in the composite; 
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(ii) its excellent structural stability and aspect ratio; (iii) its appropriate interfacial interactions 

with the matrix (Burger et al., 2016; Cui et al., 2015; Govindaraj, Fox, Aitchison, & Hameed, 

2019; Guerra, Wan, & McNally, 2019; Morishita & Okamoto, 2016). Additionally, it is also 

worth noting that 2DM usually have a nucleating effect on semi-crystalline polymers, which 

also helps to improve TC, since the crystalline part of a polymer is more organized, decreasing 

the number of sites for phonon scattering events (Li, Yang, Zou, Liang, & Chen, 2017). 

 

Therefore, this section is separated into two categories. First, the effect of 2DM on the TC of 

a diverse range of polymers is addressed from the perspective of physical features, i.e., 

stacking, aspect ratio, and structural defects, as well as from the interfacial thermal resistance 

point of view. Secondly, the effect of 2DM on the thermal stability of polymers is addressed 

from the viewpoint of how they block the passage of gaseous products, which is also interesting 

for packaging purposes. Additionally, how the advent of hybrid 2DM could lead to the 

development of multifunctional nanocomposites based on low contents of filler by employing 

a proper filler ratio is also presented. 

 

1.5.1 Thermal Conductivity 

 

Even though structural defects, increased number of layers, and functionalization are 

deleterious to the intrinsic TC of 2DM, it is important to consider the interfacial thermal 

conduction (ITC) when dealing with polymer nanocomposites, since most of the heat is 

actually transported through the polymer-filler interface. Here, a brief summary of the aspects 

that can influence ITC is presented. 

 

1.5.1.1 Physical Features 

 

Despite the TC mechanism in 2DM being dominated by the lattice thermal vibration, when it 

is embedded in a polymer matrix, it is surely suppressed by polymer chains. In addition to that, 

the phonon scattering by the matrix is significant, which makes a multi-layer nanomaterial 



41 
 

 

more efficient than a monolayer, since the internal layers are not sensitive to the adverse effect 

of the matrix (Shen et al., 2016; Sun et al., 2021). 

 

In order to prove this effect, MD simulations have been performed. It was observed that as the 

number of layers increased, ITC actually increased, as depicted in Figure 1.15a. In addition, it 

was also noticed that large sheets are beneficial to reduce interfacial thermal resistance in 

composites. Consequently, when monolayer and multilayered graphene nanosheets exhibited 

the same aspect ratio, the latter consistently outperformed the former in raising the composites’ 

TC. (Shen et al., 2016). 

 

 
Figure 1.15  The effect of graphene physical features on the TC of graphene/polymer 

nanocomposites: (a) TC of graphene/epoxy nanocomposites as a function of graphene’s 
lateral size and number of layers at varying aspect ratios; (b) ITC of graphene/epoxy 

nanocomposites as a function of concentration and type of structural defect. Reproduced with 
permission from (Li, Zhou, Zhang, Liao, & Zhou, 2018; Shen et al., 2016) 

 

Similarly to the number of layers, it has already been verified by NEMD simulations and the 

effective medium theory that some structural defects, e.g., DV, MV, and SW, increase ITC in 

polymer composites, as presented in Figure 1.15b. The overlapping of vibrational density states 

among 2DM and polymer, fostered by these defects, is thought to be the cause of the improved 

ITC. (Li et al., 2018). 
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1.5.1.2 Functionalization 

 

The ITC of polymer nanocomposites is also significantly influenced by functionalization. 

RNEMD simulations have demonstrated that functionalization, both non-covalent and 

covalent, may improve ITC between 2DM and polymer matrix due to stronger interfacial 

interactions and greater phonon vibrational match, even though it degrades the TC of pristine 

graphene by orders of magnitude (Bellussi et al. 2021). This effect is presented in Figure 1.16a, 

and it has been experimentally verified when coupling h-BN to silane agents to improve 

epoxy’s TC, achieving an enhancement of more than 500% at 30 wt% (Hou et al. 2014). 

 

 
Figure 1.16  Graphene functionalization's impact on a graphene/polymer nanocomposites' 

TC: (a) Epoxy-graphene interfacial binding energy with covalent and noncovalent 
functionalizations; (b) TC of GRM/epoxy nanocomposites as a function of sheet lateral 

dimension with various functionalizations. (F-G = fluorine-functionalized graphene; GO = 
graphene oxide; A-G = amine-functionalized graphene; T-G = triethylenetetramine-

functionalized graphene). Adapted with permission from (X. Shen, Wang, Wu, Liu, and Kim 
2016) 

 

However, there exists a critical lateral size of nanosheets, below which the functionalization 

can effectively improve the nanocomposite’s TC, while above it the size of the sheets is more 

important, and functional groups become an adversity (Figure 1.16b). When the nanosheets 

are smaller than the critical value, the conductivity mechanism is dominated by the interface. 

On the other hand, the intrinsically greater TC of the basal plane predominates once the 

nanosheets are wider than the critical value, leading to a "filler dominant mechanism." Since 
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in this scenario the most important aspect is the intrinsic TC of 2DM’s pristine surface, 

functionalization is not advised. 

 
1.5.1.3 Hybrid 2DMs 

 

As mentioned in the case of mechanical properties, the best possible scenario is to achieve a 

well-structured and interconnected 3D network. This would enable phonons to travel through 

the composite without having to excessively jump from one phase to another. However, it is 

still very difficult to achieve such a complex microstructure in a controlled manner, requiring 

the combination of intricate methodologies. For example, some works have been successful in 

achieving such structures by utilizing ice-templating associated with external force assisted 

techniques, such as wet spinning and tape casting (H. Shen et al. 2020; Y. Cui et al. 2018). 

 

Alternatively, the use of 2D nanohybrids could be a more feasible solution to these issues. 

When compared to single thermally conductive fillers, conductive 2D nanohybrids have better 

TC in polymer composites. Their synergistic dispersion, which can be observed in Figure 1.17, 

and the improvement of thermally conductive networks are considered the main causes for that 

(Ribeiro, Trigueiro, Owuor, et al., 2018; Ribeiro et al., 2020a; Yang et al., 2021). 

 

 

 
Figure 1.17 – Synergistic dispersion of hybrid 2DM in polymer composites: (a) TEM image 
of a PS filled with 30 wt% graphene and 1.5 wt% h-BN; (b) SEM image of a styrene acrylic 
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resin composite filled with 3 wt% graphene and 1 wt% h-BN. Reproduced with permission 
from (X. Cui et al., 2015; Jia et al., 2021) 

 

Cui et al. (X. Cui et al. 2015) obtained Polystyrene (PS) and Polyamide 6 (PA6) 

nanocomposites based on a h-BN/graphene hybrid. The experimental results suggested that the 

TC of the PS and PA composites increases with higher amounts of hBN. For example, 

additional introduction of 1.5 wt % h-BN increased the TC by 38 and 34% in PS and PA6, 

respectively, when compared to the same polymers containing 20 wt% graphene. Meanwhile, 

the mechanical properties of the composites were synchronously enhanced. It was found that 

h-BN filled the interspaces of the graphene sheets and formed a h-BN/graphene stacked 

structure, which was helpful for synchronously improving the TC and the mechanical 

properties. 

 

Huang et al. (Huang et al., 2016) reported an epoxy-based composite with increased TC by 

using graphene oxide-encapsulated boron nitride (h-BN@GO) hybrids as fillers. The TC of 

the obtained composites increased with the loading of h-BN@GO hybrids to a maximum of 

2.23 W m-1 K-1 when the loading of h-BN@GO hybrids was 40 wt%, which is double that of 

composites filled only with h-BN. This increase was attributed to the presence of GO, which 

improved the compatibility of h-BN with the epoxy system, along with the reduced interfacial 

thermal resistance. In addition, h-BN@GO/epoxy composites exhibited enhanced dielectric 

properties, which makes them suitable as excellent electronics packaging materials. 

 

Su et al. (Su et al., 2018) have functionalized graphene oxide (GO) by diethylenetriamine 

(DETA) to obtain NH2-functionalized graphene (NfG), which was designed to be immobilized 

on the surface of large-sized insulating hBN via -  stacking interaction. Since the NfG sheets 

were fixed on the surface of h-BN, good dispersion was achieved, enabling it to participate in 

the cycloaliphatic epoxy (CER-170) resin curing process. Hence, not only significantly 

enhanced TC (~ 3.409 W m-1K-1, in-plane direction) was obtained, but also a very low electrical 

conductivity, which makes the composite useful for fabricating TIMs. 
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Esfahani et al. (Seyed Esfahani et al. 2021) inserted hBN and rGO into a polymer blend of 

PA6/PP by first producing masterbatches of PA6/hBN-rGO and then melt blending it with PP. 

The hybrid fillers had a synergetic effect on the heat conductive network, forming a more 

efficient percolating network of h-BN and rGO in the PA6 matrix phase than h-BN alone. The 

improved TC was partially attributed to a shift in the blend morphology, from matrix-disperse 

morphology for PP/PA6-hBN to co-continuous morphology in the PP/PA6-hBN-rGO 

composite. 

 

Another work has also demonstrated that the enhancement in TC of a styrene acrylic resin was 

even higher (87.14%) by adding 1 wt% graphene-3 wt% h-BN versus 20 wt% h-BN (83.63%) 

due to the larger surface area of graphene, which increases the interfaces with the polymer and 

allows h-BN to act as a “bridge” between different graphene sheets, creating a three-

dimensional thermal network and greatly increasing the heat dissipation (Jia et al., 2021). 

 

Although nanohybrids show a higher potential than individual fillers, it is noticed that the 

contents studied are still relatively high, i.e., > 1 wt%. In spite of that, it has already been 

demonstrated that the advent of nanohybrids opens up the possibility of utilizing even lower 

contents. 

 

Ribeiro et al. (Ribeiro, Trigueiro, Owuor, et al., 2018; Ribeiro et al., 2020b) studied the effect 

of GO/h-BN hybrids in the TC of epoxy and polyurethane (PU) resins. An increase of 125% 

was observed in the TC for the hybrid GO/h-BN epoxy composite with just 0.5 wt% (Ribeiro, 

Trigueiro, Owuor, et al. 2018). As for the PU system containing 0.5 wt% of the hybrid GO/h-

BN mixture, an impressive increase of ~1450% was observed when compared to the neat 

polymer (Ribeiro et al., 2020b). To explain this phenomena, the authors performed MD 

simulations with a focus on the system stabilization energy. The results showed that the hybrid 

GO/h-BN combination can prevent the re-stacking process of exfoliated layers, demonstrating 

the synergism between these nanostructures with the final effect of better dispersion in the 

composite material. 
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Despite most of the research on 2D nanohybrids having been devoted to GRM/h-BN systems, 

there are several other possible systems that have been recently explored. Ribeiro et al. 

(Ribeiro, Trigueiro, Lopes, et al. 2018) have produced nanocomposites based on MoS2, h-BN 

and hybrid MoS2/h-BN nanofillers with different wt% in elastomeric PU as polymer matrix. 

The hybrid MoS2/h-BN nanofiller at just 0.5 wt% increased the elastomer crosslink density up 

to 102%, indicating strong interactions between the hybrid nanofiller and PU. However, the 

most important synergistic effect was the increase of 752% in TC with respect to the neat 

polymer. In another study, the same nanohybrid was incorporated to an epoxy matrix and the 

same characterizations were conducted. The hybrid 2D mixture imparted efficient 

reinforcement to the epoxy, leading to increases of 203% in TC at 1.0 wt% when compared to 

the pure polymer (Ribeiro et al. 2019). Therefore, it was stated that hybrid composites based 

on 2D MoS2/h-BN nanofillers with multifunctional attributes can be applied in advanced 

polymeric materials that require high mechanical and thermal performance. 

 

Some other interesting results in the literature are related to the incorporation of h-BN/MoS2 

nanohybrid into different ester-based biodegradable insulating lubricants. Although not much 

effect was observed at RT, the hybrid filler increased the lubricants’ TC by 20-32% at 323K 

with loadings as low as 0.25 wt% (Taha-Tijerina et al. 2020). The phenomenon behind  these 

nanofluids’ TC increasing in a more sensitive manner at higher temperatures is the increased 

Brownian motions. It is worth mentioning that this behavior is industrially desirable, because 

there is a reasonable number of applications that actually occur at harsh operational conditions 

such as at elevated temperatures (Govindaraj, Fox, Aitchison, & Hameed, 2019). Table 1.6 

summarizes the works mentioned above. 
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Table 1.6 – Literature review on hybrid 2DM used as nanofillers to improve polymers’ TC 

Polymer matrix Hybrid filler Content 
(wt%) Highlights Ref. 

PS h-BN/graphene 20.0 – graphene 
1.5 – h-BN 

Increase of 38% in TC 
compared to the 
composite filled only 
with graphene 

(X. Cui et 
al. 2015) 

PA6 h-BN/graphene 20.0 – graphene 
1.5 – h-BN 

Increase of 34% in TC 
compared to the 
composite filled only 
with graphene 

(X. Cui et 
al. 2015) 

PA6/PP blend h-BN/rGO 27.0 – h-BN 
4.7 – rGO 

Increase of 254% in TC 
compared to the 
composite filled only 
with h-BN 

(Seyed 
Esfahani et 
al. 2021) 

Epoxy h-BN@GO 40.0 

Increase of 100% in TC 
compared to the 
composite filled only 
with h-BN 

(Huang et 
al., 2016) 

Epoxy NfG@h-BN 30.0 
Significantly enhanced 
TC (~ 3.409 W m-1K-1, 
in-plane direction 

(Su et al., 
2018) 

Styrene acrylic 
resin Graphene/h-BN 1.0 - graphene 

3.0 - h-BN 

Enhancement in TC was 
even higher (87.14%) 
than with 20 wt% h-BN 
(83.63%) 

(Jia et al., 
2021) 

Epoxy GO/h-BN 0.5 
(Ratio 1 : 1) 

Increase of 125% in TC 
when compared to neat 
polymer 

(Ribeiro, 
Trigueiro, 
Owuor, et 
al. 2018) 

PU GO/h-BN 0.5 
(Ratio 1 : 1) 

Increase of 1450% in 
TC when compared to 
neat polymer 

(Ribeiro et 
al., 2020b) 

PU MoS2/h-BN 0.5 
(Ratio 1 : 1) 

Increase of 752% in TC 
when compared to neat 
polymer 

(Ribeiro, 
Trigueiro, 
Lopes, et 
al. 2018) 

Epoxy MoS2/h-BN 1.0 
(Ratio 1 : 1) 

Increase of 203% in TC 
when compared to neat 
polymer 

(Ribeiro et 
al. 2019) 

Ester-based 
biodegradable 

insulating 
lubricants 

MoS2/h-BN 0.25 
(Ratio 1 : 1) 

Higher increases in TC 
at 323K, reaching 
values 20 – 32% higher 
than for the neat 
lubricants 

(Taha-
Tijerina et 
al. 2020) 

 



48 
 

While some of the previous works have established the filler ratio as 1 : 1, RNEMD simulations 

have been performed to verify what would be the optimal filler ratio in a PDMS/MoS2/h-BN 

hybrid nanocomposite. In this study, it has been observed that, since the nanofillers are 

inorganic materials, their interfacial contact with polymer matrices is poor, resulting in a 

relatively high interfacial thermal resistance and the appearance of voids, which are detrimental 

for TC. Additionally, when the filling percentage is too high, the fillers are easily aggregated, 

which in turn increases the volume of these voids. However, it was noticed that the addition of 

a second nanoplatelet structure appreciably improves the dispersion, significantly reducing the 

volume fraction of holes ( ) in the composite (Wang et al., 2021). Therefore, it was observed 

that ratios closer to 1 : 1 are in fact the optimal condition for polymeric composites based on 

2D nanohybrids, as is presented in Figure 1.18. 

 

 
Figure 1.18  Conductivity as a function of filler mass ratio between MoS2 and h-BN for a 

PDMS-based nanocomposite. Reproduced with permission from (Wang et al., 2021) 
 

Although 2D nanohybrids show higher promise than individual fillers, it is noticed that there 

is still a significant number of publications that studied relatively high contents. In spite of that, 

it has already been demonstrated that the advent of 2D nanohybrids opens up the possibility of 

utilizing lower contents. This is crucial because excessive filler contents typically result in 

degraded mechanical capabilities, high density, and challenging processing (Chen et al., 2016). 



49 
 

 

Additionally, it could compromise these materials’ applicability in areas that demand both 

outstanding mechanical and thermal properties, e.g., aerospace materials and thermal energy 

storage systems (Pasupathi et al. 2020; He et al. 2020; Kadhim et al. 2021; Zakaria et al. 2020). 

 

1.5.2 Thermal Stability 

 

Besides being great choices for improving TC of polymer composites, 2DM also possess high 

thermal stability, which might be interesting for some applications where high temperatures 

might be present. The increase in the thermal stability of polymers is possible due to a barrier 

effect promoted by 2DM. Therefore, the tortuous path for the gases diffusion is significantly 

increased, inhibiting the emission of degraded gas molecules and preventing the supply of 

oxygen from the surface. In addition, the formation of a charred layer that also acts as a physical 

barrier can be promoted, slowing down heat and mass transfer during the burning. Such effect 

is especially desired for flame retardant and smoke suppression materials for fire safety (Zhou, 

Liu, Zeng, Hu, & Gui, 2015; Zhou, Tang, Gao, & Guo, 2018). 

 

Taking advantage of that, polystyrene (PS) was encapsulated into MoS2 core-shell structures 

for regulating thermal and fire safety properties. To achieve a high-performance 

nanocomposite, a non-trivial production method was adopted, combining latex technology and 

layer-by-layer assembly. The degradation temperature of the PS@MoS2 was increased by 

around 50°C when compared to neat PS. Besides, the nanocomposite showed lower generation 

of gaseous products and lower heat release rate, allowing to be inferred that 2DM can enhance 

thermal stability, smoke suppression, and reduce fire hazards during combustion of polymer 

composites (Zhou et al., 2018). 

 

Thermal stabilization of other polymers by 2DM has also been reported. For instance, 0.5 wt% 

of functionalized MoS2 highly dispersed in nylon-6 showed an increment of ~ 36°C in T-5% 

compared to pure nylon-6 (Wang, Kalali, & Wang, 2015). Similarly, increases of 21°C in T-

50% and of 32°C in T-5% were reported for PVA (J. Zhang et al. 2019) and PE (H. Zhang et al., 

2017)  nanocomposites, respectively. 
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Although most works that studied 2DM nanohybrids have focused mostly on TC, it has also 

been verified that these hybrids can enhance the thermal stability and retard the flammability 

of such products. For instance, the limiting oxygen index (LOI) of an epoxy/MMT composite 

increases by up to 26.32% with the introduction of 0.4 wt% rGO (Kavimani et al. 2021). This 

means that the incorporation of hybrid 2DM shows significant promise for improving the 

flame-retardant behaviour of polymer composites. 

 

The same thermal stabilization mechanism provided by 2DM to most polymers is of great 

interest for packaging applications. Increasing the length and the tortuosity of the diffusion 

path of gases and moisture through the material significantly increases its service life. As can 

be seen in Figure  1.19, a multifunctional PVA/MoS2 nanocomposite showed outstanding 

barrier properties for helium compared to pure PVA. With only 1.0 wt%, the permeability 

decreased by 99%, without a significant change in the material transparency (J. Zhang et al. 

2019). 

 

 
Figure 1.19 - PVA/MoS2 nanocomposites' gas barrier characteristics. (a) Permeate pressure 

changes as a function of time for helium. (b) Helium permeability comparison between films 
made of polymer and nanocomposite (at start and after 5 days of testing). Reproduced with 

permission from (J. Zhang et al. 2019) 
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Similarly, film coextrusion was utilized to produce multilayered composites based on high-

density polyethylene (HDPE), a conventional thermoplastic employed in the packaging 

industry, and an industrial grade graphene. The experimental results showed that the 

permeability could be reduced by 43% at only 0.5 wt%. This excellent performance was related 

to the filler's aspect ratio and exceptional dispersion efficiency. Nevertheless, due to a 

worsening dispersion within the composite, barrier and mechanical characteristics deteriorated 

as the graphene percentage rose (Ferreira Junior et al. 2022). 

 

 

1.6 Electrical Properties 

 

Many processes can be responsible for EC in polymer nanocomposites. However, the most 

crucial ones are ohmic conduction, which results from the direct contact of conductive 

nanofillers, and tunnelling conduction, which happens when electrons can travel through a thin 

insulating barrier. Therefore, even though electrons may “tunnel” from one nanosheet to 

another, passing through a thin layer of polymer in between, the most effective way to improve 

EC is through interconnecting the fillers, i.e., enhancing the ohmic conduction. With this 

uninterrupted path along which free electrons can be transported, a polymer that was originally 

insulating can become highly conductive. This phenomenon is widely defined in the literature 

as achieving the system’s percolation threshold (McNally and Pötschke 2011). 

 

Differently from the other properties, where all 2DM have a very similar behavior towards the 

improvement of polymers’ properties, the electrical properties significantly vary depending on 

which 2DM is employed. Therefore, this section will be divided into three sub-sections, one 

for each addressed 2DM. First, GRM-based nanocomposites will be discussed, highlighting 

what aspects are important when aiming at improving EC of polymers. Then, even though 

MoS2-based composites are less studied, its 1T allotropic form presents great potential. On that 

account, these promising applications will also be addressed. Finally, although h-BN is an 

insulating material, there are some emerging electrical applications that actually value this 
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feature. Consequently, another sub-section regarding h-BN-based composites towards high 

breakdown strength materials is presented. 

