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ABSTRACT 
 
This thesis reports different approaches to obtaining flexible materials for 
electromagnetic interference (EMI) shielding. The relationship between 
structure, properties, processing, and performance of carbon nanotube 
(CNT), graphene (GnP), and GnP/CNT filled poly (styrene-b-ethylene-
ran-butylene-b-styrene) (SEBS) nanocomposites prepared by two 
different melt compounding methods was investigated. In a first step, 
SEBS/CNT nanocomposites were successfully prepared by melt 
compounding in a batch mixer followed by compression molding. 
SEBS/CNT nanocomposites exhibited low electrical percolation 
threshold with the formation of a three-dimensional conductive network 
starting at around 1 wt% of CNT. An electrical conductivity of 1 S.cm-1, 
which represents an increase of 17 orders of magnitude compared to the 
one of the matrix, was achieved with 8.0 wt% of CNT. The maximum 
electromagnetic interference shielding effectiveness (EMI-SE) reached 
with 15 wt% of CNT was 30.07 dB. This effectiveness corresponds to a 
reduction of 99.9 % of the incident electromagnetic radiation. In a second 
step, nanocomposites of SEBS/GnP and hybrid nanocomposites of 
SEBS/GnP/CNT were prepared using the same processing conditions 
used in the first phase. Morphological characterization showed that 
SEBS/CNT presented better dispersion of the carbon nanoadditives and 
higher filler-matrix interactions than SEBS/GnP. SEBS/GnP presented 
lower values of electrical conductivity and EMI-SE compared to 
SEBS/CNT prepared in the first phase. The maximum electrical 
conductivity was 2.6E-7 S.cm-1 and the higher EMI-SE was 8.63 dB 
achieved with 15 wt% of GnP. However, the addition of both CNT and 
GPn resulted in synergic effects regarding shielding properties when 
compared to both binary nanocomposites (SEBS/CNT and SEBS/GnP). 
The combination of both nanoparticles improved the connection of the 
electrical conductive network formed throughout the material, which 
resulted in an improvement of EMI-SE. The maximum EMI-SE of 
36.47dB, which represents an attenuation of 99.98% of the incident 
radiation, was achieved for the SEBS/GnP/CNT nanocomposite with 5/10 
wt% of GnP/CNT. In the last part of this project, SEBS/CNT and SEBS 
grafted maleic anhydride (SEBS-MA)/CNT nanocomposites were 
prepared by melt compounding and post-processed using two different 
techniques, extrusion and compression molding. Results showed that the 
CNT loading amount, the presence of MA in the matrix, and the molding 
technique affected the final morphologies, the electrical, mechanical and 
EMI shielding properties of nanocomposites. For the nanocomposites 



 
 

prepared by extrusion, electrical and mechanical properties suggested that 
CNT were aligned in the matrix. MA did not improve the interactions 
between CNT and the matrix. However, SEBS-MA presents a higher melt 
flow index, which affected the dispersion and alignment of the CNT and 
the final properties of the nanocomposites. Nanocomposites prepared by 
extrusion presented slightly higher values of Young’s modulus, tensile 
strength, and elongation at break compared to the ones prepared by 
compression. On the other hand, nanocomposites prepared by 
compression presented lower electrical percolation threshold, and much 
higher AC electrical conductivity and EMI-SE. The highest EMI-SE 
value was 56.73 dB, which represents a reduction of 99.9996% of the 
incident radiation, achieved by SEBS/CNT with 8 wt% of CNT prepared 
by compression. However, the nanocomposite of SEBS/CNT with 5 wt% 
of CNT prepared by extrusion presented the best balance between EMI-
SE and mechanical properties.  

 
Keywords: Polymer nanocomposites. Hybrid nanocomposites. Carbon 
nanotubes. Graphene. Electrical properties. Electromagnetic shielding. 
  