 

1.6.1 Graphene-Related Materials 

 

One of the promising fields for GRM/polymer nanocomposites due to graphene’s unusual EC 

is electromagnetic interference (EMI) shielding (Godoy et al. 2021). It has already been shown 

that graphene’s shielding effectiveness (SE) per unit of thickness is substantially greater than 

that of a Au sheet. (7.73 dB nm-1 vs. 1.04 dB nm-1) (Hong et al. 2012). One example is the 

SEBS/GnP/CNT composites that have been produced by melt compounding, and their EMI 

SE measured in the X-band microwave frequency range (8.2–12.4 GHz). It was observed that 

at 5 wt% GnP and 10wt% CNT, synergistic effects were created when compared to single-

component nanocomposites,  leading to an EC 17 orders of magnitude greater than the 

neat polymer, and reaching an optimal value of 36.47 dB (reduction of 99.98% of the incident 

radiation) (Kuester et al. 2017). However, defects are very detrimental to EMI SE. In addition, 

other traits, such as aspect ratio, functionalization, and content will also affect the 

nanocomposites electrical properties. It has been recently demonstrated that small size GnP (~ 

13 m) may present higher EMI SE, i.e., 27 dB (reduction of 99.8% of the incident radiation), 

than large size GnP (~ 38 m) at 25 wt% content in polyester composites (Madinehei et al. 

2021). This behavior is due to lower anisotropic effects created during the molding of the 

composite, which in turn leads to a larger absorption coefficient, as can be seen in Figure 1.20.  
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Figure 1.20 – Comparison between EMI SE of large size GnP (Gr3X) and small size GnP 
(Gr0X) in a polyester nanocomposite. Reproduced with permission from (Madinehei et al. 

2021) 
 

However, at lower contents, graphene’s ability to improve EC of polymer matrices is very 

limited, requiring the use of high surface area sheets. One example is the study of Ravindran 

et al. (Ravindran et al. 2018), in which additions of 0.1 to 5.0 wt% GNP kept the EC of an 

epoxy matrix in the order of 10-9 to 10-8 S m-1, and only after additions of 10 and 20 wt% the 

EC was increased to 10-7 and 10-6 S m-1, respectively. These characteristics are associated with 

the dependency of the electron hopping across two adjacent graphene sheets on 

alternate current (AC). 

 

Additionally, chemical functionalization usually decreases the composites capacity to conduct 

electricity due to the introduction of new defects and bonds, which changes the energy band 

state of electrons (Sun et al., 2021). In spite of that, if functionalization is performed only at 

the edges, it can be beneficial. A composite of PA6 filled with an edge-selectively 

functionalized graphene (EFG) has been synthesized via in situ ring-opening polymerization 

of ε-caprolactam without creating defects on its basal plane. Even when compared to graphite, 

ball-milled graphene, and commercial grade graphene-reinforced nanocomposites, the 

resulting nanocomposite showed improved EC. This behavior was attributed not just to the 
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lack of defects on EFG’s basal plane, but also to the greater interfacial interactions between 

the functional groups on the filler edges and the polymer macromolecules, which led to an 

enhanced electron tunnelling effect (Cho et al. 2020). 

 

Since EC of polymer nanocomposites depends mainly on the fillers interconnected path 

through which free electrons can be transported, i.e., the percolation threshold, constructing a 

pre-network could theoretically assist in enhancing EC (Chen, Xu, Ma, Ren, & Cheng, 2013; 

Román-Manso et al., 2016; Zhang et al., 2017; Zhao et al., 2018). That is usually done by a 

complex technique prior to mixing the filler with the polymer matrix. For example, a 

“multilayer graphene web” (MGW) has been synthesized through deposition of CVD graphene 

on a multilayer compressed Ni foam and then embedded in an epoxy matrix (Shen et al., 2016). 

In comparison to comparable epoxy nanocomposites, this resulted in an EC that was orders of 

magnitude greater. 

 

Another example is an aerogel pre-network of GO that was thermally reduced with hydrazine 

vapor (TRGA) and then annealed at 1000°C, in order to reduce the number of structural defects 

(Xu et al., 2018). Afterwards, flexible PDMS was injected into the TRGA pre-network. The 

EC of this TRGA/PDMS nanocomposite was raised to 66 S m-1, which is about 8 orders of 

magnitude greater than that of random distribution at only ~ 2 wt%. This same TRGA/PDMS 

nanocomposite exhibited an EMI SE of 54.26 dB (thickness of 2mm) within 8 – 12 GHz (X-

band) at ~ 3 wt%. These examples evidence the importance of constructing interconnected 

filler networks to significantly enhance the electrical performance of polymer nanocomposites, 

enabling them to  achieve properties that would characterize industrially interesting 

alternatives. The main issue is that this is more easily accomplished by very intricate 

techniques, which are hardly compatible to the current industrial landscape.  

 

Alternatively, a straightforward process of melt-mixing by twin-screw extrusion, to produce a 

hybrid blend nanocomposite based on LLDPE/EMA reinforced by FWCNT and FLG, has been 

reported. The co-continuity of the polymer blend changed after the nanofillers were added, 

presumably due to their migration from the EMA (hydrophilic) phase to the LLDPE 
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(hydrophobic) phase. Due to the preference for percolation in the blends including FWCNT 

and FLG/FWCNT, these systems had greater EC (Nunes et al. 2021). Similarly, other works 

have also produced LLDPE/EVA/graphene composites by melt compounding (Helal et al., 

2019; Kurusu, Helal, Moghimian, David, & Demarquette, 2018). In such cases, it was possible 

to significantly reduce the percolation threshold to 0.5 vol%. This was done by applying an 

annealing process after compounding, which leads to a phase separation and morphology 

coarsening in the blend. As a consequence, the graphene nanosheets migrate to the interface, 

more easily forming the interconnected path necessary for EC. The nanosheets’ migration 

promoted by the microstructural refinement during annealing is defined as double percolation 

threshold (Mir et al. 2016; Bose et al. 2009; Göldel, Kasaliwal, and Pötschke 2009; Pötschke, 

Kretzschmar, and Janke 2007; Pötschke, Bhattacharyya, and Janke 2004; Strugova et al. 2021; 

Strugova, David, and Demarquette 2022). 

 

This double percolation threshold obtained by thermal annealing has also been observed for 

LLDPE/PP/graphene and HDPE/PLA/graphene nanocomposites, reaching values as low as < 

0.1vol% (Mun et al. 2019). In this cases, the graphene migrates towards the interface when a 

(PP + graphene) or (PLA + graphene) masterbatch is blended with either LLDPE or HDPE. It 

has been observed that the annealing promotes a coarsening in the blend co-continuous 

morphology and, since graphene has stronger attraction to the PE phase, it tends to relocate 

from its original matrix, i.e., PP and PLA. However, the energy barrier needed to move the 

nanosheets from the interface to the bulk PE may prevent it from escaping the interface (Bai, 

Sharma, Cheng, & Macosko, 2018). This is supported by the fact that 2DM, particularly for 

very incompatible blends, are quite stable when orientated in a parallel direction to the blend 

interface (Göldel et al. 2011). Figure 1.21a presents an illustration of this co-continuous 

morphology with the 2DM preferentially located at the interfaces along with a TEM image of 

the (PLA/graphene) + HDPE composite. This controlled morphology leads to the formation of 

interconnected networks, which are confirmed by rheological measurements (Figure 

1.21Figure b), and allows the achievement of ultra-low percolation thresholds, as can be seen 

in Figure 1.21c. 



56 
 

 
Figure 1.21 – (a) Schematic illustration of the preferential 2DM localization at the interfaces 

in co-continuous polymer blends (left), and TEM image of the morphology of 
(PLA/graphene) + HDPE nanocomposites at 0.2 vol% (right); (b) Storage modulus as a 
function of frequency for the (PLA/graphene) + HDPE nanocomposites at 0.2 vol%; (c) 

Electrical conductivity as a function of graphene content, exhibiting the ultralow percolation 
threshold for the composites produced from the (PLA + graphene) masterbatch. Adapted 

with permission from (Mun et al. 2019) 
 

1.6.2 Molybdenum Disulfide 

 

As previously stated, molybdenite, the natural occurring form of MoS2, shows low EC, but its 

chemical exfoliation yields highly electrically conductive 1T-MoS2 monolayers. The EC of 
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1T-MoS2 is reported in the range of 0.1 - 1.0 S m-1 (Acerce, Voiry, and Chhowalla 2015). Thus, 

this nanomaterial is a valuable filler candidate for conductive polymer nanocomposites. 

 

The most common technique employed in the preparation of such nanocomposites has been 

established as the solution blending approach. For that, solutions of the polymers previously 

dissolved in a solvent, are simply mixed with chemically exfoliated MoS2. The restacking of 

the MoS2 layers results in sandwiched compounds (Rabin Bissessur, Gallant, and Brüning 

2003). Polymer-intercalated MoS2 compounds from poly[oxymethylene-(oxyethylene)] 

(POMOE) (Rabin Bissessur, Gallant, and Brüning 2003), polyanilines (PAni) (Rabin Bissessur 

and White 2006) and polypyrrole (PPy) (R Bissessur and Liu 2006) have successfully been 

developed through this method. Using a different approach, polythiophene (PTP) monomers 

were inserted into Li-intercalated MoS2 lamellae, and were subsequently polymerized. The 

resulting nanocomposite was found to have an electrical conductivity in the order of 10-2 S cm-

1 at RT (Lin, Ding, Xu, Chen, & Chen, 2009). Such polymers are known to be conductive due 

to their conjugated structures, and are of great interest for applications such as cathodes in 

lithium batteries, and the addition of MoS2 could lead to gains of an order of magnitude in their 

EC (Rabin Bissessur, Gallant, and Brüning 2003). 

 

Other applications for these conductive MoS2 nanocomposites are hydrogen evolution 

electrocatalysis (T. Wang et al. 2014) and supercapacitors (Zhao, Ang, Liu, & Lu, 2017). As 

an example, a PAni/MoS2 nanocomposite obtained through an electrostatic attraction-induced 

self-assembly process exhibited improved rate capability and cycling stability for 

electrochemical processes. The enhanced performance was attributable to the higher charge 

carrier transport and structural stability of the developed nanocomposite (Zhao et al., 2017). 

 

1.6.3 Hexagonal-Boron Nitride 

 

Highly dielectric polymers have shown promising reliability and higher voltage breakdown 

strength for applications in power electronics (Tanaka, Montanari, and Mulhaupt 2004). 

However, when subjected to high temperatures, these materials have underwhelming 
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performances (Johnson et al. 2004). Hence, the use of h-BN/polymer nanocomposites could 

address such issues. For example, the dielectric loss at low frequencies of epoxy decreases 

significantly at 150°C after adding 1 – 5 wt% h-BN, as can be seen in Figure 1.22a (Tang et 

al. 2019). 

 

 
Figure 1.22 – (a) Frequency dependence of dielectric loss of EP/h-BN nanocomposites with 
different contents of h-BN. (EP = epoxy); (b) IR images of the temperature distribution of 
CPE (upper left), CPE/r-h-BN (upper right), and CPE/a-h-BN (lower left) at laser source 
power of 100 μW; schematic illustration of the battery heat dissipation when heated by a 

laser power source (lower right). (CPE = composite polymer electrolyte; r-h-BN = randomly 
distributed h-BN; a-h-BN = aligned h-BN). Adapted with permission from (Cheng et al., 

2021; Tang et al., 2019) 
 

Many applications, such as TIMs and microwave electronic packaging, require characteristics 

like strong electrical resistivity and dielectric breakdown strength. Since h-BN has a high 

bandgap, its incorporation in polymers should not increase their electrical resistivities, as has 

been shown by some works in literature (Wang et al., 2014). 

 

Even though other 2DM, like graphene, MXene, and MoS2 have demonstrated that they are 

good fits for Li batteries as cathode, anode, and catalysts (Liu, Ullah, Kuo, & Cai, 2019), they 

are not compatible with other applications, such as battery electrolytes and packaging because 

of their elevated EC. This is due to possible short circuiting that would lead to battery failure. 

In these cases, h-BN has a great advantage due to its intrinsic electronic insulation. 
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Additionally, the superior TC of h-BN is of great interest, since it allows greater dissipation of 

the heat generated during the battery’s operation, avoiding the formation of hot-spots and 

thermal run-away events (Cheng et al., 2021). Figure 1.22b exhibits such behaviour 

 

1.7 Outlook 

 

With the continuous development of polymer composites and their processing methods, the 

importance of 2DM nanocomposites has become increasingly prominent.  In addition to gains 

in the properties mentioned throughout this manuscript, other enhancements have already been 

reported, e.g., photoprotection, modification of surface energy, which can lead to some degree 

of biocompatibility, gas barrier, and processing aid due to superlubricity effects (Y. D. C. de 

Oliveira, Amurin, Valim, Fechine, & Andrade, 2019; Ferreira, Andrade, & Fechine, 2019; 

Medeiros et al., 2020; C. F. P. Oliveira et al., 2019; Pinto et al., 2020; Rodriguez, Kessler, 

Dubey, Rosa, & Fechine, 2017).  

 

Nevertheless, there remain significant obstacles to be addressed before these composite 

materials may be steadily employed in multifunctional engineering applications. Firstly, it is 

noticed that, even though great results have already been achieved with low contents in respect 

to the enhancement of mechanical properties, other features, e.g., TC and EC, still usually 

require the use of high filler contents or complex processing techniques to achieve desirable 

results. This is most likely caused by the stronger relationship between the mechanical 

properties of polymer composites and the interfacial quality between the polymer matrix and 

2DM, which may be achieved through relatively straightforward functionalization procedures. 

On the other hand, TC and EC are more intrinsically dependent on the formation of a filler 

interconnected path, i.e., reaching the percolation threshold, which is not easily achieved, even 

for 2DM. Secondly, although most academic research does not tackle such issues, there are 

large performance differences and unstable quality of the produced composites, even when 

using the same processing routes and fillers, which is the biggest bottleneck that needs to be 

solved for their large-scale employment. 
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It has been seen that the use of hybrid fillers, i.e., combining different 2DM in the same 

composite is a promising way to at least mitigate some of these challenges due to synergistic 

effects and improved dispersion. However, it is paramount to take into account the different 

intrinsic properties of each 2DM, which will naturally affect the final properties of the 

composite. Additionally, research of such systems is still in its early stages, requiring a deeper 

understanding of the combined effects promoted by these hybrid 2DM. 

 

Finally, as the demand for new 2DM technologies in emerging multifunctional applications 

continues to grow, research should focus on innovating key 2DM technologies, e.g., 

accelerating the breakthroughs in the preparation of stable high-quality 2DM and their 

dispersion in polymer matrices. Notwithstanding, the formulation of technical standards and 

specifications for the application of 2DM in these high-tech fields should be emphasized by 

the collaboration of enterprises and scientific research institutes. 
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ABSTRACT 

One of the greatest goals of modern polymer science can be considered the production of high-
performance polymer nanocomposites from renewable sources due to the growing interest in 
environmental and sustainability issues. Within that scope, a good strategy is to pair the 
processability of thermoplastic materials with the outstanding characteristics of 2D 
nanomaterials. However, the final performance of the produced nanocomposite is mainly 
attributed to the interphase, i.e.,  the volume fraction of the bulk polymer that has its molecular 
dynamics affected by interactions with the surface of the filler. Therefore, we aim to investigate 
how different 2D nanomaterials, i.e., graphene oxide (GO), hexagonal-boron nitride (h-BN), 
and molybdenum disulfide (MoS2) affect the molecular dynamics of a fully bio-based 
polyamide 1010 (PA 1010) by a new correlation between experimental results from differential 
scanning calorimetry, broadband dielectric spectroscopy, and dynamic mechanical analysis. 
For that, nanocomposites based on single and hybrid-fillers were produced through melt 
mixing. It was observed that, although all nanofillers seem to hinder the molecular relaxation 
of the polymer chains, GO and h-BN were more effective than MoS2. This remained true when 
the fillers were applied individually and in the hybrid form. This effect has been attributed to 
the following aspects: (I) higher enthalpy related to the melting of the polyamide crystals after 
the Brill transition, which indicates lower thermal motion being gained before the transition 
takes place; (II) higher activation energy of the glass transition, which was estimated from the 
fitting of the dielectric spectra to the Havriliak-Negami function and then to the Vogel-Fulcher-
Tammann model; (III) lower values of the “adhesion factor”, which is calculated from the 
decrease in intensity of the mechanical tan(δ) in the nanocomposites with respect to the neat 
polymer, indicating higher adhesion for the composites filled with GO and h-BN. To confirm 
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the trends observed experimentally for each nanomaterial, molecular dynamics simulations, 
which enabled the investigation of the adhesion force as a function of nanosheet displacement, 
were also carried out. The simulations corroborated with the experimental observations, in 
which h-BN leads to a more intense force of separation, followed by GO, and lastly by MoS2. 
Since the level of interfacial interactions is what mainly dictates the performance of polymer 
nanocomposites, it is suggested that GO, and especially h-BN, might present greater promise 
for novel bionanocomposites based on PA 1010. 
 
Keywords: Polymer nanocomposites; Interfacial adhesion; Molecular dynamics; Bio-based 
polyamide, 2D nanomaterials 
 

2.1 Introduction 

 

One of the greatest goals of modern polymer science can be considered the production of 

conventional polymers from renewable sources due to the growing interest in environmental 

and sustainability issues. An advantage of this new class of materials is the reduction of the 

carbon footprint associated to them (Kiziltas et al., 2021; Kyulavska et al., 2017). Among the 

currently known biopolymers, biopolyamides derived from castor oil, e.g., polyamide 1010 

(PA 1010), are characterized as one of the most interesting (Kuciel, Kuźniar, and Liber-Kneć 

2012; Keridou et al. 2020). This polyamide grade is a commercially produced engineering 

polymer, with high strength, elasticity, toughness and abrasion resistance (W. Li et al., 2008; 

Zhang et al., 2005; Zhishen et al., 1993). This has led to its employment in many fields, ranging 

from sports equipment, textiles, and as a coating material, to the automotive and electronics 

industries (Rusu et al., 2011). On top of that, it is possible to further fine-tune its characteristics 

for particular applications by developing nanocomposites through the addition of nanofillers 

(Kiziltas et al., 2021; Zeng et al., 2006). Figure 2.1 presents the atomic structure of a PA 1010 

macromolecule. 

 

 
Figure 2.1 – Atomic structure of PA 1010 
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In order to create composites with much better macroscopic characteristics, the main advantage 

is to pair the processability of thermoplastics with the outstanding material characteristics of 

nanomaterials (Pinto et al., 2023). The fundamental idea behind this strategy is the great 

interfacial area that arises when at least one of the fillers' characteristic sizes is scaled down to 

the nanometer range, which amplifies filler-polymer interactions. Since polymer chains that 

are in the interphase, as this intermediary region between the filler surface and the bulk polymer 

is commonly called, are the main contributors to the composite’s macroscopic properties, 

nanocomposites present greater promise than conventional composites (Cheng, Carroll, 

Bocharova, et al., 2017; Huang et al., 2022; Sattar, 2021; Wang et al., 2022; Xiao et al., 2023). 

 

Therefore, understanding how the interactions between polymers and nanofillers affect 

the interfacial arrangement and molecular dynamics (MD) is crucial for technological 

advancement. However, the factors governing such conformations, dynamics, and 

confinement effects throughout the interfacial area have proved difficult to identify and 

understand (Sattar 2021). Nevertheless, differential scanning calorimetry (DSC), broadband 

dielectric spectroscopy (BDS), and dynamic mechanical analysis (DMA) have been widely 

employed to experimentally investigate interfacial interactions of nanomaterials with polymer 

chains in nanocomposites (Carroll et al., 2017; Cheng, Carroll, Lu, et al., 2017; Cheng et al., 

2016; Helal et al., 2015, 2017; Holt et al., 2014; Klonos et al., 2019; Xiao et al., 2023). 

 

BDS is a useful tool to evaluate the molecular dynamics of polymer materials in a broad 

frequency range with very high accuracy (Carroll et al., 2017; Cheng, Carroll, Lu, et al., 2017; 

Cheng et al., 2016; Czaderna-Lekka & Kozanecki, 2021; Gálvez et al., 2023; Helal et al., 2015, 

2017; Holt et al., 2014; Klonos et al., 2019; Soccio et al., 2017; Xiao et al., 2023). This is done 

by the measurement of the relative complex dielectric permittivity of the material, which is its 

response to an applied electrical field, either by polarization or conduction mechanisms. When 

dealing with nanocomposites, the technique is able to detect the slower segmental relaxation 

of the macromolecules in the vicinity of nanofillers, which is intrinsically related to the 

adhesion between the different phases (Carroll et al., 2017; Kremer & Schönhals, 2003). 
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DMA is a great tool to couple with BDS, since much the same as the dielectric relaxation in 

response to an applied electric field, relaxation processes also occur in polymer materials under 

external mechanical stimuli. These processes are easily identified in the evaluation of the 

storage modulus, loss modulus and damping factor [tan(δ)] of a polymeric material. Since the 

addition of nanofillers tend to reduce the mobility of the macromolecules around them, DMA 

is able to detect the lower molecular mobility in nanocomposites through changes in the 

intensity of tan(δ) during such relaxations, or even in the shift of the temperature at which the 

process takes place (Correa et al., 2007; Helal et al., 2015, 2017; Jyoti et al., 2016; Rittigstein 

et al., 2007). 

 

Additionally, it is known that even-even polyamides present a Brill transition when heated, 

which might be studied through DSC. This transition consists on the polymorphic 

transformation of the monoclinic  crystals into pseudo-hexagonal γ crystals. Depending on 

the length of its aliphatic chains, this transition can occur either before or at the melting 

temperature, which is the case for PA 1010 (Lotz 2021). Since these two crystalline phases are 

very similar, there is a thermodynamical competition between the thermal motion (melting) 

and the packing tendency (Brill transition) of polymer chains in the crystalline structure, 

leading to a complex melting behavior (Tashiro & Yoshioka, 2004; X. Yang et al., 2001; 

Zhishen et al., 1993). However, one can take advantage of this transition, which usually 

appears as a double melting peak due to the exothermic event right in the middle of melting, 

to gain insights on filler-polymer interactions. It is assumed that in systems with better 

chemical affinity, a reduction of the macromolecules’ mobility due to filler-polymer 

interactions may shift the balance of the competition between the thermal motion and the 

packing tendency to an increased number of  crystals participating in the transition to  

crystals, which would change the shape of the melting peaks. 

 

In addition to the aforementioned experimental techniques, MD simulations have also 

demonstrated great promise for predicting the interfacial properties and degree of interactions 

in polymer nanocomposites (Asadian & Shelesh-Nezhad, 2020; Chen et al., 2021; Fechine et 

al., 2015; Hagita & Morita, 2019; Krishna et al., 2021; H. Li et al., 2021; Lu et al., 2021; 
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Rastegar & Montazeri, 2022; Ries et al., 2021; H. Sun et al., 1994; R. Sun et al., 2020; Wadkin-

Snaith et al., 2023; B. Yang et al., 2021; Zhou et al., 2022). For instance, Ries et al. (Ries et al. 

2021) investigated a composite of silica-reinforced polystyrene, for which, even though an 

exponential saturation profile for Young’s modulus and yield stress inside the interphase was 

found, the polymer’s hardening coefficient and Poisson’s ratio remained basically unchanged. 

In a similar manner, Rastegar et al. (Rastegar and Montazeri 2022) simulated a composite of 

polylactic acid (PLA) filled by pristine and surface-treated boron nitride nanosheets, and the 

findings demonstrated that functionalizing the sheets with chemical hydroxyl functional 

groups and grafting PLA chains onto them can contribute to the enhancement of PLA 

toughness. On the other hand, Lu et al. (Lu et al., 2021) revealed a softening effect at the 

interface due to the very low stiffness of slip along graphene plane. Additionally, they 

suggested that the interphase stiffening is outweighed by this interfacial softening. The effect 

of structural defects on the nanomaterial’s plane on the glass transition (Tg) of a polymer matrix 

has also been simulated for a PMMA/graphene nanocomposite (B. Yang et al., 2021), and it 

has been shown that the introduction of some defects can actually increase the Tg of the 

polymer matrix due to changes in the polymer’s density distribution, mean square 

displacements, and free volume. Although most studies focus on the mechanical characteristics 

of nanocomposites’ interfaces, MD simulations can also be used to assess other properties. For 

example, Chen et al. (Chen et al., 2021) looked at the effect of size and chemical 

interconnectivity of graphene nanosheets on the thermal conductivity of a graphene-reinforced 

PA 6 nanocomposite. It has been determined that the thermal conductivity is considerably 

improved for large, covalently bonded graphene sheets because less heat is lost through the 

polymer matrix, being carried along the graphene architecture. 

 

For these modeling and simulation processes, the large-scale atomic/molecular massively 

parallel simulator (LAMMPS) (Plimpton 1995) is frequently utilized. LAMMPS allows to 

simulate the behavior of atoms and molecules in various materials by using force fields to 

describe the interactions between particles. Thus, it can provide insights into the structural, 

thermodynamic, and dynamic properties of materials. To do that, Newton's laws are used to 

simulate the motion of atoms and molecules. The software also uses integration algorithms to 
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numerically solve the equations of motion, which allows the calculation of particle positions 

and velocities at successive time steps based on their current state. In order to set the conditions 

for the simulations, different ensemble methods are supported, such as the isothermal-isobaric 

(NPT) ensemble, which can be used to produce a system with an appropriate density and low 

residual stresses, and the canonical ensemble (NVT), which is commonly used for further 

analysis of atomic data and calculation of properties. 

 

With that in mind, this paper endeavors to establish a compelling correlation between results-

derived coefficients from the distinct experimental techniques, as well as associate such results 

with the adhesion force predicted by MD simulations of each nanomaterial’s interface with PA 

1010. The main objective is to examine the interfacial strength of graphene oxide (GO), 

hexagonal-boron nitride (h-BN), and molybdenum disulfide (MoS2), i.e., prominent two-

dimensional nanomaterials, with PA 1010 macromolecules, specifically by assessing the 

consequential changes in the molecular dynamics of the polymer. By doing so, this research 

aims to shed new light on the intricate interplay between these nanomaterials and the polymer, 

unraveling novel insights into their interfacial interactions. Figure 2.2 exhibits a 3D view of 

these two-dimensional materials’ structure. 

 

 
Figure 2.2 – 3D view of the studied nanomaterials’ structure 
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2.2 Materials and Methods 

 

2.2.1 Materials 

 

The polymer matrix used is the Grilamid XE 4181 natural. It is an extrusion grade, 

unreinforced, high viscosity, plasticized, high impact resistant PA 1010 from EMS Grivory. 

As for the nanofillers, systems based on GO, h-BN, MoS2, as well as their hybrids, i.e., GO@h-

BN, GO@MoS2, and h-BN@MoS2 were investigated. The GO used was synthesized in-house, 

presenting a C : O ratio of ~ 1, less than 5 layers, good structural quality, and lateral size ≤ 

2.5μm (Andrade et al. 2021). The bulk h-BN was purchased from Sigma-Aldrich and has purity 

of ~ 100% and relative density of 2.29 g/cm3. The bulk MoS2 was purchased from Merck and 

has a purity of ~ 100% and density of 5.06 g/cm3. The morphologies of such nanoparticles are 

presented in Figure A I-1 and the range of their dimensions, i.e., thickness, width, aspect ratio, 

and number of layers is presented in Table 2.1. For the calculation of number of layers, it was 

assumed that each layer of GO, h-BN, and MoS2 has a thickness of 0.70, 0.34, and 0.65 nm, 

respectively. 

 

Table 2.1 – Range of thickness, lateral size, number of layers, and aspect ratio of the 
nanomaterials after exfoliation 

 Thickness 
(nm) 

Lateral size 
(μm) 

Number of 
layers Aspect ratio 

GO 1.0 – 2.0 1.50 – 2.00 1 – 3  750 – 2,000 

h-BN 2.0 – 3.0 0.02 – 0.40 6 – 9  7 - 200 

MoS2 1.3 – 6.0 0.14 – 1.30 2 – 9  23 – 1,000 
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2.2.2 Methods 

 

2.2.2.1 Preparation of the Nanocomposites 

 

Before mixing the nanomaterials with the polymer, the nanofillers were properly exfoliated in 

adequate solvents since it has been shown that it improves their dispersibility in the melt 

mixing step of the polymer nanocomposites preparation (Muñoz et al., 2018; Pinto et al., 2020). 

On the basis of achieving similar exfoliation yields of previous works, different exfoliation 

protocols have been followed for each nanomaterial (Andrade et al., 2021; Kalupgian, 2021; 

Marciano de Oliveira Cremonezzi et al., 2022). Table 2.2 Table presents the procedures 

discriminating the solvent, type of sonication and time employed. 

 

Table 2.2 – Exfoliation protocol for each 2D material used 

Material Solvent Exfoliation type Exfoliation time 
(min) 

Graphene oxide Water Ultrasonic bath 30 

Hexagonal-boron 
nitride 

Water / Isopropanol 
with a ratio of 7 : 3 

in volume 
Tip sonication 240 

Molybdenum 
disulfide Ethanol Ultrasonic bath 180 

 

The reason for the much lower exfoliation time employed for GO is that this material was 

already freeze-dried, which means it had already been exfoliated after its synthesis. Thus, only 

a mild exfoliation was applied from our part to disperse it in the proper solvent. 

 

After exfoliating the nanomaterials, they were mixed in the polymer matrix through melt 

compounding, assisted by the” solid-solid deposition” methodology. This step was developed 

by our research group and it is used to pre-deposit the nanomaterials on the surface of the 

polymer powder before feeding the mixture to a twin-screw extruder (Muñoz et al. 2018). For 

the solid-solid deposition, a Buchi B-100 roto-evaporator with heating bath was used, 

operating at 50 °C and 80 mBar. As for the extrusion process, a Process 11 twin-screw extruder 

(ThermoScientific), with L/D = 40 and 11 mm in screw diameter was employed. Figure 2.3 
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illustrates the extruding parameters employed, and Table 2.3 presents the filler contents studied 

for each system. 

 

 
Figure 2.3 - Parameters used in the extrusion for processing the nanocomposites 

 

Table 2.3 - Compositions of produced nanocomposites 
Acronym GO wt% hBN wt% MoS2 wt% Total wt% 

GO 
0.10 - - 0.10 
0.30 - - 0.30 
0.50 - - 0.50 

h-BN 
- 0.10 - 0.10 
- 0.30 - 0.30 
- 0.50 - 0.50 

 - - 0.10 0.10 
MoS2 - - 0.30 0.30 

 - - 0.50 0.50 
 0.05 0.05 - 0.10 

GO@h-BN 0.15 0.15 - 0.30 
 0.25 0.25 - 0.50 
 - 0.05 0.05 0.10 

h-BN@MoS2 - 0.15 0.15 0.30 
 - 0.25 0.25 0.50 
 0.05 - 0.05 0.10 

MoS2@GO 0.15 - 0.15 0.30 
 0.25 - 0.25 0.50 
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After processing the nanocomposites, the extrudates were pelletized and then molded into disc 

samples (1 mm x 25 mm) by injection molding for the BDS measurements. The injection 

molding machine used was a Haake Minijet Pro (Thermo-Scientific) with barrel temperature 

of 255 °C, mold temperature of 100 °C, injection pressure of 600 bar for 30 s, and post pressure 

of 400 bar for an additional 20 s. In addition to injection molding, rectangular samples (1.5 

mm  8.5 mm  40 mm) for DMA analyses were also produced by compression molding at 

220 °C. For compression molding these samples, the pellets were first pre-heated in the mold 

at the specified temperature for 180 s to soften the material. Then, a small pressure of 0.8 MPa 

was applied for 120 s, and then increased to 5.0 MPa for an additional 180 s. After the molding 

step, the samples were cooled down by the hot-press circulating water system until 150 °C was 

reached, and then they were left to cool back to room temperature on the top of the bench. 

 

Before all processes in which the polymer was molten, i.e., extrusion, injection molding, and 

compression molding, the pellets were properly dried in a vacuum oven at 80 °C for at least 12 

h to avoid possible degradation by excess moisture. This drying procedure is important for this 

polymer matrix because polyamides are known to present high hydrophilicity, being sensitive 

to hydrolysis when processed in the molten state. 

 

2.2.2.2 Characterizations 

 

DSC scans were performed on a DSC-60PLUS (Shimadzu) equipment. Pellets of ~ 5 mg were 

used as samples. Two heating scans were performed in a N2 atmosphere to exclude the thermal 

history of the samples. The first heating scan was carried out from room temperature up to 230 

°C at a heating rate of 10 °C min-1. The material was then allowed to recrystallize by cooling 

it back to room temperature with a cooling rate of 10 °C min-1. Afterwards, a second heating 

cycle was conducted at 10 °C min-1 up to 230 °C for acquisition of the melting data. To 

investigate the Brill transition, the fraction of enthalpy related to the melting step after such 

transition takes place was estimated by dividing the enthalpy of the second melting peak by 

the overall melting enthalpy (ΔHB/ΔHm). 
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The relative complex dielectric permittivity was measured through BDS using a frequency-

domain broadband dielectric spectrometer. Disc specimens of 25 mm diameter were coated 

with a 10 nm layer of gold on both sides to improve the contact with the plated brass electrodes 

of the equipment. Measurements swept through a frequency range from 1  10−2 Hz to 3  105 

Hz under an excitation voltage of 3 V. Isothermal measurements were consecutively performed 

at different temperatures by increasing it from 30 °C to 120 °C with 10 °C steps. In order to 

model dipolar polarization mechanisms, the Havriliak-Negami (HN) function has been 

established as appropriate for fitting the dielectric relaxation spectra of polymers, thanks to its 

four adjustable parameters (Kremer & Schönhals, 2003). Equation 2.1 is a general equation 

allowing to take into account N different relaxation processes expressed by the summation of 

HN functions, as well as the contribution of charge carriers fluctuation expressed by the power 

law term. 

(߱)̂ߝ  = ܾ(݅߱)௡ିଵ + ∑ ቂ ∆ఌೖ(ଵା(௜ఠఛೖ)ഀೖ)ഁೖ + ஶ௞ቃே௞ୀଵߝ     (2.1) 

 

Where, ߱ is the angular frequency, n is an exponential factor between 0 and 1, characterizing 

the nature of the charge hopping process (n = 0 corresponds to pure electronic conduction with 

b = σ0/ɛ0), ߬௞ and ∆ߝ௞ are respectively the relaxation time and the dielectric strength related to 

relaxation process ݇, ߝஶ௞ is the residual dielectric constant at much higher frequencies than 

the one of the relaxation process, ߙ௞ is a width parameter, characteristic of the slope at the low 

frequency side of the relaxation peak, ߚ௞ is an asymmetry parameter, where −ߙ௞ߚ௞ determines 

the slope at the high frequency side of the relaxation peak, and N is the number of relaxation 

mechanisms observed in the studied range of frequencies and temperatures. 

 

After fitting a dielectric spectrum to Equation 1, it is possible to obtain the relaxation time (τ) 

associated to a specific process. The same procedure was done for the various temperatures, 

which enables the creation of an Arrhenius plot of ln(τ) as a function of 1/T. With these 

Arrhenius plots, it was possible to gain insights on the morphology of the nanocomposites by 

analyzing the effect of the nanoparticles on the relaxation times of a specific transition as a 

function of temperature. 
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Additionally, by fitting the curves of  ln(τ) as a function of 1/T to Equation 2.2, defined as the 

Vogel-Fulcher-Tammann (VFT) equation, it is possible to estimate the activation energy (ܧ௔) 

of the polymer’s relaxation process, and how the nanofillers affect it. Similarly to the effect on 

τ, if the nanoparticles are well dispersed and present good interfacial adhesion, it is expected 

that ܧ௔ would increase in respect to the neat polymer due to the confinement of 

macromolecules. Here, we have employed the VFT function for fitting the data, because it has 

been shown that it usually provides better fits for the  process (glass transition) of polymers 

(Gao & Jian, 2020; Liu et al., 2020). 

 ߬(ܶ) = ߬଴exp ( ாೌ௞ಳ(்ି ೡ்))     (2.2) 

 

Where ܧ௔ is a constant related to the activation energy of the relaxation process, ߬଴ is the 

relaxation time at infinite temperature, ݇஻ is the Boltzmann’s constant, and ௩ܶ is the Vogel-

Fulcher temperature. Aside from these calculations, it is also possible to infer on the 

nanocomposites’ morphology by observing the shape of the relaxation peaks. It has been 

widely proposed in the literature that the peaks can change in shape and even a new peak, 

related to a “secondary” glass transition from the restricted chains at the interphase, may appear 

(Carroll et al., 2017; Cheng et al., 2016, 2017; Helal et al., 2017; Holt et al., 2014; Klonos et 

al., 2019). 

 

DMA was performed in an Anton Paar MCR 501 rheometer in torsion mode through the use 

of the equipment’s solid rectangular fixture (SRF). The amplitude strain was exponentially 

increased from 0.01 to 0.1% along the test duration in order to improve the signal quality after 

the glass transition of the material. Even though the strain was varied during the scans, it is 

important to note that the whole range applied was within the linear viscoelastic regime (LVR) 

of the material, which was previously determined through amplitude sweeps. The frequency 

was kept constant at 1.0 Hz and the normal force at 1.0 N to avoid possible sagging of the 

sample. Since the glass transition of PA 1010 is slightly above room temperature, the samples 
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were measured within a temperature range of 30 °C to 70 °C. After acquiring the damping 

factor data, the “adhesion coefficient” was calculated according to Equation 2.3. 

ܣ  = ଵ(ଵି∅೑) ୲ୟ୬ఋ೎୲ୟ୬ఋ೘ − 1                                                  (2.3) 

 

Where ܣ is the adhesion factor, ∅௙ is the filler volume fraction, tan  ௖ is the damping factorߜ

of the composite, and tan  ௠ is the damping factor of the neat polymer. At high levels ofߜ

interface adhesion, the macromolecular mobility near the filler surface tends to be less than 

that in the bulk matrix, which lowers tan(δ) and hence, ܣ. Thus, a low value of ܣ denotes a 

high level of adhesion, or contact between the phases. 

 

This adhesion coefficient was first introduced by Kubát, Rigdahl, and Welander (Kubát et al., 

1990), with the aim to investigate the effect of filler surface treatments on the interfacial 

interactions of high-density polyethylene (HDPE) filled by glass spheres. Later, the same 

parameter was employed by Correa, Razzino, and Hage Jr. (Correa, Razzino, and Hage 2007) 

in an attempt to investigate the coupling efficiency of malleated polypropylene (PP-MAH) 

with varying MAH contents in PP–wood composites, and more recently, Jyoti et al. (Jyoti et 

al. 2016) used it to evaluate the interfacial interactions between acrylonitrile butadiene styrene 

(ABS) and multi-wall carbon nanotubes (MWCNT). Even though this parameter has not been 

widely applied in the literature, we strongly believe that it can be valuable when determining 

the intensity of filler-polymer interactions. Therefore, we aim to explore it for the first time for 

polymer nanocomposites filled by two-dimensional nanomaterials. 

 

2.2.2.3 Molecular Dynamics Simulations 

 

The protocol used to perform MD simulations was followed according to a previous research 

(Fechine et al. 2015), and it is dissected in the next paragraphs. 

 

GOPY, a free open-source python tool (Muraru et al., 2020), was utilized to create a single 

layer of GO. GOPY, as stated in (Muraru, Burns, and Ionita 2020), is a "free and open-source 
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Python tool specifically written to automate the generation of 2D graphene-based molecular 

models such as pristine graphene and several graphene derivatives". 

 

In order to generate the h-BN sheet, VMD (Visual Molecular Dynamics), a software used for 

visualizing, analyzing and even modelling molecular systems, was employed. For that, its 

available nanotube builder was utilized, which has as one of its capabilities the creation of both 

C-C and B-N sheets (Humphrey et al., 1996). 

 

For the creation of MoS2, VESTA was employed (Momma and Izumi 2011), another 

visualization software capable of building crystal morphologies through the introduction of 

lattice parameters. Here, the lattice parameters were obtained from the Materials Project App 

[351], and all pair coefficients of the MoS2 structure were extracted from the research 

conducted in [352] and manually integrated into the Packmol package (Martinez et al., 2009). 

 

In this way, all data files were created using said Packmol package, a tool capable of creating 

initial configurations for MD simulations. We mainly take advantage of its automated aspect 

for the conversion of the previously created files into LAMMPS data files containing both the 

position of all atoms and their interaction coefficients. To ensure complete coverage of the XY 

plane in the simulations, all sheets were created with an approximate area of 100 Å  90 Å, as 

is presented in Figure 2.4. 
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Figure 2.4 – Dimensional parameters set for of each nanosheet in the simulations 

 

For the construction of PA 1010, the polymer builder (Choi et al. 2021) provided by 

CHARMM-GUI (Jo et al., 2008) was employed, and the polymer was created considering 100 

repeating units. The chains’ end-groups were specified according to the end-groups of PA 

1010’s monomers, i.e., sebacic acid and decamethylenediamine. Therefore, a carboxylic acid 

was applied at one end, and an amine group at the other, as can be verified in Figure 2.1. The 

initial relaxation of the polymer was performed using Biovia’s Materials Studio (BIOVIA 

2023). To prepare the initial files and format them for LAMMPS, Packmol (Martinez et al. 

2009) was employed for all structures. 

 

The Dreiding potential was chosen for all atom interactions, mainly due to its availability and 

general accuracy. Dreiding is a non-reactive potential, which means that bond creation and 

destruction is not permitted. The guiding principle behind Dreiding is to employ general force 

constants and geometry parameters based on simple hybridization considerations. This 

approach ensures that all bond distances are derived from atomic radii, and that there is a 
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singular force constant for each bond, angle, and inversion, along with six distinct values for 

torsional barriers (Mayo et al., 1990). 

 

The simulations were conducted using LAMMPS under periodic boundary conditions in all 

directions. A timestep of 1 fs was used. The process began with a previously relaxed polymer 

system inside a simulation box of 100 Å  90 Å  54 Å. The system was initially heated to 211 

ºC for approximately 1 ns. Subsequently, one of the sheets was introduced at a distance of 60 

Å from the upper surface of the polymer and the macromolecules almost immediately move 

towards the sheet. To accommodate this distance, the box length was adjusted to 170 Å. Once 

the sheet was added, a pressure of 350 kPa was applied in the negative Z direction. This was 

achieved by exerting a force of 5.0  10−5 across the entire sheet. The simulation was then 

continued until the polymer made contact with a bottom wall, created 60 Å away from the 

center of the box in the negative Z direction. Upon contact, the system was cooled back down 

to room temperature. Upon reaching room temperature, the atoms in direct contact with the 

created bottom wall were excluded from further calculations. This process aimed to prevent 

the polymer from excessively moving towards the upper region of the simulation box. 

Subsequently, the 2D sheet was moved back to its initial position at a speed of 1.2  10−4 Å/fs. 

During this displacement, the interaction force between the sheet and the polymer, as well as 

the distance between their centers of mass, were calculated. Detailed illustrations of each step 

of the simulation can be seen in Figure 2.5. 
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Figure 2.5 - Multiple stages of the simulation: (a) relaxed PA1010 macromolecules after 

initial heating; (b) the 2D sheet is introduced at a distance from the center of the simulation 
box; (c) the sheet is moved towards the bottom of the box; (d) the atoms of the polymer touch 

the bottom wall and are frozen in place after the system is cooled back down to room 
temperature; (e) the sheet is moved back up to its initial position; (f) final stage after the 

separation of the polymer chains from the 2D sheet 
 

2.3 Results and Discussion 

 

2.3.1 Differential Scanning Calorimetry 

 

The DSC curves, from which the melting behavior of all the systems under study can be 

observed are presented in Figure 2.6. It is noticed that the melting behavior of PA 1010 is 

complex, with two melting events being observed. As has been mentioned in the Introduction 

section, it is known that even-even polyamides present a Brill transition when heated, and 

depending on the length of their aliphatic chains, this transition can occur either before or at 

the melting temperature, which is the case for PA 1010 (Lotz 2021). 
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Figure 2.6 – DSC heating scans (10°C/min) of the various PA 1010 nanocomposites studied 

as a function of filler content (exo up) 
 

Interestingly, there is a general trend of increasing the enthalpy of the high-temperature melting 

peak with respect to the overall enthalpy for all of the systems under study, but it was much 

stronger for the composites containing h-BN, and especially GO, as is evidenced by the 

ΔHB/ΔHm ratio presented in Figure 2.7. 
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Figure 2.7 - Fraction of enthalpy related to the melting after the Brill transition 

 

It is believed that the increase of ΔHB/ΔHm could be explained by a reduction of the 

macromolecules’ mobility due to filler-polymer interactions. In turn, this could lead to an 

increased number of  crystals turning into  crystals during the Brill transition. As ΔHB/ΔHm 

was dependent on the nanomaterial, different degrees of filler-polymer interactions can be 

inferred from it. GO presented the largest increase, which could be explained by the presence 

of oxygenated groups on its surface and its much larger aspect ratio. These oxygen containing 

groups can create hydrogen bonds with the amide segments in PA 1010 (Huang et al., 2022; 

Wang et al., 2019), hindering the molecular mobility gained during melting and, therefore, 

increasing the fraction of macromolecules that participate in the Brill transition. On top of that, 

its larger aspect ratio may be more efficient in creating physical hindrances for the mobility of 

polymer chains, favoring the molecules packing tendency in the competition with the thermal 

motion.  