 
 

RESUMO 
 

Esta tese apresenta diferentes abordagens para a obtenção de materiais 
flexíveis para blindagem de interferência eletromagnética (EMI). A 
relação entre estrutura, propriedades, métodos de processamento e o 
desempenho dos nanocompósitos de poli (estireno-b-etileno-ran-
butileno-b-estireno) (SEBS) com nanotubos de carbono (CNT), grafeno 
(GnP) e GnP/CNT preparados por dois métodos distintos de mistura por 
fusão foi investigada. Na primeira fase, nanocompósitos SEBS/CNT 
foram preparados com sucesso por mistura por fusão em um reômetro de 
torque seguido de moldagem por compressão. Os nanocompósitos de 
SEBS/CNT apresentaram baixo limiar de percolação elétrico com a 
formação de uma rede condutora tridimensional a partir de cerca de 1 
wt.% de CNT. A máxima condutividade elétrica foi de 1 S.cm-1, a qual 
representa um aumento de 17 ordens de grandeza em comparação com a 
matriz, foi obtida com 8,0 wt.% de CNT. A máxima eficiência de 
blindagem de interferência eletromagnética (EMI-SE) alcançada com 15 
wt.% de CNT foi de 30,07 dB. Esta eficácia corresponde a uma redução 
de 99,9% da radiação eletromagnética incidente. Na segunda fase, 
nanocompósitos de SEBS/GnP e nanocompósitos híbridos de 
SEBS/GnP/CNT foram preparados usando as mesmas condições de 
processamento usadas na primeira fase. A caracterização morfológica 
mostrou que SEBS/CNT apresentou uma melhor dispersão dos 
nanoaditivos de carbono e maiores interações entre matriz e aditivo que 
SEBS/GnP. SEBS/GnP apresentaram valores mais baixos de 
condutividade elétrica e EMI-SE em comparação com SEBS/CNT 
preparados na primeira fase. A condutividade elétrica máxima foi de 
2.6E-7 S.cm-1 e a maior EMI-SE foi de 8,63 dB alcançadas com 15 wt.%  
de GnP. No entanto, SEBS/GnP/CNT apresentaram efeitos sinérgicos em 
relação às propriedades de blindagem em comparação aos 
nanocompósitos binários (SEBS/CNT e SEBS/GnP). A combinação de 
ambas as nanopartículas melhorou a conexão da rede elétrica condutora 
formada em todo o material, o que resultou em uma melhoria da EMI-SE. 
O EMI-SE máximo de 36,47dB, o qual representa uma atenuação de 
99,98% da radiação incidente, foi alcançado para o nanocompósito 
SEBS/GnP/CNT com 5/10 wt.% de GnP/CNT, respectivamente. Na 
última parte deste projeto, nanocompósitos SEBS/CNT e SEBS 
graftizado com anidrido maleico (SEBS-MA)/CNT foram preparados por 
mistura por fusão e pós-processados usando duas técnicas diferentes, 
extrusão e moldagem por compressão. Os resultados mostraram que a 
quantidade de CNT, a presença de MA na matriz e a técnica de moldagem 



 
 

utilizada afetaram as morfologias e as propriedades elétricas, mecânicas 
e de blindagem electromagnética dos nanocompósitos. Para os 
nanocompósitos preparados por extrusão, as propriedades elétricas e 
mecânicas sugeriram que a técnica de moldagem empregada alinhou os 
CNT na matriz. O MA não melhorou as interações entre CNT e matriz. 
No entanto, SEBS-MA apresenta um índice de fluxo de fusão mais 
elevado, o que afetou a dispersão e alinhamento dos CNT e as 
propriedades finais dos nanocompósitos. Os nanocompósitos preparados 
por extrusão apresentaram valores ligeiramente maiores do módulo de 
Young, resistência à tração e alongamento na ruptura em comparação 
com os preparados por compressão. Por outro lado, os nanocompósitos 
preparados por compressão apresentaram limiar de percolação elétrico 
menor e condutividades elétricas (AC) e EMI-SE maiores. O maior EMI-
SE foi de 56,73 dB, o que representa uma redução de 99,9996% da 
radiação incidente, obtida pelo SEBS/CNT com 8 wt.% de CNT 
preparado por compressão. No entanto, o nanocompósito de SEBS/CNT 
com 5 wt.% de CNT preparado por extrusão apresentou o melhor 
equilíbrio entre EMI-SE e propriedades mecânicas. 