 

Despite exhibiting the lowest aspect ratio due to its  small lateral dimensions, h-BN also 

promoted a significant increase in ΔHB/ΔHm, although lower than GO. This may be due to h-

BN’s lip-lip bonds, which promote some ionic character to the material and has already been 

demonstrated to increase its interactions with polymers (Chen et al., 2015). In addition, the 

lower aspect ratio may have assisted in h-BN’s dispersion within the molten polymer during 

mixing, which would also increase the overall number of interfaces in the composite. Thus, it 

is likely that this increased affinity and dispersion led to a similar behavior of reduced 
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molecular mobility during melting, assisting in the crystalline polymorphic transformation 

during the Brill transition. 

 

Although MoS2 had the lowest effect on ΔHB/ΔHm, it was also increased when compared to 

neat PA 1010, probably due to its reasonable aspect ratio that may also have promoted some 

physical impediments to the motion of the macromolecules. However, since it was much less 

apparent than the other fillers, it is suggested that its interactions with PA 1010 might not be 

as strong. 

 

2.3.2 Broadband Dielectric Spectroscopy 

 

The real ( ’) and imaginary ( ”) parts of the dielectric permittivity as a function of frequency 

and temperature for neat PA 1010 are presented in Figure 2.8. ’ and ” are also known as 

dielectric constant and dielectric loss, respectively. For the sake of space, the curves for the 

composite systems are presented in Annex I of this thesis, from Figure A I-2 to Figure A I-7. 

 

(a) 

 

(b) 

 
Figure 2.8 – ’ (a) and ” (b) measured by BDS as a function of frequency and temperature 

for neat PA 1010 
 

Even though the relaxation processes should be more visible in the ” curves, this is not the 

case here since the contribution of charge carriers to the dielectric losses dominates at low 
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frequencies and high temperatures. Indeed, experimental values of  ”, unlike the theoretical 

expression obtained by the Fourier Transforms of the dielectric response function, are affected 

not just by polarization mechanisms related to molecular relaxations, but also by conduction 

mechanisms. Therefore, the latter can “mask” the first (Steeman and Van Turnhout 1997; 

Steeman and Maurer 1992). As frequency decreases and temperature increases, the material 

enters its DC regime, where conduction mechanisms prevail due to the greater molecular 

mobility presented by the material, which eases the transport of charge carriers (McCall & 

Anderson, 1960; Pathmanathan et al., 1992; Steeman & Maurer, 1992; Steeman & Van 

Turnhout, 1997). Hence, only one relaxation can be observed at high frequencies and low 

temperatures in the ” curves from the measured data. 

 

Nevertheless, although ’ is less sensitive than ” to the molecular relaxations, it is in theory 

independent of pure conduction mechanisms. Thus, it is possible to see in the ’ curves that 

the material actually presents more relaxation mechanisms at lower frequencies that are not 

visible in the ” curves. Fortunately, ” can also be estimated from ’ data according to a 

Kramers-Kronig transform and, since ’ is independent of conductivity, the ” curves obtained 

from this mathematical relation should also be free of conduction contributions (Steeman and 

Van Turnhout 1997; Steeman and Maurer 1992). Equation 2.4 presents the Kramers-Kronig 

transform used to estimate ” from ’ data. After applying this equation, the transformed ” 

curves presented in Figure 2.9 were acquired. As for the measured data, the transformed ” 

curves of the composites are presented in Figure A I-8. 

(ܶ,߱)"ߝ  ≅ −గଶ డఌᇱ(ఠ,்)డ ୪୬(ఠ)                                                      (2.4) 
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Figure 2.9 – Dielectric loss of PA 1010 calculated from the dielectric constant data using the 

Kramers-Kronig transform 
 

With these transformed ” curves, all the relaxation processes that the material goes through 

within the frequency and temperature range investigated become evident. There are generally 

three molecular motion-related polarization mechanisms that are seen in polyamides. The local 

motion of chain segments, primarily CH2 segments situated between the interchain hydrogen 

bonds, is assumed to be the cause of a weak polarization mechanism that emerges at lower 

temperatures (-150 to -100°C). A second process appears close to -50 °C, which is related to 

the rotation motion of the amide bonds and water molecules that may be attached to them. 

Then, a strong relaxation, which corresponds to the glass-rubber transition of the amorphous 

phase, emerges at higher temperatures, i.e., 40 to 70°C depending on the kind of polyamide. 

These three relaxation processes are often conventionally called by , , and  processes, 

respectively (Steeman and Maurer 1992).  

 

In addition to these three primary molecular relaxations, polyamides may also exhibit an 

interfacial polarization process, also known as Maxwell-Wagner-Sillars (MWS) polarization, 

which is intrinsically related to the accumulation of electrical charges at the boundaries 
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between a more and a less conductive phase. This process usually appears at low frequencies, 

in  the region where the polymer becomes electrically conductive (DC regime) above the  

transition temperature, emerging as a sharp increase in the dielectric constant (Baird et al., 

1971; McCall & Anderson, 1960). Indeed, unlike DC conductivity, which is produced by 

charge carriers that can flow freely to the electrodes during the test, other carriers might 

become trapped at the boundary between crystalline and amorphous phases, not reaching the 

electrodes. Since this phenomenon involves distances that are considerable in molecular terms, 

a space charge and subsequent polarization are slowly built-up, which manifest as a low-

frequency loss mechanism (McCall and Anderson 1960). 

 

Therefore, going from high to low frequencies, the three relaxation mechanisms that can be 

seen in Figure 2.9 could likely be ascribed to the ,  and MWS polarizations, respectively. 

Due to the increased dynamics at higher temperatures, the polarization processes shift towards 

higher frequencies, with the  process practically disappearing above 100 °C, the  process 

shifting from 3  10-1 Hz at 30 °C to 4  103 Hz at 120 °C, and the MWS process emerging at 

40 °C and increasing in intensity up to 120 °C. As has been described earlier, by fitting the 

measured data to the HN function, it was possible to estimate the relaxation times of the  

process for every studied nanocomposite as a function of temperature. Figure 2.10 exhibits the 

Arrhenius plots of ln(τ) as a function of 1/T for all the systems. 
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Figure 2.10 - Arrhenius plots of ln(τ) as a function of 1/T calculated from fitting the 

dielectric loss curves to the HN function 
 

In the case of proper dispersion and interfacial interactions, the nanocomposites should present 

longer relaxation times than the neat polymer due to hampered chain dynamics (Helal et al., 

2017). Although no clear trend is observed as a function of nanomaterial or content, it is 

perceptible that all nanocomposites presented higher relaxation times with respect to neat PA 

1010 in the temperature range analyzed. This corroborates to the premise that the nanofillers 

are indeed restricting the mobility of the polymer chains. 

 

In order to confirm that, the Arrhenius plots were fitted to the VFT equation, which enabled 

the calculation of the corresponding ܧ௔ needed for the relaxation process to take place. Figure 

2.11 presents ܧ௔ as a function of nanomaterial and content. 
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Figure 2.11 – ܧ௔ calculated from fitting the Arrhenius curves to the VFT equation as a 

function of nanofiller and content 
 

In a similar manner to the relaxation times, no clear conclusions can be drawn as a function of 

nanomaterial. Also, although ܧ௔ was increased for all contents, the range studied in this work 

does not seem to be wide enough to present a notable effect on the degree in which ܧ௔ is 

increased. Nevertheless, some trends could be inferred based on the calculated values. Even 

though all nanomaterials promoted similar levels of hindrance to the macromolecular dynamics 

of PA 1010 during the  transition, ܧ௔ of GO and h-BN filled systems were slightly higher 

than MoS2’s. This corroborates with the better degree of dispersion and higher adhesion 

presented by GO and h-BN, as suggested by the DSC results. This trend is maintained for the 

hybrid fillers, in which h-BN@MoS2 and MoS2@GO  composites exhibited ܧ௔ values closer 

to MoS2 composites, while GO@h-BN composites exhibited higher ܧ௔ through the whole 

content interval. 

 

In addition to the identification of relaxation times and ܧ௔, one can also get insights on the 

filler-polymer interfacial contacts by analyzing changes in the shape of ” during MWS 

polarization. With that in mind, Figure-A I-9 presents the superposition of the Kramers-Kronig 

” at 120 °C for all the systems investigated. This temperature was selected because of the 

highest molecular dynamics presented, which eases the identification of any effects promoted 

by the nanofillers. 
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The shape of the dielectric loss curves in the MWS polarization region was clearly affected by 

the addition of the nanomaterials, which is further evidence of morphological changes and 

interfacial contacts. These changes emerge as a more pronounced shoulder during this 

polarization process and can be associated to additional interfacial effects that were not present 

in the neat polymer. However, all nanomaterials affected this process in the same order of 

magnitude when added individually. 

 

While the single-filler composites exhibited a more intense MWS polarization than neat PA 

1010 for basically all the contents, the hybrid systems didn’t affect this process as much. 

Nonetheless, it can be observed that the higher affinity of GO with PA led to some meaningful 

changes in the composites filled by 0.3 wt% MoS2@GO and 0.5 wt% GO@h-BN. Despite of 

that, the trends observed in the nanocomposites’ interfacial polarization lead one to believe 

that the nanosheets may have formed more interfaces with PA 1010 when applied separately 

than in hybrids. 

 

2.3.3 Dynamic Mechanical Analysis 

 

Tan( ) is a very useful parameter to investigate the molecular dynamics effects of nanofillers 

in a polymer nanocomposite. That is because it is calculated by the ratio between the loss and 

storage modulus, which means it is intrinsically related to how much mobility is gained by the 

macromolecules during thermal transitions such as in the glass transition (Tg). If there is proper 

dispersion and a strong contact between the phases, the mobility of polymer chains around the 

nanofiller is reduced. Thus, it would be expected that the intensity of the peak in tan(δ) during 

Tg decreases in the nanocomposites. Hence, Figure 2.12 presents tan(δ) as a function of 

temperature for every nanocomposite under study. 
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Figure 2.12 – tan(δ) as a function of temperature for all nanocomposites studied 

 

It is noticeable that all nanocomposites presented a lower intensity of tan(δ) than pure PA 1010 

during the glass transition. This is in agreement with the observed in the BDS analysis, and it 

suggests that all nanomaterials promote molecular hindrances to the mobility of polymer 

chains during this relaxation process. It is also noticed that, with the exception of MoS2 

systems,  all composites exhibited a further decrease in the intensity of tan(δ) as the content 

increased. This is probably related to the greater restriction of movement promoted by the 

greater number of nanosheets in the more concentrated nanocomposites. 
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Moreover, despite the subtle differences, the systems with GO and h-BN presented greater 

reductions in the intensity of tan(δ) compared to the ones with MoS2. This may be associated 

with the former's stronger affinity for PA 1010, GO’s larger aspect ratio, and the likely better 

dispersion of hBN within the matrix, as suggested earlier. This trend is supported by the hybrid 

systems, in which the intensities of tan(δ) for GO@h-BN composites were lower than for the 

other two, again corroborating with the higher ܧ௔ calculated from the BDS results for this 

specific hybrid system. Nevertheless, in order to confirm these trends, we have calculated the 

“adhesion factor” (ܣ) at Tg for all the systems, as can be verified in Figure 2.13. It’s important 

to highlight here that at high levels of interfacial adhesion, the macromolecular mobility near 

the filler surface tends to be less than that in the bulk matrix, which lowers tan(δ) and hence, ܣ. Thus, the more negative ܣ is, the higher level of adhesion the composite exhibits. 

 

  
Figure 2.13 – ܣ at Tg for all the nanocomposites under study as a function of content 

 

Clearly, GO and h-BN composites exhibit lower values of ܣ at Tg compared to the MoS2 

composites. Moreover, the former also demonstrate a higher sensitivity to content, confirming 

that they form a greater number of interfaces with PA 1010 due to superior chemical affinity 

and finer dispersion. As for the hybrid fillers, one can notice that the GO@h-BN system 

presented the lowest ܣ for all three contents, corroborating the hypothesis of greater 

interactions for these nanomaterials. Nevertheless, the other two combinations also presented ܣ values below zero, which indicates that there is also some level of interfacial adhesion with 

the polymer chains. 
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Since Tg is the temperature at which the macromolecules gain their mobility, the investigation 

of ܣ at this specific temperature might give the strongest insights of interfacial interactions 

between polymer and fillers. However, one can extrapolate its calculation for the whole 

temperature range, as is presented in Figure A I-10 Curiously, although ܣ starts at lower values 

for the single-filler composites, it is evident that it significantly increases above Tg, surpassing 

the “zero threshold” at higher temperatures. Although this occurs more strongly for h-BN and 

MoS2, this behavior is sustained even in the GO composites. On the opposite direction from 

the suggested by the MWS relaxation analysis, the increase of ܣ as a function of temperature 

may be a sign that the single-fillers’ adhesion to PA 1010 decreases with temperature (Kubát, 

Rigdahl, and Welander 1990; Correa, Razzino, and Hage 2007). Although this trend seems not 

to agree very well with the observed in the MWS polarization, it is important to note that the 

interfacial mechanism is actually different. In the case of MWS polarization, more carriers can 

be trapped at the interfaces at higher temperature, while in the case of Tg, it is expected that 

the macromolecules can be less constrained by the presence of nanoparticles at high 

temperatures. Thus, for more consistent comparison of trends, one should consider the  

relaxation from BDS, as is presented in the following section. 

  

Nevertheless, we see that ܣ tends to stabilize at lower values for the hybrid-fillers even at 

elevated temperatures, which could mean that the nanomaterials may better withhold the 

adhesion to the polymer matrix above Tg when added together.  

 

2.3.4 Combined Effects on the Molecular Dynamics 

 

As was mentioned at the beginning of this work, each of the employed techniques is useful in 

providing some characteristics about the filler-polymer interactions, however, it is when their 

individual results are correlated that a clear picture of how each nanomaterial affects the 

polymer dynamics is obtained. Within that scope, Figure 2.14 presents the averages of 

ΔHB/ΔHm and ܣ at Tg for each nanocomposite, as a function of the ܧ௔ calculated from the BDS 

data. 
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Figure 2.14 – Averages of ܣ at Tg (a), and ΔHB/ΔHm (b) as a function of the calculated ܧ௔ for 

all the nanocomposite systems 
 

It is astounding the good fit that each of these parameters present when plotted against each 

other, especially the linear dependency between ܧ௔ of the  transition (glass transition) and ܣ 

at Tg. It is noticed that the lower the adhesion factor presented by the nanocomposites, e.g., in 

the systems with GO and h-BN, the higher the ܧ௔, which confirms that these nanomaterials 

tend to disperse better and present enhanced interfacial contact with PA 1010, thus restricting 

its molecular mobility. Interestingly, there seems to be a synergistic effect in the GO@h-BN 

hybrids, in which the greater aspect ratio of GO, and the favorable dispersibility of h-BN work 

together to increase even further the adhesion with the macromolecules, and therefore, the glass 

transition ܧ௔. On the contrary, the hybrids with MoS2 seem to decrease the more beneficial 

effect of the second filler, be it GO or h-BN. This corroborates with the probable lower 

interactions that MoS2 have with PA macromolecules.  

 

In a similar manner to ܣ at Tg , as ܧ௔ increases, ΔHB/ΔHm increases in a semi-exponential 

manner. This is also a positive sign of the raised hypothesis, in which the greater adhesion 

provided by the larger aspect ratio of  GO, the easier dispersion of h-BN, and their favorable 

chemical affinity to PA 1010 lead to lower thermal motion during the melting process. 

Therefore, the number of macromolecules that participate in the Brill transition is increased. 
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One can go even further and correlate all three coefficients in the same chart, as is presented 

in the colormaps of Figure 2.15. When the colormaps are analyzed, the previous relationships 

become even more apparent. As ܣ becomes lower (more adhesion), and ΔHB/ΔHm increases 

(lower thermal motion  increased number of chains taking part in the Brill transition), ܧ௔ 

increases from the violet region (neat PA 1010) to the dark red region (composites containing 

GO and/or h-BN), evidencing the role that such bidimensional nanomaterials have on the 

reduced molecular dynamics of PA 1010. Since polymer chains that are in this interphase, i.e., 

in this region where the molecular dynamics are affected by interfacial interactions with the 

filler’s surface, are the main contributors to the composite’s macroscopic properties, it is 

expected that these systems with GO and/or h-BN would present the most promise for 

producing high-performance PA 1010 nanocomposites based on 2D nanomaterials. 

 

(a) 

 

(b)  

 
Figure 2.15 – 3D (a) and 2D (b) colormaps correlating the averages of ܣ at Tg, ΔHB/ΔHm, 

and the  transition ܧ௔ 
 

2.3.5 Adhesion Force from MD Simulations 

 

In order to confirm the different levels of interaction that each of the studied nanomaterials 

present to PA 1010, we have also performed MD simulations to investigate the force necessary 

to separate a single sheet of each nanomaterial from adhered PA 1010 macromolecules. This 

force is directly related to how strongly the polymer chains adhere to the surface of the 

nanosheets and can be correlated with the experimental results from this work. 
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Even though h-BN and MoS2 should have a known chemical configuration, GO can present 

varied degrees of oxidation through its oxygenated groups, such as hydroxyl, carboxyl, and 

epoxide groups. Therefore, we have first simulated only graphitic systems to identify the 

influence of the level of oxidation on the adhesion force between PA 1010 and GO. Figure 

2.16 a presents the force curves as a function of the sheet displacement in the simulation box 

when retracting it from the macromolecules. 

 

 
Figure 2.16 – Adhesion force as a function of the separation between the sheets and the 

polymer for the graphitic structures (a), and the nanomaterials used in the experimental part 
of this work (b) 

 

Curiously, although a small degree of oxidation seems to improve the adhesion force of a 

graphene structure to PA 1010, it is evident that lower C : O ratios decrease the peak force of 

separation, as well as the distance where there is no more interaction with the polymer chains, 

which was ca. 72 Å for a C : O ratio of 15 : 1, and ca. 48 Å for C : O ratios of 6 : 1 and 2.5 : 1. 

A possible reason for the lower adhesion of the more oxidized GOs with PA 1010 could be 

that the distance between the functional groups on the sheet become shorter. This might lead 

to interactions between the different groups on the sheet itself, reducing the available 

interaction sites for the polymer. 
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Although the GO used in this work has an initial C : O ratio closer to the simulated 2.5 : 1 

(Andrade et al. 2021), it is very likely that it undergoes some reduction during melt processing 

due to the elevated temperatures needed to melt the polymer. Therefore, it is fair to assume 

that the final C : O ratio is increased when the sheets are embedded in the polyamide. 

Additionally, since our experimental results suggest a strong adhesion for the GO system, the 

lower C : O ratio was considered for the comparison with the other fillers, i.e., h-BN and MoS2. 

 

Figure 2.16b exhibits the adhesion force as a function of sheet displacement for the three 

nanomaterials employed in this work. h-BN clearly presented the deepest force peak and 

largest absolute free energy of separation (FES – area under the curve), indications of greater 

interfacial strength with PA 1010. Although GO has a less intense peak force than h-BN, it 

clearly presents a deeper peak and more gradual decrease in the adhesion force with sheet 

displacement than MoS2, which also indicates fairly better attraction of the macromolecules to 

the sheet’s surface. In a different manner, MoS2 exhibits the lowest peak force and FES, 

corroborating with its lower interactions with PA 1010. Notably, there is a significant drop in 

the adhesion force for the MoS2 system at ca. 23 Å of displacement, and at ca. 43 Å it reaches 

a plateau of zero force. 

 

An important aspect that needs to be addressed is the edge effect on the h-BN and MoS2 

simulations, in which the sheets were not able to cover the whole box area. This effect allowed 

some chains to slip to the top of the sheet when the components were moved to the bottom of 

the simulation box. Consequently, when the sheet was moved back up, these chains were 

dragged as well, as is presented in the inset of Figure 2.16b. Even though this drag is not 

directly linked to the adhesion, it could contribute to the force curve to some extent. However, 

this effect was more intense in the MoS2 simulation, and it still presented the lowest adhesion. 

Thus, while it may have contributed to the greater force obtained by the h-BN simulation, it is 

not believed to have played a major role. 
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Nevertheless, it’s interesting how the simulation results agree with the experimental 

coefficients, i.e., ܧ௔ and ܣ, calculated from BDS and DMA data, respectively. The relationship 

between the calculated FES with both experimental coefficients is presented in Figure 2.17. 

 

 
Figure 2.17 – Experimental coefficients as a function of FES for the GO, h-BN and MoS2 
systems: (a) Activation energy of the  transition from BDS analysis; (b) Adhesion factor 

from DMA 
  

It’s evident the exponential decay of the  transition ܧ௔, as well as the exponential growth of ܣ as the absolute value of FES decreases. This confirms the raised hypothesis that the stronger 

the adhesion between polymer and nanosheet, represented by more negative values of FES, the 

higher the activation energy required for the macromolecules to gain mobility in the glass 

transition (higher ܧ௔), and the more negative the adhesion factor estimated by DMA (better 

adhesion). However, an important detail that needs to be highlighted in this section is that all 

of the nanosheets were simulated considering the same aspect ratio, i.e., monolayers with no 

changes in lateral dimensions. This may also help to explain the underestimated GO response 

in the simulations. It has been seen that, in reality, the GO used in this work has a much larger 

aspect ratio than the other nanomaterials. Therefore, although h-BN may exhibit stronger 

intrinsic adhesion to polyamide macromolecules, as observed in the force curves, the higher 

aspect ratio of GO in the real composites likely contributed in improving its experimental 

coefficients. 
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2.4 Conclusions 

 

We have, for the first time, experimentally investigated the effect of different bidimensional 

nanomaterials, i.e., GO, h-BN, and MoS2 on the molecular dynamics of bio-based PA 1010. 