 
Palavras-chave: Nanocompósitos poliméricos. Nanocompósitos 
híbridos. Nanotubos de carbono. Grafeno. Propriedades elétricas. 
Blindagem eletromagnética. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

RESUMO EXPANDIDO 
 
Introdução 
Num contexto global, é claro o interesse em investimentos para o 
desenvolvimento de materiais avançados capazes, por exemplo, de refletir 
e/ou absorver radiações eletromagnéticas para superar a crescente 
poluição eletromagnética. Consequentemente, muitas pesquisas estão 
sendo conduzidas buscando o desenvolvimento de materiais de proteção 
multifuncionais que apresentem propriedades mecânicas adequadas, 
menor densidade, boa capacidade de processamento e, ao mesmo tempo, 
satisfaçam plenamente parâmetros estéticos. Em geral, os compósitos 
baseados em polímeros termoplásticos convencionais e nanopartículas de 
carbono aparecem como candidatos para atender a maioria desses 
requisitos. No entanto, para algumas aplicações, os materiais para 
blindagem de EMI também devem ser obrigatoriamente flexíveis. 
Atualmente, compósitos baseados em borrachas convencionais e 
partículas tradicionais de carbono são os materiais flexíveis de proteção 
para blindagem EMI mais utilizados. No entanto, esses compósitos 
apresentam algumas desvantagens significativas, principalmente 
relacionadas ao processo de cura e à necessidade de alta quantidade dos 
aditivos condutores. Portanto, o desenvolvimento de materiais que 
combinam as exepcionais propriedades de elastômeros termoplásticos e 
nanopartículas de carbono pode ser uma opção promissora para o 
desenvolvimento de uma nova geração de materiais flexíveis de alto 
desempenho para blindagem de EMI. 
 
Objetivos 
O principal objetivo desta tese é desenvolver um material flexível e 
eficiente de blindagem de EMI baseado em SEBS e diferentes 
nanopartículas de carbono. Para entender a relação entre morfologia, 
propriedades e condições de processamento para performances 
superiores, o projeto de pesquisa foi dividido em 3 fases e os objetivos 
específicos de cada fase foram definidos conforme especificado a seguir. 
i) Primeira fase: avaliar as interações, dispersão e distribuição dos CNT 
na matriz de SEBS; analisar a microestrutura e avaliar a condutividade 
elétrica e a eficiência de blindagem eletromagnética dos nanocompósitos. 
ii) Segunda fase: avaliar as interações, dispersão e distribuição das 
nanopartículas de grafeno na matriz de SEBS; analisar como a 
microestrutura, a condutividade elétrica e a eficiência de blindagem 
eletromagnética dos nanocompósitos dependem do nanoaditivo de 
carbono utilizado em nanocompósitos híbridos de SEBS/CNT/GnP; 



 
 

investigar a existência de efeitos sinérgicos nas propriedades dos 
nanocompósitos híbridos em comparação com os nanocompósitos 
binários (SEBS/CNT e SEBS/GnP). iii) Terceira fase: avaliar a influência 
da presença de anidrido maleico na matriz de SEBS na microestrutura e 
propriedades dos nanocompósitos; analisar como o método de 
processamento utilizado para obter os nanocompósitos do SEBS/CNT 
afeta a microestrutura, propriedades mecânicas e elétricas e o 
desempenho dos nanocompósitos para blindagem EMI. 
 
Metodologia 
Neste trabalho, a relação entre estrutura, propriedades, processamento e 
desempenho de nanocompósitos à base de elastômero termoplástico e 
nanoaditivos de carbono preparados por diferentes técnicas de mistura por 
fusão foi investigada para o desenvolvimento de um material de 
blindagem de EMI flexível e eficiente. Neste estudo, foram utilizados dois 
diferentes nanoaditivos de carbono, CNT e GnP, duas técnicas distintas 
de pós-processamento, extrusão e moldagem por compressão, e três tipos 
comerciais diferentes de SEBS com relação estireno/borracha de 30/70. 
As matrizes de SEBS foram SEBS Kraton G1650 (índice de fusão <1g/10 
min (230°C, 5kg)) usado na primeira e segunda fases do projeto, e SEBS 
Kraton G1652 (índice de fusão 5g/10 min (230°C, 5kg)) e SEBS-MA 
Kraton FG1901 (índice de fusão 22g/10 min (230°C, 5kg)) utilizados na 
terceira fase do projeto. 
 
Resultados e Discussão  
Na primeira fase, os nanocompósitos foram preparados por mistura por 
fusão seguida de moldagem por compressão. Os CNT foram devidamente 
dispersos na matriz de SEBS e suas estruturas não foram 
significativamente danificadas. Os nanocompósitos de SEBS/CNT 
apresentaram interações π-π não covalentes entre a CNT e os anéis 
aromáticos da matriz. SEBS/CNT apresentou um baixo limiar de 
percolação elétrico em cerca de 1 wt.% de CNT. A condutividade elétrica 
máxima, alcançada para a amostra com 8 wt.% de CNT, foi de cerca de 1 
S.cm-1, o que representa um aumento de 17 ordens de grandeza em relação 
a condutividade do SEBS puro. Para amostras com maiores quantidades 
de CNT, a condutividade elétrica se estabilizou. Em relação ao 
desempenho de blindagem de EMI, os resultados experimentais 
mostraram-se superiores aos valores teóricos previstos. Para a amostra 
com 15 wt.% de CNT, o EMI-SE foi de 30,07dB, o que correspondeu a 
uma redução de 99,9% da radiação incidente na faixa de freqüência de 8-
12 GHz. Nessa faixa de frequência, a permissividade real e imaginária 



 
 

aumentou à medida que as frações de CNT foram aumentadas. Para os 
nanocompósitos com 15 wt.% de CNT, ε" foi superior a ε’, o que indicou 
que a partir deste ponto, a dissipação de energia foi mais eficiente devido 
ao maior número de caminhos condutores formados ao longo da amostra. 
Na segunda parte do projeto, nanocompósitos de SEBS/GnP e 
nanocompósitos híbridos de SEBS/GnP/CNT foram preparados usando 
as mesmas técnicas de processamento que as empregadas na primeira 
fase. As morfologias, propriedades e desempenhos de blindagem dos 
diferentes nanocompósitos foram comparados entre si e as propriedades 
de proteção também foram comparadas aos resultados obtidos pelos 
nanocompósitos de SEBS/CNT preparados na primeira parte deste 
trabalho. A caracterização morfológica mostrou que o GnP não era 
homogêneo, mostrando ser uma mistura de grafeno de múltiplas paredes 
e grafite expandido. Os nanocompósitos de SEBS/GnP não exibiram 
interações não covalentes entre GnP e SEBS. O GnP apresentou boa 
distribuição em toda a matriz, no entanto, não foi possível dispersar 
adequadamente as partículas de GnP na matriz por mistura por fusão com 
os parâmetros de processamento utilizados neste trabalho. Para os 
nanocompósitos de SEBS/GnP, a condutividade elétrica máxima 
alcançada com 15 wt.% de GnP foi de 2.6E-7 S.cm-1. Para amostras de 
SEBS/GnP/CNT com 2/8 wt.% de GnP/CNT (com um total de 10 wt.% 
de nanoaditivos de carbono), a condutividade elétrica foi de 1,4 S.cm-1. 
Para os nanocompósitos híbridos com adição de CNT igual ou superior a 
8 wt.%, a condutividade se estabilizou. No que diz respeito às 
propriedades de blindagem, o EMI-SE máximo para nanocompósitos de 
SEBS/GnP foi de 8,63 dB atingido pela amostra com 15 wt.% de GnP. 
Para todas as amostras de SEBS/GnP ε' foram maiores do que ε". Para o 
nanocompósito híbrido de SEBS/GnP/CNT na fração de carga absoluta 
de 15 wt.% de nanoaditivos de carbono, em uma proporção de 5/10 wt.% 
de GnP/CNT, o EMI-SE foi de 36,47dB, o que representa uma atenuação 
de 99,98% da radiação incidente. Para a amostra com 7/3 wt.% de 
GnP/CNT (com um total de 10 wt.% de nanoaditivos de carbono), ε ' > 
ε"; para o 5/5 wt.% (com um total de 10% em peso de nanoaditivos de 
carbono), ε' ≈ ε"; e para os nanocompósitos com maior quantidade de 
CNT, ε' < ε". Estes resultados apontaram que, para amostras com 
quantidades de carregamento da CNT superiores a 8 wt.%, um maior 
número de caminhos condutores foi formado na rede condutora, o que 
resultou em um aumento na dissipação de energia. Esses resultados estão 
de acordo com os resultados da condutividade elétrica e justificaram a 
maior EMI-SE dos nanocompósitos híbridos em relação aos 
nanocompósitos de SEBS/GnP. Comparando as propriedades de 