This was achieved by correlating results from differential scanning calorimetry, broadband 

dielectric spectroscopy, and dynamic mechanical analysis. For that, nanocomposites based on 

single and hybrid-fillers were produced through melt mixing the polyamide matrix with the 

nanomaterials in a twin-screw extruder, and further molding samples by injection and 

compression molding. 

 

It was observed that, even though all of the nanomaterials affect the Brill transition of PA 1010, 

GO and h-BN seem to further increase the number of macromolecules that participate in it, 

enlarging the enthalpy of the second melting event due to lower thermal motion being gained 

by the macromolecules before the Brill transition. 

 

This trend is corroborated by the calculated ܧ௔ of the polymer glass transition through fitting 

of the dielectric loss curves. It was estimated that the nanocomposites presented longer 

relaxation times, and therefore, higher ܧ௔ than the neat polymer. Although all three nanofillers 

seem to slow down  the macromolecules’ relaxation process, the composites with GO and h-

BN exhibited higher ܧ௔, which suggests their stronger interactions with PA 1010. 

 

Curiously, it was noticed that even though the high aspect ratio of GO may have assisted in 

providing steric hindrance to the polymer chains, the small aspect ratio of h-BN may have 

cooperated for its dispersion during melt mixing, which also enabled an increased number of 

interfacial contacts with the macromolecules. The level of such interactions was confirmed by 

the ܣ coefficient, calculated from the DMA damping factor, and corroborated by the adhesion 

force as a function of sheet displacement from MD simulations. The composites with h-BN 

presented not just lower values of ܣ, but also a larger absolute FES, which agrees well with 

the estimated ܧ௔ from BDS fitting. 
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The relationship between these coefficients was highlighted by plotting them as a function of 

one another. While ܣ exhibited a clear linear correlation with ܧ௔, ΔHB/ΔHm presented an 

exponential trend. It was also observed an exponential decay of ܧ௔, as well as an exponential 

growth of ܣ, as the absolute FES decreases.  

 

Ultimately, since the level of interfacial interactions, which lead to molecular hindrance, is 

what mainly dictates the performance of polymer nanocomposites, it is suggested that the 

systems reinforced by GO and h-BN might present greater promise for novel 

bionanocomposites based on PA 1010. 
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ABSTRACT 

By incorporating nanomaterials into polymer matrices, nanocomposites can be produced with 
enhanced properties, combining the ease of processing thermoplastics with the superior 
physical characteristics of nanoparticles. In this study, fully bio-based polyamide 1010 was 
used as the polymer matrix, with graphene oxide (GO), hexagonal-boron nitride (h-BN), and 
molybdenum disulfide (MoS2), both individually and in hybrids, serving as fillers. The tensile 
behavior of these nanocomposites was evaluated at room temperature and -40 °C, along with 
their morphology and microstructure. Results showed that the nanomaterials slightly shifted 
the polymer’s crystallization temperature upward, indicating a small nucleating effect, but also 
hindered the development of crystalline domains, reducing the crystallization kinetics. Despite 
no change in the final crystalline form, nanocomposites with h-BN and MoS2 showed lower 
microstructural order as evidenced by XRD. Regarding tensile behavior, GO provided the 
greatest toughening at room temperature due to its larger lateral dimensions and good chemical 
affinity with the matrix. However, at low temperatures, h-BN-based nanocomposites 
maintained the toughening effect better than GO-based ones. This can be attributed to the lower 
order of the semi-crystalline structure promoted by h-BN, allowing greater energy dissipation. 
Hybrid fillers did not exhibit synergistic effects, with one nanomaterial hampering the effect 
of the other. SEM analysis indicated that the fracture mechanisms of the nanocomposites 
remained unchanged from the neat polymer, which makes them interesting options for 
applications that require desirable mechanical properties at a wide temperature range. 
 
Keywords: Polyamide 1010; Nanocomposites; Mechanical properties; Microstructural 
analysis 
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3.1 Introduction 

 

Due to the growing concern in environmental and sustainability issues, one of the main 

objectives that drives current polymer research might be regarded as the manufacture of 

traditional polymers from renewable sources, with their decreased carbon footprint 

representing a great benefit (Kyulavska, Toncheva-Moncheva, and Rydz 2017; Kiziltas et al. 

2021). 

 

Biopolyamides based on castor oil, such as polyamide 1010 (PA 1010), are considered to be 

among the most intriguing biopolymers currently available (Kuciel, Kuźniar, and Liber-Kneć 

2012). Commercial grades of this engineering polymer offer great strength, elasticity, 

toughness, and abrasion resistance (Li et al., 2008; Zhang et al., 2005; Zhishen et al., 1993). 

This has led to its use in a variety of industries, including automotive, electronics, athletic 

supplies, fabrics, and coatings (Rusu et al. 2011).  

 

Although polyamides are in the family of engineering polymers, they are rarely applied by 

themselves, with the automotive industry using them mainly as matrices in composites 

reinforced with glass or carbon fibers (Chauhan et al., 2022; Kuciel et al., 2016). This has led 

to a great interest in the literature to look for filler alternatives, as the conventional glass and 

carbon fibers are not environmentally friendly. For instance, Quiles-Carrillo et al. (Quiles-

Carrillo et al., 2021) have recently produced a fully bio-based composite of PA 1010 filled by 

20 wt% coconut fibers. Even though this could provide a solution for a by-product of the 

coconut industry in the form of fiber, significant losses in the mechanical behavior of the neat 

polymer were observed even after adding compatibilizers to the composite. The composite 

compatibilized by epoxidized linseed oil, which presented the best recovery of properties, still 

exhibited reductions of ca. 43%, 97%, and 82% in tensile strength, elongation at break, and 

impact strength, respectively, when compared to the neat PA 1010. The same research group 

has also produced composites based on fully bio-based PA1010 reinforced with 15 wt% waste 

derived slate fibers (Quiles-Carrillo et al., 2019). In a similar manner to the previous case, the 
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fibers had to be compatibilized before being added to PA 1010 and, even though the tensile 

modulus reached a 3-fold increase, the ductility of the material was reduced by ca. 98%. 

 

Conversely, creating nanocomposites through the addition of nanomaterials makes it possible 

to further adjust the properties of polyamides for specific purposes at lower filler contents, 

which brings a lightweighting advantage (Baniasadi et al., 2021; Chen et al., 2018; Chiu & 

Huang, 2012; Guerreiro et al., 2021; Huang et al., 2022; Japić et al., 2022; Kang et al., 2020; 

Korkees et al., 2021; Lee et al., 2022; Lu et al., 2020; Mousavi et al., 2020; Petrény & 

Mészáros, 2020; Sarac et al., 2019; Xiang et al., 2018, 2019; Zang et al., 2015). The key benefit 

is to combine the ease of processing thermoplastic materials with the exceptional physical 

characteristics of nanoparticles to produce composites with superior macroscopic attributes 

(Pinto et al., 2023). A few examples of papers exploring the mechanical performance of 

nanocomposites based on bio-based polyamides are presented in Table 3.1. 

 
Table 3.1 – Literature review of the percentual changes in the main mechanical properties of 
bio-based PA nanocomposites reinforced by 2D nanomaterials. The values are with respect 

to the polymer matrix presented in the first column, be it pure or in a blend 

Polymer wt% Tensile 
strength 

Elongation 
at break 

Flexural 
strength 

Impact 
strength Ref. 

PA 
1010/PTA 

(90:10) 
0.03 (GNP) +67% 50% +18% +73% (Kausar, 

2017b) 

PA 
1010/PU 
(80:20) 

5.00 (GNP) +140% 47% +15% +77% (Kausar, 
2017a) 

PA 
1010/FPA 

(80:20) 

5.00  
(GNP) +46% 70% +29% +29% (Kausar, 

2018) 

PA 
1010/PEA 

(80:20) 

5.00 
(PANI-

Graphene) 
+73% 48% +27% +59% (Kausar, 

2019) 

PA 1010 

6.00 
(OMMT) + 

7.00 
(CaCO3) 

+50% * +41% 27% (Yin and 
Hu 2015) 

PA 1010 

5.00 
(OMMT) + 

6.00 
(CaCO3) 

+40% 93% +37% 35% (Yin et al., 
2017) 
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PA 610 8.00 (GNP) 12% * +10% 44% (Kiziltas et 
al. 2021) 

PA 610 30.00 
(HNT) 10% 96% * 77% (Marset et 

al. 2020) 
PTA: polythioamide; PU: polyurethane; FPA: fluorinated polyamide; GNP: graphene nanoplatelets; PANI-
Graphene: polyaniline modified graphene; OMMT: organic montmorillonite; CaCO3: calcium carbonate. * 
indicates the property was not reported. 
 

It can be seen that the great majority of research applies relatively high contents of nanofiller. 

Additionally, even though the tensile and flexural strengths, as well as the impact strength for 

some of the systems tend to increase, the final composites exhibit much lower ultimate strains, 

which is the determining factor to release energy under loading. Therefore, it is also expected 

that the intrinsic flexibility of the thermoplastic matrix to be highly compromised in such 

conditions, which would make the application of these nanocomposites impracticable for some 

developing fields, e.g., in flexible electronics and wearable devices. 

 

As one of the main contributors to a poor mechanical performance is usually an inadequate 

dispersion of the nanofillers within the matrix, an interesting approach to deal with that is to 

combine different fillers in the form of hybrids. This approach could also enable the use of 

much lower filler contents. The main idea is that hybrid 2D materials can prevent the restacking 

of exfoliated layers, as it has been shown by molecular dynamics simulations that the force 

required to induce layer separation is significantly less compared to when a single 2D material 

is used (Ribeiro, Trigueiro, Owuor, et al. 2018). Ribeiro et al. (Ribeiro et al., 2020; Ribeiro, 

Trigueiro, Owuor, et al., 2018) studied the effect of adding graphene oxide/hexagonal-boron 

nitride (GO/h-BN) on the mechanical properties of epoxy and polyurethane (PU) resins. 

Increases of 140% in tensile strength, 177% in ultimate strain, and 32% in elastic modulus 

were observed for the epoxy composite with just 0.5 wt% of hybrid GO/h-BN (Ribeiro, 

Trigueiro, Owuor, et al. 2018). As for the PU system, the tensile strength and Young’s modulus 

showed increases of up to 85% and 140%, respectively, for the same filler content (Ribeiro et 

al., 2020). Hybrids of hexagonal-boron nitride/molybdenum disulfide (h-BN/MoS2) have also 

been investigated in these matrices. While the PU composite with 0.5 wt% increased the 

Young's modulus by 80% due to a significant increase in the elastomer crosslink density 

(Ribeiro, Trigueiro, Lopes, et al., 2018), the epoxy composite with 1.0 wt% h-BN/MoS2 
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presented increases of 95% in tensile strength, 60% in ultimate strain, and 58% in Young's 

modulus (Ribeiro et al., 2019). One can notice that the previous research that studied 2D 

hybrids in polymer nanocomposites was done for thermosets, where the fillers chemically bond 

to the matrix in the curing stage. Although there might be a few investigations of 2D hybrid 

nanomaterials in thermoplastics, as the one from Cui et al. (Cui et al., 2015), the contents 

employed are still extremely high (> 20 wt%), which inevitably compromises the 

processability, flexibility, and ductility of thermoplastic materials. Therefore, the literature still 

lacks thorough studies of nanohybrids as fillers for thermoplastic matrices, especially at low 

contents. 

 

Another aspect that is commonly overlooked when investigating polymer nanocomposites is 

how environmental factors, e.g., the environmental temperature, affect the properties of the 

material. However, composites with sustained mechanical performance at low temperatures 

are required for usage in emerging applications, e.g., in hydrogen storage tanks of electric 

vehicle fuel cells, sterilization containers, and structural parts in aerospace applications 

(Govindaraj et al., 2019). 

 

Therefore, this work aims to expand on the use of different 2D nanomaterials, i.e., GO, h-BN, 

and MoS2, individually and in hybrids, as fillers for polymer nanocomposites. Due to the 

growing concern in environmental and sustainability issues, a fully bio-based PA 1010 was 

selected as polymer matrix, and due to the growing number of applications that require 

maintenance of adequate mechanical properties at a wider temperature range, we have 

investigated the tensile behavior of the produced nanocomposites not just at room temperature, 

but also at -40 °C in order to simulate a more extreme environment. A morphological and 

microstructural investigation was also performed through X-ray diffraction (XRD), differential 

scanning calorimetry (DSC), and scanning electron microscopy (SEM) to evaluate the effect 

of the nanomaterials, as well as how these characteristics affect the mechanical performance 

of the nanocomposites at the different conditions explored. Additionally, viscometric analysis 

was conducted to follow the molecular weight of the polymer as a function of processing and 

filler. 
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3.2 Materials and Methods 

 

3.2.1 Materials 

 

Grilamid XE 4181 natural is the particular grade of polymer matrix that is utilized in this work. 

It is an extrusion grade PA 1010 from EMS Grivory that exhibits high viscosity and impact 

resistance, is unreinforced, and plasticized. Composites incorporating GO, h-BN, and MoS2, 

as well as their hybrid forms (GO/h-BN, MoS2/GO, and h-BN/MoS2), were studied. The GO 

was synthesized by Andrade et al. (Andrade et al., 2021) and is characterized by high structural 

quality, a carbon to oxygen ratio of approximately 1, a maximum of five layers, and a lateral 

dimension not exceeding 2.5 μm. The h-BN was sourced from Sigma-Aldrich, featuring a 

relative density of 2.29 g/cm³ and 100% purity. Merck supplied the bulk MoS2, which also has 

100% purity and a density of 5.06 g/cm³. The morphology of these nanoparticles is detailed in 

a recent study (Pinto et al., 2023), where GO exhibits the highest aspect ratio and the fewest 

layers. Although h-BN also has low thickness, its nanosheets have very short lateral 

dimensions, which restricts its aspect ratio. MoS2 has a wide range of thicknesses and number 

of layers, but since its sheets are larger in their bulk form, it achieves a higher aspect ratio 

compared to h-BN. 

 

3.2.2 Methods 

 

3.2.2.1 Nanocomposites’ Preparation 

 

The nanofillers were appropriately exfoliated in suitable solvents prior to incorporating them 

into the polymer. It has been demonstrated that this exfoliation process enhances the sheets' 

dispersibility in the following melt blending step (Muñoz et al., 2018; Pinto et al., 2020). 

Alternative exfoliation strategies have been used for each nanomaterial in order to achieve 

equivalent exfoliation yields to those of prior works (Andrade et al., 2021; Kalupgian, 2021; 

Marciano de Oliveira Cremonezzi et al., 2022). All dispersions were produced with a 

concentration of 1 g/l. GO was exfoliated in water for 30 min in an ultrasonic bath. Although 
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MoS2 was also exfoliated in an ultrasonic bath, the solvent used was ethanol and the procedure 

took 180 min. Unlike the previous two materials, h-BN was exfoliated using a tip sonicator in 

a water and isopropanol solution at a 7:3 volume ratio for 240 minutes. In contrast, GO required 

a significantly shorter exfoliation time because it was already freeze-dried post-synthesis. 

Consequently, only a mild exfoliation to disperse it in the appropriate solvent was applied. 

 

To incorporate the nanomaterials into the polymer matrix, we employed the "solid-solid 

deposition" method. This technique, developed by our research team, involves pre-depositing 

the nanomaterials onto the polymer particles' surfaces before feeding the mixture into a twin-

screw extruder (Muñoz et al., 2018). For this procedure, a Buchi B-100 roto-evaporator with a 

heating bath was utilized, operating at 50 °C and 80 mBar. The extrusion process was 

conducted using a Process 11 twin-screw extruder (ThermoScientific) with an L/D ratio of 40 

and a screw diameter of 11 mm. The settings included a feeding rate of 4 g/min, a screw speed 

of 80 rpm, and a temperature profile of 150/230/240/250/255/255/250/240 °C from hopper to 

die. Table 3.2 lists the filler contents examined. 

 

Table 3.2 – Concentration of nanomaterial used in each nanocomposite 
Acronym GO wt% h-BN wt% MoS2 wt% Total wt% 

GO 
0.10 - - 0.10 
0.30 - - 0.30 
0.50 - - 0.50 

h-BN 
- 0.10 - 0.10 
- 0.30 - 0.30 
- 0.50 - 0.50 

MoS2 
- - 0.10 0.10 
- - 0.30 0.30 
- - 0.50 0.50 

GO/h-BN 
0.05 0.05 - 0.10 
0.15 0.15 - 0.30 
0.25 0.25 - 0.50 

h-BN/MoS2 
- 0.05 0.05 0.10 
- 0.15 0.15 0.30 
- 0.25 0.25 0.50 

MoS2/GO 
0.05 - 0.05 0.10 
0.15 - 0.15 0.30 
0.25 - 0.25 0.50 
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After the extrusion process, the filaments were pelletized and subsequently injection molded 

into tensile test specimens (type V - ASTM D 638) and disc samples (1 mm thick and 25 mm 

in diameter). This molding was performed using a Haake Minijet Pro (Thermo-Scientific) 

injection molding machine. The barrel was heated to 255 °C, while the mold was maintained 

at 100 °C. An injection pressure of 600 bar was applied for 30 seconds, followed by a holding 

pressure of 400 bar for another 20 seconds. Given the high hydrophilicity of polyamides and 

their tendency to undergo hydrolysis when processed in the molten state, the pellets were dried 

in a vacuum oven at 80 °C for a minimum of 12 hours before any melt processing. 

 

3.2.2.2 Characterizations 

 

DSC scans were conducted using a DSC-60PLUS (Shimadzu) device. Samples consisted of 

pellets weighing approximately 5 mg each. An initial heating scan was performed, raising the 

temperature from room temperature to 230 °C at a rate of 10 °C min-1 to eliminate the sample's 

thermal history. The material was then cooled back to room temperature at the same rate of 10 

°C min-1 to collect crystallization data. While the crystallization temperature (Tmc) was 

acquired directly from the measured data,  the crystallization kinetics, represented by the time 

to achieve “half-crystallinity” (t1/2), were estimated based on Equation 3.1. 

ଵ/ଶݐ  = | ೘்೎ି ೚்೙|௑       (3.1) 

 

Where: ݐଵ/ଶ - Time for half-crystallinity; ௠ܶ௖ -Temperature at the peak of crystallization; ௢ܶ௡ – Temperature of the onset of crystallization; ܺ - Cooling rate. 
 

To investigate the microstructure achieved after injection molding, X-ray diffraction (XRD) 

was performed on injection molded discs in a Rigaku MiniFlex II diffractometer with ܭ஼௨ఈ  

radiation  (λ = 1.42 Å). The scan was performed from 3° to 30° with a rate of 2° min-1. The 

crystallinity (Xc) of the injection molded samples was then estimated based on the 
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deconvolution of the crystalline peaks, as can be seen in Figure A II-1 of the Annex II. The 

crystalline lamellae thickness was estimated by the Scherrer equation, as shown in Equation 

3.2. 

(௛௞௟)ܮ  = ଴,ଽఒ஻ ୡ୭ୱఏ       (3.2) 

 

Where: ܮ(௛௞௟) = crystalline lamella thickness; ߣ = X-ray wavelength; ܤ = Full width at half maximum (rad) of the diffraction peak; ߠ = Diffraction angle. 

 

Tensile tests were conducted at a crosshead speed of 10 mm/min, according to ASTM D638. 

For these tests, a MTS Alliance RF-200 testing machine mounted with a 1 kN load cell and 

pneumatic grips was used. In addition to the tests at room temperature, tests at -40 °C were 

carried out inside an environmental chamber that can be coupled to the MTS machine. The 

tests at low temperatures are made possible via an input of liquid nitrogen, and the controlling 

part of the chamber is made possible by an Eurotherm controller. The description of the 

assembly and operation of the chamber is given in more detail in the Supporting Information, 

and the assembly can be seen in Figure A II-2. For these tests, all samples were placed inside 

the chamber prior to testing in order to acclimate them to the temperature, and the tests were 

started only after thermal equilibrium was achieved. 

 

The values of tensile strength and strain at break were acquired directly from the measured 

data, the Young’s modulus was calculated based on the slope of the stress  strain curve in the 

elastic regime, and the energy released by the material during the test, i.e., its toughness, by 

integrating the whole area under the stress  strain curve. At least ten specimens were tested at 

room temperature for each composition. For the tests at -40 °C, as the composites presented a 

lower variability in their tensile behavior, the number of samples tested per composition was 

reduced to at least five specimens. 
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Thermogravimetric analysis (TGA) was performed from 30 °C to 600 °C with a 10 °C/min 

ramp in a Diamond TG/DTA analyzer from Perkin Elmer Instruments. This analysis was 

employed to investigate if the nanofillers addition might have increased the water absorption 

of PA 1010 by analyzing the weight loss as a function of temperature in samples of neat PA 

1010, GO composites, and h-BN composites. 

 

To monitor the molecular weight of PA 1010, falling-ball viscometry tests were carried out in 

triplicates. For that, polymer samples were solubilized in a solution of 90% formic acid at a 

concentration of 0.005 g/cm3, according to ASTM D2857. For complete solubilization, the 

solutions were kept heated at ca. 50 °C under magnetic stirring until they were transferred to 

the viscometer, in which the tests were conducted at 30 °C. The molecular weight was then 

calculated through the Mark-Houwink equation, according to Equation 3.3. 

ߟ  =  ௔       (3.3)ܯܭ

 

Where ߟ is the intrinsic viscosity, ܭ is the Mark-Houwink constant, ܯ is the molecular weight, 

and ܽ is the Mark-Houwink exponent. ܭ and ܽ were considered 22.6  10-3 mL/g and 0.82, 

respectively, which are values commonly employed for the polyamide/formic acid pair (Oh et 

al., 2019, 2020). To estimate the intrinsic viscosity, the Billmeyer equation (Billmeyer, 1949) 

was applied, as is presented in Equation 3.4. 