 
 

SEBS/GnP, SEBS/GnP/CNT e SEBS/CNT (da primeira parte do projeto), 
os resultados indicaram efeitos sinérgicos entre CNT e GnP quanto à 
eficiência de blindagem para os nanocompósitos onde CNT >> GnP. O 
sinergismo foi evidenciado pelo fato de que a EMI-SE dos 
nanocompósitos híbridos de SEBS/GnP/CNT foi maior do que a soma da 
EMI-SE dos nanocompósitos de SEBS/GnP e SEBS/CNT com a mesma 
quantidade total de aditivos condutores. Na última fase, nanocompósitos 
de SEBS/CNT e SEBS-MA/CNT foram preparados por mistura por fusão 
seguida por duas diferentes técnicas de pós-processamento, extrusão e 
moldagem por compressão. Os nanocompósitos apresentaram diferentes 
morfologias e propriedades, dependendo da quantidade de CNT, presença 
de MA e a técnica de moldagem utilizada. Em relação às amostras de 
SEBS enxertado com anidrido maleico, não foram observadas interações 
entre MA e CNT e, conseqüentemente, o efeito de MA nas propriedades 
dos nanocompósitos foi pequeno. No entanto, a presença de MA torna a 
matriz mais fluida, o que afeta de alguma forma a dispersão e a 
distribuição dos CNT. Para todos os nanocompósitos, a condutividade 
elétrica de (AC) aumentou à medida que a quantidade de CNT aumentou. 
A presença de MA afetou ligeiramente as propriedades elétricas dos 
nanocompósitos. Por outro lado, o efeito da técnica de moldagem na 
condutividade dos nanocompósitos foi muito significativo. Os 
nanocompósitos preparados por moldagem por compressão apresentaram 
maior condutividade elétrica, bem como um menor limiar de percolação 
elétrico. Os diferentes comportamentos em relação aos métodos de 
processamento podem ser explicados considerando que o processo de 
extrusão induziu um alinhamento dos CNT ao longo da direção do fluxo 
de extrusão. Considerando que, para os nanocompósitos preparados por 
moldagem por compressão, os CNT foram distribuídos aleatoriamente. 
Devido a esta distribuição aleatória, a formação de conexões CNT-CNT 
em todo o material foi favorecida com menor quantidade de CNT. Como 
conseqüência, nanocompósitos com 1 wt.% de CNT preparados por 
moldagem por compressão apresentaram maior condutividade elétrica do 
que as amostras preparadas por extrusão com 3 vezes essa quantidade de 
CNT. Para nanocompositos com 8 wt.% de CNT, os valores foram 
nivelados, sugerindo uma saturação do sistema relacionado à 
condutividade elétrica. Quanto às propriedades mecânicas, o efeito da 
técnica de moldagem utilizada não foi substancial. A presença de MA 
modifica o índice de fluxo o que, consequentemente, afetou a distribuição 
e o alinhamento dos CNT nos nanocompósitos, e todos os 
nanocompósitos de SEBS-MA/CNT apresentaram menor módulo de 
Young, tensão em 100%, resistência à tração e alongamento na ruptura 