ߟ  = ଴.ଶହ[ఎೝିଵାଷ୪୬(ఎೝ)]஼          (3.4) 

 

Where ߟ௥ is the relative viscosity, calculated by the ratio between the ball falling time in the 

polymer solution and in the neat solvent, and ܥ is the solution concentration. 

 

Scanning Electron Microscopy (SEM) was used to examine the fractured surfaces of cryo-

fractured specimens. The analyses were carried out using a Hitachi TM3000 microscope at an 
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operating voltage of 15 keV. Before examination, the surfaces were coated with a gold layer 

using a Bal-tec metallizer at 22 mA for 150 seconds. 

 

3.3 Results and Discussion 

 

This section begins by exploring the microstructure of PA 1010 and how each of the studied 

nanomaterials affect the evolution of said microstructure. Then, the tensile properties of the 

nanocomposites are presented, both at room temperature and at -40 °C, constantly discussing 

the possible reasons behind each of the observed behaviors. The complete characterization of  

the used nanoparticles can be seen in the works of Andrade et al (Andrade et al., 2021), 

Cremonezzi et al. (Marciano de Oliveira Cremonezzi et al., 2022), and  Soares et al. (Soares et 

al., 2023). 

 

3.3.1 Microstructural Analysis 

 

The microstructural analysis of the nanocomposites will be presented in this section. Firstly, 

the effect of the nanomaterials on PA 1010’s crystallization behavior will be explored by DSC, 

and then the formed microstructure will be analyzed through XRD diffractograms. 

 

3.3.1.1 Crystallization Kinetics 

 

The DSC cooling curves, from which the crystallization process of the polymer can be 

visualized, are presented in Figure 3.1. It can be seen from the cooling curves that PA 1010 

exhibits a non-ordinary crystallization behavior. It is noticed that it has a first crystallization 

peak located at 173°C, however, a very broad and low-intensity second exothermal event at 

lower temperatures can also be seen. Even-even polyamides are known to present crystalline 

polymorphism, i.e., different crystalline phases can be formed depending on thermal history. 

The most stable crystalline phase is called  phase, exhibiting a monoclinic/triclinic structure 

with two prominent hkl reflections at 3.7 and 4.4 Å. However, the amide-aliphatic segments 

can present twisted conformations, leading to structures that are intrinsically or dynamically 
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more disordered. For example, the Brill structure, also known as  phase, is formed at high 

temperatures and is described as a pseudo-hexagonal phase with generation of gauche bonds 

in the aliphatic parts. Therefore, because of its pseudo-hexagonal structure, it is characterized 

by a single reflection with a distance of  4.2 Å (Lotz, 2021). Thus, the complex crystallization 

behavior observed in the DSC scans can be assigned to the further ordering of the initially 

formed pseudo-hexagonal γ crystals at higher temperatures into the more packed monoclinic 

 structure at lower temperatures (Ramesh, 1999). The assignment of each event is graphically 

presented in Figure A II-3 of Annex II. 
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Figure 3.1 – DSC cooling curves (10 °C/min) of the various PA 1010 nanocomposites 

studied (exo up) 
 

Although a small nucleating effect can be seen in some of the nanocomposites, as is evidenced 

by a slight shift of Tmc to higher temperatures, all samples still presented the low temperature 

exothermic halo, which suggests that all studied composites go through the γ →  transition. 

Additionally, it is interesting that all nanomaterials, both individually and in hybrids, reduced 

the crystallization kinetics of PA 1010, leading to longer t1/2, as can be seen in Figure 3.2. It is 

known that the crystallization process of thermoplastic materials occurs in two stages, 

nucleation and growth. While nanomaterials may favor the heterogeneous formation of nuclei, 

which is observed by the high-temperature shift of Tmc, they may impose physical hindrances 

to the growth of said crystals, which leads to the longer t1/2 observed (Jimenez et al., 2020; 

Michell & Müller, 2016; Vanroy et al., 2013; Wurm et al., 2010; Xu et al., 2005). 
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Figure 3.2 – Time for half crystallization calculated from the data acquired in the cooling 

curves of DSC tests 
 

The results presented here show that the crystallization kinetics of PA 1010 was decreased 

upon addition of nanofillers for all the systems studied. However, the effect was different 

depending on the filler. While GO did not seem to affect the dynamics significantly, MoS2, 

and especially h-BN, led to more significant changes. While MoS2 increased t1/2 of neat PA 

1010 by ca. 46% at 0.5 wt%, h-BN presented a much more impactful effect, increasing it by 

ca. 56% already at 0.1 wt%, and reaching a maximum 73% higher than PA 1010 at 0.5 wt%. 

These trends were corroborated by the hybrid composites, in which the highest t1/2 was 

achieved by the h-BN/MoS2 composite at 0.1 wt%, delaying the dynamics by ca. 86%. Due to 

the lower effect of GO, the GO/h-BN hybrids a more gradual increase of t1/2 as a function of 

content, reaching an increase of when compared to neat PA 1010 78% only at 0.5 wt%. 

Additionally, although the MoS2/GO hybrid also delayed the crystallization kinetics of PA 

1010, its effect was much lower than the hybrids with h-BN, which agrees well with the results 

from the single-filler nanocomposites. Since t1/2 is inversely proportional to crystallization 

kinetics, it would be expected that the composites with longer t1/2 would reach the lowest Xc 

and/or microstructural order after molding processes, as will be demonstrated by the XRD of 

the injection molded samples. 

 

 

 



111 
 

 

3.3.1.2 Microstructural Order 

 

The diffractograms obtained for every nanocomposite are presented in Figure 3.3. Two main 

diffraction peaks can be observed for PA 1010. These peaks are related to the (100) and (010) 

diffraction planes of the monoclinic  crystalline structure, and they appear at 20.4° and 24.0°, 

respectively (Yang et al., 2001; Yoshioka & Tashiro, 2003). The appearance of only these two 

diffraction peaks for PA 1010 supports the crystallization data from DSC, in which all the 

samples go through the low-temperature transition from γ →  microstructure. 
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Figure 3.3 – XRD diffractograms of the studied nanocomposites 

 

In the case of h-BN and MoS2 nanocomposites, diffraction peaks corresponding to the ones of 

the particles can also be observed (Bhimanapati et al., 2014; Ye et al., 2014). It’s worth 

pointing out that the intensity of these peaks increases with content, which suggests a higher 

number of agglomerates as content increases. Nevertheless, the intensity of the (002) 

diffraction peak from h-BN, which appears at 27.0°, is still very low even at 0.5 wt%. However, 

the (200) diffraction peak from MoS2, which appears at 14.6°, increases in a much more 

sensitive manner with content. This suggests that MoS2 formed bigger agglomerates. In the 

case of GO, no peaks were observed independently of content, which might indicate its better 

dispersion within PA 1010. Interestingly, the ratio between the intensities of the (010) and 

(100) diffraction peaks of the  crystals also changed as a function of filler. This indicates that, 

although the nanomaterials didn’t change the polymer’s crystalline phase, they certainly 

affected its organization. Figure 3.41 presents the ratio between the intensity of the  crystals’ 

peaks (I(010)/I(100)) and the Xc estimated from the deconvolution of the crystalline peaks. 
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(a)

 

 

 
(b) 

 

 

 
Figure 3.42 – Morphological changes promoted in the semi-crystalline microstructure of PA 

1010 by the addition of different 2D materials: (a) I(010)/I(100); (b) Xc 
 

It can be seen that  I(010)/I(100) increases more steeply with content when h-BN or its hybrids are 

added to PA 1010 than when GO, MoS2, or their hybrid is added. Since the (010) direction 

corresponds to the intersheet spacing between adjacent hydrogen bond sheets in the unit cell, 

and the (100) direction corresponds to the hydrogen bonds intrasheet distance, the (010) plane 

is less packed than the (100) (Yoshioka & Tashiro, 2003). Thus, an increase in  I(010)/I(100) can 

be correlated to a lower packing degree of the  crystals, which is further evidenced by the 

reduction of Xc in the composites. Figure A II-4 in the Annex II illustrates the  crystalline 

structure of PA 1010 based on the direction of hydrogen bonds for more clarity. Another factor 

that agrees with such observation is the increasing trend that L(010) exhibits with respect to 

L(100), which suggests that the lamellae growth is favored in the direction of the less dense 

( )
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crystalline plane. The lamellae thickness  is presented in Figure A II-5. The less ordered 

microcrystalline structure, as well as the lower overall Xc, might significantly contribute to the 

mechanical response under tensile loads, as will be presented in the next section.  Regarding 

the dynamics behind the semi-crystalline organization of the polymer chains, it is interesting 

to correlate the data obtained from the deconvolution of the XRD peaks with the crystallization 

kinetics calculated from the DSC data in a colormap, as is presented in Figure 3.5. 

 

 
 

Figure 3.5 – Correlation of morphological changes promoted by the 2D materials on the 
semi-crystalline structure of PA 1010 with the crystallization kinetics by plotting I(010)/I(100) as 

a function of Xc and t1/2 
 

A very high correlation between crystallization kinetics, represented by t1/2, crystalline 

development, represented by Xc, and crystalline ordering, represented by I(010)/I(100), is 

observed. The samples that had their crystallization kinetics retarded the most by the addition 

of nanoparticles are the ones that developed the lowest Xc, and whose semi-crystalline structure 

became less ordered. Based on these results, I(010)/I(100) could be used as a proxy for the effects 

of different fillers on the crystallization dynamics of PA 1010 composites. 
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3.3.2 Mechanical Properties 

 

This section will present the tensile behavior of the developed nanocomposites, both at room 

temperature and at -40 °C, which simulates an extreme environmental condition. The results 

are correlated with, and explained by the different physical aspects of the nanomaterials, their 

level of interactions with the polymer’s macromolecules, and the polymer’s overall 

microstructure, molecular weight, and morphology. 

 

3.3.2.1 Room Temperature 

 

The tensile properties of the composites at room temperature are presented in Figure 3.6. 

Curiously, all composites presented an unconventional mechanical response, in which the 

modulus was reduced, the tensile strength was either unchanged or slightly reduced, and the 

energy dissipated during stretching was enhanced, leading to much higher ultimate strains and 

toughness compared to neat PA 1010. Nevertheless, it is evident that the degree in which the 

properties changed depends on the employed nanomaterial. 

 

(a)

 

 

 



116 
 

(b)

 

 

 
(c)

 

 

 
(d)

 

 

 
Figure 3.6 – Mechanical properties acquired from tensile tests at room temperature: (a) 
Young’s modulus; (b) Tensile strength; (c) Strain at break; (d) Toughness. RT: room 

temperature 
 

The addition of GO clearly led to a more expressive enhancement in the toughness of PA 1010, 

increasing it by 112%, 73%, and 121% at 0.1, 0.3, and 0.5 wt%, respectively. However, it is 
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worth pointing out that the content didn’t seem to affect the toughening degree in a very 

expressive manner, since there is no significant difference for the value obtained at 0.1 wt% 

compared to the one at 0.5 wt%. Even though the other 2D materials had milder effects, their 

composites still presented enhanced ability to release strain energy, reaching toughness values 

93% and 46% higher than neat PA 1010 for h-BN and MoS2 composites at 0.5 wt%, 

respectively. 

 

Based on the level of interactions that these nanomaterials can develop with PA chains, as well 

as their physical characteristics, this trend would be expected to some degree. In fact, the 

increase of toughness in nanocomposites based on different PA grades reinforced by graphene-

related materials has already been reported in the literature, with the main explanation being a 

change in the crystal form, from the monoclinic  phase to the pseudo-hexagonal  phase. 

Since the  phase is less packed than the  phase, with the amide groups tilted out of the 

hydrogen bond sheet in the unit cell structure, the polymer becomes capable to dissipate more 

energy under mechanical loads. In addition, hydrogen bonds between the nanosheets’ 

functional groups and the amide segment of PA chains has also been identified as a major 

contributor (Huang et al., 2022; Wang et al., 2019). It is assumed that there is a delay in the 

rupture of hydrogen bonds due to interactions between the oxygen-containing groups of GO 

and the amide groups of PA chains. Hence, the material would be able to elongate and dissipate 

more energy before fracturing (Rafiq et al., 2010; Yuan et al., 2013). Nonetheless, recent MD 

simulations have suggested that this increased energy absorption in polymer nanocomposites 

is optimized for nanosheets with a limited number of functional groups. That is explained by 

the improved interactions with the polymer macromolecules, but in such a way that they are 

not overly interlocked, which would prevent the release of the stored energy (B.R. & Ghosh, 

2023; Pinto et al., 2023; Rastegar & Montazeri, 2022). 

 

Nevertheless, no change in the crystalline phase was observed in this work, as has been 

clarified by XRD analysis. On top of that, even though the nanomaterials’ addition seems to 

have decreased the long-range order of the polymer semi-crystalline structure to some extent, 

GO was the nanomaterial that promoted the least microstructural changes. Therefore, the 
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toughening observed in this work cannot be solely explained by this effect. It is believed that, 

(I) as GO is expected to have a good chemical affinity with PA 1010 due to its oxygenated 

groups, (II) it exhibits the largest aspect ratio among the three nanosheets, and (III) it seemed 

to reach the best dispersion within the polymer, there are more sites for energy dissipation from 

matrix to filler in the GO composites.  

 

Notwithstanding, although h-BN exhibits the smallest lateral size among the three nanofillers, 

its partial ionic bonding character (lip-lip bonds) can also improve its interactions with 

polymers (Chen et al., 2015). Actually, it has been recently proposed that h-BN might promote 

even stronger interactions to PA 1010 than GO (Pinto et al., 2023). This may actually help to 

explain the slower crystallization dynamics presented by the composites filled with h-BN, 

which led to the most affected semi-crystalline microstructure. Although the strong affinity, 

and the less ordered microstructure definitely contributed to the enhancement of toughness, it 

is evident that the larger aspect ratio, as well as the likely better dispersion of GO were the 

main contributors to increase the polymer’s capability to dissipate energy under tensile loads 

at room temperature.  

 

Lastly, even though some research has already stated that MoS2 can also promote hydrogen 

bonds to polymers (Rodriguez et al., 2021), it does not possess either oxygenated functional 

groups or h-BN’s lip-lip bonds, which could limit its degree of interactions with PA 1010. On 

top of the lower intrinsic attraction to the polymer matrix, it has also been observed that MoS2 

formed larger agglomerates than the other nanofillers by the higher intensity of its diffraction 

peaks. These agglomerates decrease the overall interfacial area available for energy dissipation 

from the matrix to the nanosheets, which may also have contributed to its lower toughening 

character. 

 

Interestingly, the toughening aspect was only partially transferred to the hybrid fillers. It is 

noticeable that the GO/h-BN system sustained the behavior up to 0.3 wt%, reaching an optimal 

value 86% higher than neat PA 1010 at 0.1 wt%. As for the MoS2/GO and h-BN/MoS2 systems, 

although there were significant increases of 60% in the ultimate strain for 0.1 wt% MoS2/GO, 
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and 32% for 0.5 wt% h-BN/MoS2, when the toughness is analyzed, these same samples reached 

increases of just 35% and 32%, respectively. Nevertheless, even though the hybrid fillers didn’t 

present synergistic effects as proposed in the literature for other matrices, the GO/h-BN 

composites reached better properties than the MoS2/GO and h-BN/MoS2 ones, which 

reinforces the hypothesis that GO exhibits the strongest toughening effect on PA 1010, 

followed by h-BN, and then by MoS2. In addition, as was discussed for the single-filler 

composites, the number of agglomerates present in each system can also contribute to the 

observed results. As was presented earlier by XRD analysis, MoS2 was still more agglomerated 

than GO and h-BN in the hybrids, which could lead to lower filler-polymer interfacial area 

and, therefore, lower toughening mechanisms. 

 

Notably, the combination of nanomaterials in the same composite seems to have hindered the 

potential of the individual fillers, as all hybrids exhibited either intermediary or even lower 

performance than its respective counterparts when added individually. As a secondary filler is 

added, it may reduce the overall area available for interactions between the first filler and the 

polymer chains, therefore, limiting the energy transfer from one phase to the other. This is 

especially important for the hybrids that contain MoS2, as its lower forces of interaction to PA 

1010 may lead to the proposed effect in a more pronounced manner, which agrees with the 

observed results (Pinto et al., 2023). The hybrid composites containing both GO and h-BN 

maintained their toughening characteristics up to 0.3 wt%, likely due to the stronger interfacial 

attraction forces exhibited by these nanomaterials compared to MoS2. However, as the filler 

content increased to 0.5 wt%, the propensity for agglomeration likely became dominant, 

leading to a reduction in the toughening effect. 

 

Although the composites were able to release much more energy than neat PA 1010, the 

Young’s modulus and tensile strength were either decreased or unchanged. Since water 

molecules act as plasticizer agents in polyamides, the first hypothesis for such unconventional 

behavior would be that the nanomaterials might have increased the water absorption of PA 

1010. In order to test this idea, TGA analyses were conducted on neat PA 1010, as well as on 

the composites filled by 0.3 wt% GO and h-BN. The TGA and DTG curves are presented in 
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Figure A II-6Figure , and it can be seen that, although the h-BN composite seems to have its 

thermal degradation shifted to slightly lower temperatures, the weight loss of each process is 

the same as in the neat sample. Additionally, no significant difference was observed between 

the neat sample and the GO composite. Therefore, it is believed that the nanomaterials did not 

meaningfully increase the water absorption of PA 1010 to the point that this could explain the 

tensile response of the composites. Similarly to the plasticizing effect that water can have on 

polyamides, a reduction of molecular weight could also lead to a decrease of stiffness. 

Therefore, the molecular weight of the unprocessed PA 1010, extruded PA 1010, and of the 

composites filled with 0.5 wt% fillers was calculated from viscometry data, as is presented in 

Table 3.3. 

 

Table 3.3 -Viscosity and molecular weight data calculated from viscometry analysis for neat 
PA 1010 and 0.5 wt% nanocomposites 

Material ηr η (dL/g) M (kg/mol) 

unprocessed PA 1010 1.58 ± 0.02 0.97 ± 0.03 26.99 ± 1.17 
extruded PA 1010 1.58 ± 0.02 0.98 ± 0.03 27.36 ± 0.90 

PA 1010 + 0.5wt% GO 1.56 ± 0.02 0.95 ± 0.03 26.09 ± 1.08 
PA 1010 + 0.5wt% h-BN 1.52 ± 0.02 0.88 ± 0.03 23.99 ± 0.92 
PA 1010 + 0.5wt% MoS2 1.54 ± 0.01 0.92 ± 0.02 25.30 ± 0.50 

PA 1010 + 0.5wt% GO/h-BN 1.54 ± 0.01 0.92 ± 0.01 25.21 ± 0.42 
PA 1010 + 0.5wt% h-BN/MoS2 1.57 ± 0.02 0.96 ± 0.02 26.71 ± 0.78 
PA 1010 + 0.5wt% MoS2/GO 1.55 ± 0.01 0.94 ± 0.01 25.88 ± 0.29 

 

The first important aspect to highlight from the viscometry data is that the extruded PA 1010 

basically presented an identical molecular weight to the unprocessed polymer. This indicates 

that the extrusion parameters were well selected and that there is no significant degradation 

during processing. Regarding the molecular weights estimated for the nanocomposites, even 

though there are a few variations between each filler system, the nanocomposites seem to 

exhibit slightly lower molecular weights than neat PA 1010. However, these changes are either 

insignificant when the error is taken into account or too small for being responsible for the 

observed effect on the polymer’s stiffness. 
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Another known factor that affects the stiffness of thermoplastic materials is their semi-

crystalline structure and overall Xc. It is known that the crystalline phase in thermoplastics is 

responsible for its stiffness, while the amorphous part is responsible for dissipating energy. 

Therefore, the lower Xc and less ordered microstructure exhibited by most nanocomposites 

must have contributed to the decrease of the Young’s modulus. However, as remarked earlier, 

GO didn’t notably change the Xc of PA 1010. Thus, these morphological changes cannot be 

the only reason behind this phenomenon. An interesting reason that might have corroborated 

is the possible lubricity effect that these 2D materials can exhibit (Ferreira et al., 2019, 2020; 

Wang et al., 2017, 2019; Wu et al., 2015). In this case, since the nanosheets’ content is 

extremely low, there would be enough room and mobility for the flakes to slide over one 

another and in between the polymer chains under loading, resulting in the reduction of Young’s 

modulus. This softening effect has recently been proven through atomistic simulations, which 

have demonstrated that for tensile directions between 6° and 86° with respect to the 

nanosheet’s plane, this interfacial “slippage” prevails over the stiffened chains at the proximity 

of the nanosheets (Lu et al., 2021). 

 

3.3.2.2 Low Temperature 

 

The tensile properties of the nanocomposites at -40 °C are presented in Figure 3.7. 

Interestingly, it is still possible to observe the lubricity effect of the nanofillers at -40 °C, which 

maintained lower values of Young’s modulus when compared to the neat polymer. However, 

this effect occurred in a less intense manner than at room temperature, possibly due to the 

lower molecular mobility at lower temperatures.  
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(d)

 

 

 
Figure 3.7  Mechanical properties acquired from tensile tests at 40 °C: (a) Young’s 

modulus; (b) Tensile strength; (c) Strain at break; (d) Toughness 
 

The tensile strength and strain at break are also in good agreement with what would be expected 

from the tests at low temperature. The tensile strength basically presented a two-fold increase, 

and the strain at break decreased by ca. 38% for neat PA 1010 when compared to the tests at 

room temperature. This agrees well with the lower molecular mobility that the polymer chains 

should exhibit at lower temperatures. Nevertheless, it is interesting that some of the trends that 

were observed at room temperature were changed in the low temperature tests. Even though 

the tensile strength remained only slightly lower than the neat polymer’s for most composites, 

one can notice that the astounding increase of strain at break, which led to the toughening of 

the composites filled with GO at room temperature, is greatly suppressed at -40 °C. On the 

other hand, it is curious that h-BN and MoS2 were able to maintain the toughening character 

to a certain degree, enhancing the toughness of PA 1010 by 44% and 20% at 0.1 wt%, 

respectively. In a similar manner, the GO/h-BN hybrid also seems to lose some of its 

toughening characteristics, probably due to the same effect observed in the GO composites. 

However, h-BN/MoS2 at 0.5 wt% was the hybrid filler that toughened the polymer the most at 

-40 °C, increasing the energy dissipation by 38%. 

 

Based on these results, it is proposed that the main factor leading to the toughening at such low 

temperatures is the lower long-range organization of the polymer chains, while the chemical 

affinity, and the nanomaterial’s physical characteristics must play a much reduced role. The 
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relationship between the mean values of Xc, t1/2, and toughness for each filler system at -40 °C 

is presented in Figure 3.8. 

 

(a) 

 

(b) 

 
(c) 

 

(d) 

 

Figure 3.8  Relationship between the toughness at -40 °C with: (a) crystallization kinetics; 
(b) crystallinity; (c) 3D colormap as a function of both crystallization kinetics and 

crystallinity; (d) 2D colormap as a function of both crystallization kinetics and crystallinity 
 

It becomes evident that the nanocomposites that had their crystallization kinetics hampered the 

most, i.e., the ones that faced the greatest decrease in their crystalline fractions, were able to 

dissipate the most energy at -40 °C. Additionally, in an environment with such reduced 

molecular mobility, it is expected that the nanosheets with larger aspect ratio might hinder the 

motion of the polymer chains even further, which could explain the suppressed effect of GO, 
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both individually and in the hybrids. Actually, since h-BN has the shortest nanosheets, it is also 

reasonable to assume that this mechanical interlocking at low temperatures occurs the least in 

its composites, suppressing less the toughening effect. In order to verify the morphology and 

fracture mechanisms of the nanocomposites, Figure 3.9 exhibits SEM images of cryo-fractured 

surfaces for neat PA 1010 and the composites at 0.5 wt%. As there was not a significant 

difference between the fracture morphology of the nanocomposites as a function of 

nanoparticle content, micrographs of the other compositions can be seen in Figure  of Annex 

II. 

 

(a)

 

(b)

 

(c)

 
(d)

 

(e)

 

(f)

 

 

(g)

 

 

Figure 3.9 – SEM images of cryo-fractured surfaces for PA 1010 (a), GO composite at 0.5 
wt% (b), h-BN composite at 0.5 wt% (c), MoS2 composite at 0.5 wt% (d), GO/h-BN 

composite at 0.5 wt% (e), MoS2/GO composite at 0.5 wt% (f), h-BN/MoS2 composite at 0.5 
wt% (g) 
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One can see from the SEM images the morphological aspects that provide crucial insights into 

the mechanical behavior of all investigated compositions. Independent of filler and content, all 

images exhibit a very similar morphology and fracture aspect to neat PA 1010, where a rough 

surface full of grooves and dimples can be observed through the whole fracture area. The 

surface roughness, evident by the presence of dimples and grooves, highlight the material's 

ability to absorb energy through localized plastic deformation. Additionally, no interfaces and 

voids from debonding can be seen in the SEM images, which may suggest that the nanosheets 

are fully embedded within the matrix. Therefore, although the nanocomposites were toughened 

by the nanomaterials’ incorporation, no significant changes in the fracture mechanisms were 

observed. 

 

3.4 Conclusions 

 

The tensile properties of PA 1010 nanocomposites filled by GO, h-BN, and MoS2, both 

individually and in hybrid form, have been investigated under different environmental 

conditions. We have demonstrated for the first time what is the effect of low environmental 

temperatures on the tensile response of such nanocomposites. It has been observed that at 

extremely low contents, i.e., less than 0.5 wt%, the bidimensional nanomaterials provide an 

unconventional type of reinforcement, in which these fillers reduce the Young’s modulus of 

PA 1010, but significantly enhance its ductility, and hence, its toughness. This behavior has 

been attributed to three factors: (I) physical characteristics and chemical compatibility between  

the nanosheets and polymer matrix.; (II) The lubricating character that such bidimensional 

nanostructures exhibit when employed at such low contents; (III) The decrease in the overall 

crystallinity of the polymer, as well as in the order of such crystalline regions. Additionally, 

even though the combination of different nanomaterials has shown promise in previous works 

due to their synergistic contributions in the dispersion within the polymer matrix, no such effect 

was observed in this work, and the second filler seems to hamper the effects of the first one. 

 

Curiously,  it was observed that some of these factors become less significant at lower 

temperatures, where the difference in aspect ratio, chemical affinity, and the lubricity aspect 
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contribute much less to the tensile behavior of the nanocomposites. This leaves the changes in 

the polymer microstructure as the main contributors to the toughness enhancement at low 

environmental temperature. Since h-BN promoted the biggest reduction of Xc, as well as in the 

order of the crystalline domains, it is proposed that it should be the nanomaterial of choice to 

be employed in PA nanocomposites that will be exposed to low temperatures in their 

applications. On the other hand, for materials that will not experience such conditions, GO 

seems to be the better option, since it was more effective in toughening PA 1010 at room 

temperature. Ultimately, this work evidences the importance of considering external factors, 

e.g., the temperature to which the material will be exposed during  its application, when 

designing polymer nanocomposites and selecting the most adequate nanomaterial to be used 

as filler. 
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ABSTRACT 

Low electrical conductivity and good heat dissipation are crucial for electronic packaging 
materials. Additionally, friction is critical for the lifespan and energy efficiency of components. 
To address these requirements, polymer nanocomposites based on bio-based polyamide 1010 
and ultra-low contents of 2D nanomaterials were produced by melt-blending. Graphene oxide, 
hexagonal boron nitride, and molybdenum disulfide were selected for their two-dimensional 
structure and electrical insulation, providing high thermal conductivity while preserving the 
polymer's dielectric nature. Hybrid nanocomposites were also produced to explore potential 
synergistic effects. Results showed all compositions maintained the polymer's intrinsic 
dielectric properties. Although the friction coefficient increased slightly compared to neat 
polyamide, all nanocomposites stayed within the low-friction range required for low-friction 
materials. Thermal conductivity improved by 5-10% compared to unfilled polyamide, with 
hybrid systems performing slightly better, indicating a minor synergistic effect. Despite these 
enhancements being modest compared to the literature, achieving high thermal conductivity 
usually requires over 20 wt%, which is detrimental to mechanical performance. In this study, 
at most 0.5 wt% was used, with composites being obtained directly through melt-blending. 
This highlights their potential as low-content additives for thermal interface materials without 
compromising other essential properties. 
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4.1 Introduction 

 

To meet the demands of fast signal transmission and high energy density devices, electronic 

packaging materials must possess low electrical conductivity and high heat dissipation 

capabilities (Evans et al., 2021). However, even though polymers are naturally good electrical 

insulators, they exhibit poor intrinsic thermal conductivity ranging from 0.1 to 0.4 W/mK, 

which makes them inadequate for efficient thermal management, and limits their use in such 

applications (Guo et al., 2020; C. Huang et al., 2018). To address this, researchers are 

attempting to develop polymer composites with thermally conductive particles that maintain 

dielectric properties. The primary challenge lies in balancing thermal conductivity and 

dielectric behavior in these composites. This difficulty arises from the high interfacial thermal 

resistance (ITR) between the polymer matrix and the fillers, requiring a substantial amount of 

filler to achieve adequate thermal conductivity. Unfortunately, this complicates processing and 

compromises the polymers' inherent mechanical flexibility and electrical insulation, as most 

thermally conductive fillers are also electrically conductive. (Han & Fina, 2011; R. Li et al., 

2022; S. Li et al., 2016; Xiao & Du, 2016) 

 

Although heat can be transported by phonons and electrons, maintaining electrical insulation 

requires phonons to be the primary conduction mechanism. Unlike electrons, phonons convey 

heat solely through molecular vibrations, without exhibiting tunneling effects. Therefore, 

enhancing a material's thermal conductivity imposes increasing the phonon mean free path. 

However, numerous sources of phonon scattering exist in heterogeneous materials such as 

polymer composites. The primary source is boundary scattering, which is intrinsically linked 

to ITR, as vibrational mismatches and voids created by low wettability at the filler-polymer 

interfaces result in significant phonon scattering (Mehra et al., 2018; Pandey & Singh, 2021). 

 

Ideally, constructing a 3D thermally conductive network would resolve this issue, allowing 

phonons to travel "freely" through the material without jumping between different phases. 

However, this approach is currently feasible only for thermosets, as it involves infiltrating a 

preconstructed 3D filler network with a low-viscosity resin and then curing it. Consequently, 
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ITR becomes particularly significant for thermoplastic composites, where fillers hardly form 

a continuous path (R. Li et al., 2022; Pandey & Singh, 2021; Ren et al., 2020). 

 

Thus, the main practices for reducing ITR in thermoplastic composites are incorporating fillers 

with high aspect ratios and combining different fillers with high thermal conductivities. For 

example, Cui et al. (Cui et al., 2015) developed polystyrene (PS) and polyamide 6 (PA 6) 

nanocomposites using a hexagonal boron nitride (h-BN)/graphene hybrid. Their experimental 

results indicated that the thermal conductivity of the composites increased with the addition of 

h-BN as a secondary filler. Compared to composites containing 20 wt% graphene, introducing 

an additional 1.5 wt% of h-BN boosted thermal conductivity by up to 38% in PS, and 34% in 

PA 6. This enhancement was attributed to h-BN filling the interspaces between graphene 

sheets, forming an h-BN/graphene stacked structure that significantly improved thermal 

conductivity. Similarly, a polymer blend of PA 6 and polypropylene (PP) was enhanced by 

incorporating h-BN and reduced graphene oxide (rGO) [246]. The authors initially produced 

masterbatches of PA 6/(h-BN+rGO) and then melt-blended these masterbatches with PP. The 

hybrid fillers created a synergistic effect, forming a more efficient percolating network than h-

BN alone. The improved thermal conductivity was partly due to a change in the blend's 

morphology, transitioning from a matrix-dispersed morphology in PP/(PA 6/h-BN) to a co-

continuous morphology in PP/(PA 6/h-BN+rGO). 

 

In addition to thermal conductivity and dielectric behavior, friction plays a crucial role in 

determining the lifetime and energy efficiency of components. Thus, investigating materials’ 

tribological character has sparked increased interest from the scientific community (Marian et 

al., 2022; Ronchi et al., 2023). Solid lubricants are considered promising fillers for enhancing 

the tribological properties of polymer composites across various applications. Among them, 

2D nanomaterials such as graphene derivatives, h-BN, and transition metal dichalcogenides 

(TMDs), such as tungsten selenide (WSe2), molybdenum selenide (MoSe2), tungsten sulfide 

(WS2),  and molybdenum disulfide (MoS2) have garnered significant attention. This interest 

stems from their exceptional two-dimensional layered structure, where Van der Waals forces 

between adjacent atomic layers result in low shear resistance and self-lubricating properties 
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(Lahiri et al., 2014; H. Li et al., 2017; L. Liu et al., 2019; Y. Liu et al., 2020; Sun & Du, 2019; 

Uzoma et al., 2020). Additionally, the large specific surface area of these nanomaterials can 

lead to extremely high aspect ratios, and thus, to their excellent heat conduction. In fact, heat 

dissipation has also been identified as a major factor in reducing the friction coefficient (COF) 

in polymer nanocomposites (Qiu et al., 2018; Senturk & Palabiyik, 2023). 

 

Castor oil-based polyamides, such as polyamide 1010 (PA 1010), stand out as some of the 

most attractive biopolymers on the market. This engineering polymer is available in tough, 

flexible, and abrasion-resistant forms, making it suitable for various industries, including 

electronics, sports equipment, automotive, textiles, and coatings. Its benefits extend beyond its 

ecological nature, also exhibiting lower density and water absorption than conventional 

polyamides. Therefore, PA 1010 effectively bridges the gap between long-chain high-

performance polyamides such as PA 12 and shorter-chain conventional polyamides such as PA 

6 and PA 66   (Kuciel et al., 2016; W. Li et al., 2008; McKeen, 2012; Rusu et al., 2011; Zhang 

et al., 2005; Zhishen et al., 1993). 

 

Accordingly, we intend to explore the effects of graphene oxide (GO), which is a chemical 

derivative of graphene due to the addition of oxygenated groups on its basal plane, h-BN, and 

MoS2 on the tribological, thermal conductivity, and dielectric behavior of PA 1010. The 

selection of GO instead of graphene was made due to the greater chemical affinity that the 

oxygenated groups promote to the amide groups in PA 1010, the much lower electrical 

conductivity that GO exhibits after the oxidation process, and the increasing interlayer spacing 

created by such groups, which eases its dispersion and reduces the shear resistance, possibly 

providing lower friction (Chouhan et al., 2020; H. Huang et al., 2022; Wang et al., 2019). 

However, unlike most of the previous works in the literature, we are adding extremely low 

contents of these nanomaterials to the PA 1010 matrix, i.e., up to 0.5 wt%. This is one to two 

orders of magnitude less than what is usually employed when investigating the same properties 

(R. Li et al., 2022; Ronchi et al., 2023). The low concentrations are not to prejudice the 

desirable toughness and flexibility of the thermoplastic matrix, as it has been seen that at such 

contents these fillers can significantly enhance the polymer’s ability to dissipate mechanical 
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energy (Pinto et al., 2024). In addition, we are also exploring the use of the mentioned 

nanomaterials as hybrids, i.e., adding two of them in the same composite, to investigate if they 

exhibit any synergism under such conditions. 

 

4.2 Material and Methods 

 

4.2.1 Materials 

 

The polymer matrix used in this work is the PA 1010 commercialized as Grilamid XE 4181 

natural. It is an extrusion grade, unreinforced, high viscosity, plasticized, high impact resistant 

PA 1010. As for the nanofillers, systems based on GO, h-BN, MoS2, and their hybrids, i.e., 

GO/h-BN, GO/MoS2, and h-BN/MoS2 will be studied. The GO used was synthesized in-house, 

presenting a C: O ratio of ~ 1, thickness between 1-5 layers with good structural quality, and 

lateral size ≤ 2.5μm (Andrade et al., 2021). The h-BN was purchased from Sigma-Aldrich and 

has a purity of ~ 100% and a relative density of 2.29 g/cm3. The MoS2 was purchased from 

Merck and has a purity of  ~ 100% and a density of 5.06 g/cm3. 

 

4.2.2 Methods 

 

4.2.2.1 Preparation of the Nanocomposites 

 

Before mixing the nanomaterials with the polymer, the nanofillers were thoroughly exfoliated 

in appropriate solvents to enhance their dispersibility during the melt mixing of polymer 

nanocomposites. This exfoliation process has been shown to significantly improve the 

distribution of the nanosheets (Muñoz et al., 2018; Pinto et al., 2020). Different exfoliation 

methods were employed for each nanomaterial to achieve yields comparable to those reported 

in previous studies, with all dispersions prepared at a concentration of 1 g/l (Andrade et al., 

2021; Kalupgian, 2021; Marciano de Oliveira Cremonezzi et al., 2022). GO was exfoliated in 

water using an ultrasonic bath for 30 minutes. In contrast, MoS2 was exfoliated in ethanol for 

180 minutes. h-BN underwent exfoliation using a tip sonicator in a 7:3 water-isopropanol 
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solution for 240 minutes. The shorter exfoliation time for GO was due to its freeze-dried state 

post-synthesis, requiring only mild exfoliation to disperse it effectively in the solvent. 

 

After exfoliating the nanosheets, they were deposited on the surface of the polymer powder by 

the” solid-solid deposition” methodology. It has been shown that this process, makes the 

clusters smaller and better distributed in the matrix after compounding (Muñoz et al., 2018). 

After further drying, the mixtures were melt-blended in a twin-screw extruder. Figure 4.1 

exemplifies the methodology and the parameters used in the extrusion process. 

 

(a)

 
(b) 

 
Figure 4.1 - Experimental procedure adopted for the production of PA 1010-based 

nanocomposites: (a) Solid-solid deposition for pre-deposition of nanomaterials on the surface 
of polymer powder; (b) Parameters used in extrusion for melt-blending the nanocomposites 
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A Buchi B-100 roto-evaporator with a heating bath operating at 50 °C and 80 mBar was used 

for the solid-solid deposition. As for the extrusion process, a Process 11 twin-screw extruder 

(ThermoScientific), with L/D = 40 and 11 mm in screw diameter was employed. Three filler 

contents were produced for each system, i.e., 0.1, 0.3, and 0.5 wt%. The ratio was established 

as 1:1 for the hybrid nanocomposites, maintaining the final content the same as in the single-

filler composites. The choice of this ratio was made based on the literature, which indicates 

that it considerably lowers the volume fraction of voids in the final composite by improving 

the nanomaterials’ dispersion (Wang et al., 2021). 

 

After extruding the nanocomposites, the strands were pelletized and then injection-molded into 

disc samples with 1 mm in thickness by 25 mm in diameter. The injection molding machine 

used was a Haake Minijet Pro (Thermo-Scientific) operating at 255 °C, with an injection 

pressure of 600 bar, post-pressure of 400 bar, and a mold temperature of 100 °C. 

 

The pellets were adequately dried in a vacuum oven at 80 °C for at least 12 hours before any 

process in the melt to prevent potential degradation by excessive moisture. This drying step is 

necessary because polyamides exhibit high hydrophilicity and are susceptible to hydrolysis 

when processed in the melt. 

 

4.2.2.2 Characterizations 

 

This paper will not deal with the characterization of the nanomaterials,  as it has already been 

presented in the literature in previous works (Andrade et al., 2021; Kalupgian, 2021; Marciano 

de Oliveira Cremonezzi et al., 2022), and summarized in (Pinto et al., 2023). Nevertheless, a 

brief discussion regarding their morphology is presented at the beginning of the “Results and 

Discussion” section. 

 

The electrical properties of the nanocomposites were measured through broadband dielectric 

spectroscopy (BDS). The equipment used was a Novocontrol broadband spectrometer. Disc 

specimens of 25 mm diameter and 1 mm thickness were coated with a 10 nm layer of gold on 
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both sides to improve contact with the equipment’s plated brass electrodes. Isothermal 

measurements were conducted through a frequency range from 1 x 10−2 Hz to 3 x 105 Hz under 

an excitation voltage of 3 V. Measurements were consecutively performed at different 

temperatures by increasing it from 30 °C to 120 °C with 10 °C steps. 

 

Thermal conductivity measurements were carried out in the disc samples using the modified 

transient plane source method (MTPS). The tests were conducted in a Trident equipment from 

C-Therm Technologies Ltd. In this device, a heated guard ring is fitted around a one-sided 

interfacial heater/sensor. A brief electrical current is simultaneously applied to the 

heater/sensor and guard ring, which creates a heat pulse on the sample surface in contact with 

the device. To prevent lateral heat losses,  and to ensure a one-dimensional heat flow from the 

heater to the sample, the guard ring provides physical insulation around the heater/sensor 

assembly. The brief current pulse slightly raises the sensor temperature. How quickly the 

temperature rises is proportional to the thermal losses caused by the sample conducting heat 

away from the interface. This increase in temperature leads to a change in the sensor voltage 

as a function of time, which is then used to create a response curve and directly determine the 

material's thermal conductivity. 

 

The tribological tests were conducted in reciprocating mode, where wear tests involved linear 

sliding of samples to characterize friction behavior in a sphere-on-plate contact geometry under 

a normal load. Tests were performed at room temperature using a Bruker Ultra Micro UMT 2 

tribometer, following ASTM G119 protocol. The tribometer software recorded average values 

for COF, with all samples  being tested against a 316L stainless steel sphere, which was 

purchased from Ceraltec Cerâmica Técnica Ltda, SP, Brazil. The metallic sphere that served 

as a counterface had a diameter of 4 mm and purity of 99%. The tests were conducted with a 

sliding speed of 20 mm/s, normal force of 15 N, and frequency of 0.5 Hz over a 1 mm track. 

Each test was performed twice for reliability, with the sphere being replaced between tests. 

The wear profile of the materials was measured using a VEECO mechanical contact 

profilometer, model Dektak 150 Ltd, USA. 
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The nanocomposites’ morphology was observed via Scanning Transmission Electron 

Microscopy (STEM). A FEI Magellan 400 L microscope was operated at 30 kV and 25 pA for 

the acquisition of bright-field images. For the preparation of samples, injection molded tensile 

test specimens were cryo-fractured, and their cross sections were trimmed using a glass knife 

on an RMC Ultra MT-7000 microtome at room temperature. After that, the trimmed specimens 

were sectioned with a feed of 50 nm at 1 mm/s  using a  Reichert Ultracuts FC S.  The sample 

and diamond knife temperatures used were -80 °C and -75 °C, respectively. 

 

4.3 Results and Discussion 

 

As mentioned earlier, this paper does not show the characterizations of the nanomaterials, as 

it has already been presented in the literature in previous works (Andrade et al., 2021; 

Kalupgian, 2021; Marciano de Oliveira Cremonezzi et al., 2022), and summarized in (Pinto et 

al., 2023). However, the physical features of the nanosheets after exfoliation are presented in 

Table 4.1.  

 

Table 4.1 - Physical characteristics of the produced nanomaterials after exfoliation 

Nanomaterial GO h-BN MoS2 

Thickness (nm) 1.0  2.0 2.0  3.0 1.3  6.0 

Lateral size ( m) 1.50  2.00 0.02  0.40 0.14  1.30 

Number of layers 1  3 6  9 2  9 

Aspect ratio  750  2000  7 - 200  23 - 1000 
 

Although all nanomaterials were successfully exfoliated, reaching less than 10 layers in their 

respective suspensions, GO maintained a much larger sheet width, which led to an expressive 

aspect ratio. On the other hand, MoS2 exhibited a much wider range of lateral sizes. Thus, its 

aspect ratios were not as high as GO. As for h-BN, SEM images have shown that its particles 

already exhibit very short lateral sizes from the bulk, which naturally led to smaller aspect 

ratios. 
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The following subsections will focus on the functional properties of the nanocomposites, i.e., 

the dielectric behavior, tribological characteristics, and the thermal conductivity. After these 

properties are discussed, the morphology of the nanosheets within the nanocomposites is also 

presented in STEM images. 

 

4.3.2 Dielectric Behavior 

 

As mentioned earlier, polymer dielectrics must keep their electrical insulation in a range of 

temperatures to avoid current leakage in electronic applications (Pleşa et al., 2016). Therefore, 

the determination of the electrical conductivity becomes crucial for these materials. Figure 4.2 

presents the map of the real part of the complex conductivity ( ’) for neat PA 1010, measured 

by frequency sweeps in BDS at different temperatures. The real part of the complex 

conductivity is related to the direct current (DC) conductivity and the dielectric losses ( ”) by 

Equation 4.1. 