 
 

do que os nanocompósitos de SEBS/CNT. O efeito da quantidade de CNT 
foi muito forte, e para todos os nanocompósitos, a adição de CNT 
aumentou o módulo de Young e a tensão em 100%, ao passo que diminuiu 
a resistência à tração e o alongamento na ruptura. As diminuições na 
resistência à tração e alongamento na ruptura foram notavelmente 
dramáticas para as amostras com 8 wt.% de CNT, uma vez que as matrizes 
tornaram-se mais frágeis. O maior EMI-SE, alcançado pelo SEBS/CNT 
preparado por moldagem por compressão com 8 wt.% de CNT, foi muito 
expressivo, atingindo 56,73 dB, o que representa uma atenuação de 
99,9996% da radiação incidente. No entanto, a combinação dos diferentes 
resultados demonstrou que o SEBS/CNT com 5 wt.% de CNT preparado 
por mistura por fusão seguida de extrusão apresentou um excelente 
equilíbrio entre eficiência de blindagem, propriedades mecânicas e 
capacidade de processamento.  
 
Considerações Finais 
Os nanocompósitos apresentaram diferentes morfologias e propriedades, 
dependendo do tipo e quantidade de aditivo condutor, presença de MA e 
as condições de processamento utilizadas. A dispersão e distribuição dos 
aditivos condutores na matriz polimérica, bem como as interações 
aditivo-matriz influenciaram fortemente a formação da rede eletricamente 
condutora e as propriedades de blindagem de EMI dos nanocompósitos. 
Verificou-se que nanocompósitos híbridos de diferentes nanopartículas 
de carbono resultaram em efeitos sinérgicos em relação à blindagem de 
EMI. Os resultados apontaram que deve ser dada especial atenção à 
quantidade de aditivos de carbono utilizados, uma vez que a partir de uma 
certa quantidade de aditivos de carbono nas matrizes poliméricas, as 
propriedades mecânicas dos nanocompósitos sofreram uma diminuição 
drástica. No decorrer do desenvolvimento do projeto, diferentes aspectos 
combinados mostraram que foi possível obter materiais com excelentes 
balanços entre eficiência de blindagem, propriedades mecânicas e 
processabilidade. Portanto, pode-se concluir que alguns nanocompósitos 
preparados neste trabalho apresentam grande potencial como materiais 
flexíveis de blindagem de EMI de alto desempenho. 
 
Palavras-chave: Nanocompósitos poliméricos. Nanocompósitos 
híbridos. Nanotubos de carbono. Grafeno. Propriedades elétricas. 
Blindagem eletromagnética. 
 