(߱)ᇱߪ  = ᇱᇱ௧௢௧ߝ଴ߝ߱ = ஽஼ߪ +  ௥௘௟      (4.1)′′ߝ௢ߝ߱

 

Where ߝᇱᇱ௧௢௧ is the total dielectric loss as measured experimentally, including losses due to the 

direct current conductivity ( DC), and ߝ′′௥௘௟ is related to the relaxation losses, both dipolar and 

interfacial. 
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Figure 4.2 – Real part of electrical conductivity ( ’) for neat PA 1010 as a function of 

frequency and temperature 
 

As can be observed, ’ exhibits a frequency dependency, in which it decreases with the 

frequency to eventually reach a plateau when DC becomes much larger than ߱ߝ௢ߝ′′௥௘௟. This 

indicates that the material has entered its regime of direct current conductivity, and the value 

of electrical conductivity ( DC) can be acquired in that region, usually taken at the lowest 

frequency. It is noticeable that, as the temperature rises, DC increases by several orders of 

magnitude and, accordingly, the plateau extends towards higher frequencies. This is due to the 

greater molecular mobility presented by the material at elevated temperatures, which eases the 

transport of charge carriers (McCall & Anderson, 1960; Pathmanathan et al., 1992; Steeman 

& Maurer, 1992; Steeman & Van Turnhout, 1997). Hence, Figure 4.3 presents the measured 

DC for all the studied nanocomposites as a function of filler content and temperature. 
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(a) 

 

(d) 

 
(b) 

 

(e) 

 
(c)  

 

(f) 

 
Figure 4.3  DC obtained from ’ at 0.01 Hz of all the studied nanocomposites as a function 
of wt% (left axis) and temperature (right axis): (a) GO; (b) h-BN; (c) MoS2; (d) GO/h-BN; 

(e) h-BN/MoS2; (f) MoS2/GO 
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It can be seen that DC increases with temperature for all nanocomposites in a similar manner. 

However, all of them exhibited lower DC than neat PA 1010 at low temperatures, enhancing 

its insulating behavior. Since none of the 2D materials used are highly electrically conductive, 

this trend was already expected to some extent. 

 

On the other hand, the nanocomposites had a slightly more sensitive increase in DC than neat 

PA 1010 as a function of temperature. A possible explanation for this behavior would be that 

the nanosheets act as hindrances for the movement of charge carriers at low temperatures, 

where the dynamics are low. However, as the temperature increases, the dynamics are 

accelerated, and charge carriers can be more easily transported through filler-polymer 

interfaces. This hypothesis is reinforced by the heightened interfacial polarization presented 

by the nanocomposites, as was presented in our earlier publication (Pinto et al., 2023). 

Nevertheless, the composites’ DC didn’t meaningfully surpass that of PA 1010 even at the 

highest temperature, maintaining their suitability for electronics packaging applications. 

 

The composites filled with GO and MoS2 probably exhibited slightly higher DC than neat PA 

1010 above 100 °C due to remaining  bonds in the GO plane and the semi-conductive 

character of MoS2, respectively. Even though the  bonds are affected by oxidation during the 

synthesis of GO, some of these bonds are expected to remain in the structure. Since these are 

the bonds responsible for the impressive electrical conductivity of graphene, it is 

understandable that the GO nanocomposites exhibited this trend (Yang et al., 2014). 

 

The effect of the second nanomaterial in the hybrid systems can also be identified. While 

MoS2/GO hybrids presented slightly higher DC than neat PA 1010 above 100 °C, probably 

due to the reasons mentioned above, all GO/h-BN and h-BN/MoS2 systems presented lower 

DC than the neat polymer even at the highest temperature. This can be attributed to h-BN’s 

partially ionic nature and insulating character, which may hinder the transport of charge 

carriers through the interfaces even when the molecular dynamics are heightened at higher 

temperatures (B. Yu et al., 2022). 
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4.3.2 Tribological Behavior 

 

Figure 4.4 shows the COF evolution as a function of time for all the samples. It is curious that 

independent of nanomaterial and content employed, all nanocomposites reached higher COFs 

than neat PA 1010. Although this was unexpected, as 2D materials should act as solid 

lubricants, other works in the literature have also reported increased COF after addition of 

nanoparticles (Pan et al., 2014; Randhawa & Patel, 2020; J. Yu et al., 2018). 
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Figure 4.4 – Evolution of all the studied nanocomposites’ COF as a function of time: (a) GO; 

(b) h-BN; (c) MoS2; (d) GO/h-BN; (e) h-BN/MoS2; (f) MoS2/GO 
 

The COF of GO-based nanocomposites showed a consistent behavior over time with a slight 

increase compared to neat PA 1010, but it remained within the low-friction range with an 

average not higher than 0.13. The MoS2-based nanocomposites also presented an average COF 

near that of neat PA 1010, i.e., 0.10. In a slightly different behavior from the previous two 

nanomaterials, the hBN-based nanocomposites exhibited higher COFs, between 0.15 and 0.18, 

over the testing period. However, although the mean value was higher than that of the other 

nanocomposites and neat PA1010’s, they also presented low friction characteristics. Regarding 

the hybrids, it is visible the effect of h-BN, as all GO/h-BN and h-BN/MoS2 nanocomposites 

presented COFs closer to those of h-BN nanocomposites, i.e., in the range of 0.14 to 0.18. As 

for the MoS2/GO hybrid, it can be seen that its nanocomposites exhibited slightly higher COFs 

than its single-filler counterparts, which may suggest that one nanomaterial might slightly 

hinder the lubrication promoted by the other. Nevertheless, all hybrid nanocomposites 

maintained low COF values, which makes them excellent choices for tribological applications. 

 

Although it was not possible to calculate the wear rate of the studied samples, as only a small 

concavity was formed with no real detachment of material, in addition to the COF, examining 

the wear profile of the frictioned surfaces is also of considerable interest. Thus, Figure 4.5 

shows the wear depth of all samples after the friction test in reciprocating sliding mode. The 

wear was analyzed using a profiler tip in contact with the sample surface along the width of 

the track. 
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(a) 

 

(d) 

 
(b) 

 

(e) 

 
(c) 

 

(f) 

 
Figure 4.5 - Profilometry of the nanocomposites' friction surface: (a) GO; (b) h-BN; (c) 

MoS2; (d) GO/h-BN; (e) h-BN/MoS2; (f) MoS2/GO 
 

Notably, the overall wear depth of most composites does not exhibit significant changes when 

compared to neat PA 1010. A noteworthy characteristic of the composites' wear profiles is 

their markedly smoother shape compared to that of the PA 1010 surface. This characteristic is 
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particularly significant for applications where a component undergoes continuous friction. A 

smoother surface reduces the generation and accumulation of debris at the contact interface, 

thereby minimizing the risk of potential malfunctions by mechanical wear. 

 

4.3.3 Thermal Conductivity 

 

The thermal conductivity of the studied nanocomposites is presented in Figure 4.6. Although 

all compositions presented slight increases compared to the unfilled PA 1010, there were only 

minor differences among the nanocomposites as a function of 2D material and content 

employed. 

 

  
Figure 4.6 –Thermal conductivity of the single-filler nanocomposites (left) and hybrid-filler 

nanocomposites (right) 
 

The first possible reason behind the observed results might be related to the ITR, which dictates 

the thermal conductivity in thermoplastic nanocomposites, especially at such low 

contents where no conductive networks develop, and the nanoparticles are mostly scattered 

throughout the matrix (Li et al., 2022; Pandey & Singh, 2021; Ren et al., 2020). Notably, the 

composites filled by h-BN reached thermal conductivities similar to those of the other systems 

even with h-BN exhibiting much shorter nanosheets. This evidences the greater affinity that h-

BN exhibits to PA 1010, as it leads to a better vibrational match at the interface and, therefore, 

to a lower ITR. A lower ITR allows the phonons to travel through the filler-polymer interfaces 

more easily, reducing the boundary scattering. Similarly, although the intrinsic thermal 

conductivity of each nanomaterial is different, it is believed that these discrepancies would 
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only play a major role above the percolation threshold, where the phonons would be able to 

travel through interconnected sheets without jumping between filler and matrix (Lin et al., 

2020; R. Wang et al., 2018). Figure 4.7 illustrates the situations explained above, evidencing 

the importance of the intrinsic conductivity of 2D materials for percolated systems, and ITR 

for systems with scattered particles. 

 

(a) High concentration 
(percolation) 

 
 

(b) Low concentration 
(scattered flakes) 

 
 

Figure 4.7 – Illustration of possible morphologies presented by nanocomposites under 
different concentrations: (a) percolated nanocomposite with high content of 2D material; (b) 

nanocomposite with low content of 2D material. Red arrows indicate possible paths for 
phonon transport 

 

Since the percolation threshold for conductivity mechanisms is expected to occur only at much 

higher contents than the ones used in this work (Li et al., 2022; R. Wang et al., 2018), it is 

likely that any divergence in the intrinsic characteristics of the nanomaterials did not play a 

large effect on the ultimate performance of the nanocomposites. 

 

Regarding the hybrid systems, the degree of enhancement in thermal conductivity is in general 

marginally higher than that achieved by the single-filler nanocomposites. This indicates that 

only a small synergism effect was experimentally observed, as one nanomaterial might interact 

with the other. This could lead to a minor improvement in the dispersion of the particles, 

allowing for a larger volume of polymer to be filled by the nanosheets (Ribeiro et al., 2018; Y. 

Wang et al., 2021). In this scenario, there would be more regions where the phonons could 

travel through the interface, and the thermal conductivity could be slightly improved.  
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It's important to highlight that while the improvements achieved may not be as dramatic as 

those seen in other PA nanocomposites produced through more complex methods or with 

significantly higher filler contents (Kee et al., 2023; Łątka et al., 2021; Lin et al., 2020; Ren et 

al., 2020; R. Wang et al., 2018; Zhang et al., 2021), these results are still highly valuable from 

an industrial perspective. This is because a reasonable enhancement in thermal conductivity 

could still be achieved by adding very low amounts of 2D materials directly in the extrusion 

process. Moreover, since this improvement was relatively independent of the added 

nanomaterial, the most suitable options can be selected based on other criteria relevant to 

specific applications. 

 

4.3.4 Scanning Transmission Electron Microscopy 

 

Figure 4.8 presents the bright-field STEM images of the single-filler composites and the GO/h-

BN hybrid composite at 0.5 wt%. As depicted in Figure 4.8(a,b), GO retains a larger lateral 

sheet size, thereby increasing its interfacial area with the polymer matrix. In contrast, Figure 

4.8(c,d) illustrates the morphology of h-BN, which exhibits a much smaller aspect ratio, 

appearing as small particles. Notably, this morphology is consistent with the characteristics of 

the h-BN powder before its incorporation into the polymer. As shown in Figure 4.8(e,f), MoS2 

displays a behavior similar to GO, wherein its sheets maintain a wide aspect when dispersed 

within the matrix. 
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Figure 4.8 – STEM images of PA 1010 nanocomposites at 0.5 wt% for GO (a,b), h-BN (c,d), 
MoS2 (e,f), and GO/h-BN (g,h). The red arrows indicate possible phonon pathways, with the 
dashed lines representing lower conductivity in the polymer, and the full lines representing 

higher conductivity in the nanomaterials 
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Regarding the hybrid composite, the micrographs shown in Figure 4.8 (g,h) indicate that, 

although the nanomaterials appear to remain well dispersed, there is no observed synergism 

between the different particles, which is consistent with the hypothesis proposed earlier. 

 

Figure 4.8 (b), (d), and (f) also illustrate potential heat conduction pathways in the GO, h-BN, 

and MoS₂ samples, respectively. No continuous path is formed for phonon transport 

exclusively along the nanomaterials, which confirms the proposed "scattered flakes" 

morphology. This observation also elucidates why there was no substantial difference in 

thermal conductivity among the systems investigated. In all cases, phonons predominantly 

travel through the polymer matrix, with only short segments exhibiting enhanced conductivity. 

 

4.4 Conclusions 

 

Polymer nanocomposites based on PA 1010 and ultra-low contents of 2D nanomaterials were 

produced through melt-blending. This approach addresses the growing environmental 

concerns associated with the sourcing of polymer materials, given that PA 1010 is synthesized 

from renewable sources, and also showcases the potential of these materials for advanced 

multifunctional applications. The findings reveal that all the nanomaterials used successfully 

preserved the dielectric properties of the polymer matrix across a wide temperature range. This 

is crucial for the packaging of electronic devices, as it prevents current leakages. Furthermore, 

although COF increased slightly with the addition of nanomaterials, all nanocomposites 

remained within the acceptable range for solid lubricants. This characteristic makes them 

suitable for moving parts, thereby enhancing the lifespan and energy efficiency of components. 

Notably, the major findings stem from thermal conductivity measurements. The 

nanocomposites displayed thermal conductivities 5 to 10% higher than the neat polymer, even 

at the ultra-low contents utilized. This improvement is particularly significant for the 

mentioned applications, as electronic devices and moving parts generate substantial heat that 

must be dissipated to prevent malfunctions and potential failures. Therefore, this approach 

should be further explored. 
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CONCLUSION 

 

In this thesis, the influence of two-dimensional nanomaterials (GO, h-BN, and MoS2) on the 

molecular dynamics, tensile properties, and multifunctional performance of bio-based PA 1010 

nanocomposites was comprehensively investigated. Utilizing differential scanning 

calorimetry, broadband dielectric spectroscopy, and dynamic mechanical analysis, it was 

revealed that GO and h-BN present strong molecular interactions with PA 1010, leading to 

increased enthalpy during the Brill transition and higher glass transition activation energy (Ea). 

Microstructural analyses showed that h-BN and MoS2 affected the semi-crystalline order of 

PA 1010, reducing both the overall crystallinity and the order of the crystalline domains. 

Tensile tests across different environmental conditions demonstrated that while the nanofillers 

reduce PA 1010’s Young’s modulus at the low contents employed, they substantially enhance 

ductility and toughness, with GO being the most effective at room temperature and h-BN at 

low temperatures. Additionally, the nanocomposites maintained the dielectric and tribological 

properties of PA 1010 while increasing its thermal conductivity. 

 

In summary, this thesis presents a novel methodology to assess the interaction between 2D 

nanomaterials and PA 1010 by establishing a relationship between the Brill transition and the 

reduced molecular mobility induced by the incorporation of the nanomaterials. The findings 

also demonstrate that low contents of 2D nanosheets can effectively enhance the tensile 

toughness of the PA 1010 matrix, not only at ambient conditions but also under a low-

temperature environment. While physical interactions with the fillers drive this toughening 

effect at room temperature, the study identifies a distinct shift at lower temperatures, where 

these interactions are suppressed, and toughening becomes microstructure dependent. 

Specifically, the largest reduction in the semi-crystalline order observed in the h-BN 

composites indicates a transition from filler-driven to microstructure-dominated mechanisms 

of toughness. Furthermore, this work establishes that the incorporation of minimal filler 

content does not compromise critical polymer properties, including dielectric and tribological 

behaviors, while simultaneously achieving improved thermal conductivity. These insights 

demystify the conventional reliance on high filler loadings to attain desired functional 
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enhancements, underscoring the effectiveness of low-content nanofillers in producing high-

performance polymer nanocomposites.  



 
 

RECOMMENDATIONS 

 

The following recommendations aim to provide a roadmap for future research to build upon 

the findings of this study and further advance the understanding and application of the polymer 

nanocomposites develop in this thesis. 

 

 To explore a broader spectrum of filler compositions to determine the percolation threshold 

for thermal conductivity. Additionally, identifying the minimum filler content that still 

effectively enhances the toughness of the polyamide matrix is of great industrial interest; 

 

 To include tensile testing at temperatures lower than -40°C to determine the extent to which 

microstructural changes influence the toughening of the polyamide matrix. Moreover, 

performing tensile tests at intermediate temperatures between room temperature and -40°C 

would be of interest to identify the temperature at which the nanofillers’ influence is 

outweighed by the microstructural effects; 

 

 To study hybrid composites incorporating fillers of varying geometries, such as 0D, 1D, 

and 2D structures. This approach may facilitate enhanced interactions between fillers. 

Furthermore, investigating hierarchical systems by combining nanofillers with fillers of 

different scales, such as micrometric fibers (e.g., glass or carbon fibers), could bring the 

studied composites closer to industrial applications; 

 

 Conducting thermal conductivity tests at higher temperatures, as existing literature 

suggests that the effects of nanofillers are amplified at elevated temperatures due to 

increased molecular and phonon mobility.  
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Figure A I-1  – SEM (a – c) and AFM (d – f) images of the exfoliated GO (a,d), h-BN (b,e), 
and MoS2 (c,f). (a,d) are reproduced from (Andrade et al., 2021). Copyright  2021 MDPI. 
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(b,e) are reproduced from (Kalupgian, 2021). (c,f) are reproduced from (Marciano de 
Oliveira Cremonezzi et al., 2022). Copyright  2022 Elsevier 

 

(a) 0.1 wt% 

 

(b) 0.3 wt% 

 

(c) 0.5 wt% 

 
(d) 0.1 wt% 

 
 

(e) 0.3 wt% 

 

(f) 0.5 wt% 

 

Figure A I-2 – Measured dielectric constant (a-c) and dielectric loss (d-f) of the GO 
nanocomposites 

 

(a) 0.1 wt% 

 

(b) 0.3 wt% 

 

(c) 0.5 wt% 

 
(d) 0.1 wt% (e) 0.3 wt% (f) 0.5 wt% 
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Figure A I-3 – Measured dielectric constant (a-c) and dielectric loss (d-f) of the h-BN 
nanocomposites 

 

(a) 0.1 wt% 

 

(b) 0.3 wt% 

 

(c) 0.5 wt% 

 
(d) 0.1 wt% 

 
 

(e) 0.3 wt% 

 

(f) 0.5 wt% 

 

Figure A I-4 – Measured dielectric constant (a-c) and dielectric loss (d-f) of the MoS2 
nanocomposites 
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(a) 0.1 wt% 

 

(b) 0.3 wt% 

 

(c) 0.5 wt% 

 
(d) 0.1 wt% 

 
 

(e) 0.3 wt% 

 

(f) 0.5 wt% 

 

Figure A I-5 – Measured dielectric constant (a-c) and dielectric loss (d-f) of the GO@h-BN 
nanocomposites 

 

(a) 0.1 wt% 

 

(b) 0.3 wt% 

 

(c) 0.5 wt% 

 
(d) 0.1 wt% 

 

(e) 0.3 wt% 

 

(f) 0.5 wt% 

 
Figure A I-6 – Measured dielectric constant (a-c) and dielectric loss (d-f) of the MoS2@GO 

nanocomposites 
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(a) 0.1 wt% 

 

(b) 0.3 wt% 

 

(c) 0.5 wt% 

 
(d) 0.1 wt% 

 

(e) 0.3 wt% 

 

(f) 0.5 wt% 

 
Figure A I-7 – Measured dielectric constant (a-c) and dielectric loss (d-f) of the h-BN@MoS2 

nanocomposites 
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(c) 

   

(d) 

   

(e) 

   

(f) 

   
Figure A I-8 – Dielectric loss of the nanocomposites calculated from the Kramers-Kronig 

relationship: (a) GO; (b) h-BN; (c) MoS2; (d) GO@h-BN; (e) MoS2@h-BN; (f) h-BN@MoS2 
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Figure A I-9 – MWS polarization of the single-filler composites (top), and hybrid-filler 

composites (bottom), at 120 °C observed in the Kramers-Kronig transformed dielectric loss 
curves 
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Figure A I-10 – Adhesion factor as a function of temperature for all the studied 

nanocomposites 
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Effect of Environmental Temperature on the Toughening of Polyamide 1010 by 2D 

Nanomaterials 
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Figure A II-1 – Deconvolution of diffraction peaks for neat PA 1010 

 

Description of environmental chamber’s assembly:  

The temperature setpoint of the environmental chamber used for the tensile tests at -40 °C is 

manually adjusted and the controller manages the ramping and regulating. The assembly was 
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set up by placing the chamber on the bedframe of the MTS Alliance RF-200 machine, making 

sure it was leveled and centered. Then, cold resistant extensions were placed on the machine 

to insulate the loadcell and frame from extreme cold. The mechanical grips, which are also 

cold resistant, are then attached at the ends of those extensions. To allow the liquid nitrogen 

input, an insulated hose is attached to a 240 L Dewar at one end, and the other end is connected 

to a port on the back of the chamber. This port is connected to a solenoid valve. After this 

setup, the liquid valve on the Dewar can be opened, and let the liquid nitrogen starts to flow. 

Since the setpoint is adjusted on the controller, it automatically manages the opening and 

closing of the valve to inject the right amount of nitrogen to the system. The controller works 

in conjuncture with the heating element of the chamber to manage the perfect temperature 

setpoint. From room temperature, it would take about 5 to 10 min to stabilize the temperature 

at -40 °C. Figure A II-2 presents a picture of the chamber assembly. 

 

 
Figure A II-2 – Assembly of the environmental chamber coupled to the Alliance RF/200 

MTS universal testing machine used for the ambience of the tensile tests at -40 °C 
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Figure A II-3 – DSC cooling curve of neat PA 1010 with assignments to each exothermic 

event 
 

 
Figure A II-4 - Illustration of PA 1010’s  crystal structure as a function of the hydrogen 

bonds’ orientation, highlighting the intrasheet orientation of the (100) plane, and the 
intersheet orientation of the (010) plane 
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(a)

 

 

 
(b) 

 

 

 
Figure A II-5 – Changes in the crystalline lamella thickness of the (100) (a), and (010) (b) 
diffraction peaks of the  crystalline structure of PA 1010 by the addition of different 2D 

materials 
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Figure A II-6 – TGA and DTG curves of neat PA 1010, 0.3 wt% GO composite, and 0.3 wt% 

h-BN composite 
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Figure A II-7 – SEM images of cryo-fractured surfaces for the nanocomposites reinforced by 

0.1 and 0.3 wt% nanoparticles 
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