 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

RESUMÉ 
 
Cette thèse rapporte différentes approches pour obtenir des matériaux 
flexibles pour le blindage des interférences électromagnétiques (EMI). La 
relation entre la structure, les propriétés, le traitement et la performance 
des nanocomposites poly (styrène-b-éthylène-butylène-b-styrène) 
(SEBS) remplis de nanotubes de carbone (CNT), graphène (GnP) et GnP 
/ CNT préparé par deux méthodes distinctes de mélange à l'état fondu a 
été étudiée. Dans une première étape, les nanocomposites SEBS / CNT 
ont été préparés avec succès par mélange à l'état fondu dans un mélangeur 
interne suivi d'un moulage par compression. Les nanocomposites SEBS / 
CNT ont présenté un seuil de percolation électrique faible avec la 
formation d'un réseau conducteur tridimensionnel commençant à environ 
1% en poids de NTC. La conductivité électrique supérieure de 1 S.cm-1, 
qui représente une augmentation de 17 ordres de grandeur par rapport à 
la matrice, a été obtenue avec 8,0% en poids de CNT. L'efficacité 
maximale de protection contre les interférences électromagnétiques 
(EMI-SE) atteinte avec 15% en poids de CNT était de 30,07 dB. Cette 
efficacité correspond à une réduction de 99,9% du rayonnement 
électromagnétique incident. Dans une deuxième étape, des 
nanocomposites de SEBS / GnP et des nanocomposites hybrides de SEBS 
/ GnP / CNT ont été préparés en utilisant les mêmes conditions de 
traitement utilisées dans la première phase. La caractérisation 
morphologique a montré que le SEBS / CNT présentait une meilleure 
dispersion des nanomatériaux de carbone et des interactions de charge-
matrice plus élevées que SEBS / GnP. SEBS / GnP a présenté des valeurs 
de conductivité électrique plus faibles et EMI-SE par rapport au SEBS / 
CNT préparé dans la première phase. La conductivité électrique 
maximale était de 2,6 E-7 S.cm-1 et l'EMI-SE plus élevée était de 8,63 dB 
atteint avec 15% en poids de GnP.  Cependant, le SEBS / GnP / CNT a 
présenté des effets synergiques concernant les propriétés de blindage par 
rapport aux nanocomposites binaires (SEBS / CNT et SEBS / GnP). 
L’ajout simultané  des deux nanoparticules a amélioré la connexion du 
réseau conducteur électrique formé à travers le polymère, ce qui a entraîné 
une amélioration de l'EMI-SE. L'EMI-SE maximum de 36,47 dB, qui 
représente une atténuation de 99,98% du rayonnement incident, a été 
atteint pour le nanocomposite SEBS / GnP / CNT avec respectivement 
5/10% en poids de GnP / CNT. Dans la dernière partie de ce projet, des 
nanocomposites SEBS / CNT et SEBS greffés à l'anhydride maléique 
(SEBS-MA) / CNT ont été préparés par mélange à l'état fondu et post-
traités en utilisant deux techniques différentes, l'extrusion et le moulage 



 
 

par compression. Les résultats ont montré que la quantité de CNT, la 
présence de MA dans la matrice et la technique de moulage affectent les 
morphologies finales ainsi que les propriétés électriques, mécaniques et 
de blindage EMI des nanocomposites. Pour les nanocomposites préparés 
par extrusion, les propriétés électriques et mécaniques suggèrent que les 
NTC sont alignés dans la matrice. MA n'a pas amélioré les interactions 
entre CNT et la matrice. Cependant, le SEBS-MA présente un indice de 
fluidité à chaud plus élevé, qui affecte la dispersion et l'alignement du 
CNT et les propriétés finales des nanocomposites. Les nanocomposites 
préparés par extrusion présentaient des valeurs légèrement plus élevées 
du module de Young, de la résistance à la traction et de l'allongement à la 
rupture par rapport à ceux préparés par compression. En revanche, les 
nanocomposites préparés par compression présentaient un seuil de 
percolation électrique plus faible et une conductivité électrique en courant 
alternatif et un EMI-SE plus élevées. L'EMI-SE plus élevée était de 56,73 
dB, ce qui représente une réduction de 99,9996% du rayonnement 
incident, obtenu par SEBS / CNT avec 8% en poids de CNT préparé par 
compression. Cependant, le nanocomposite de SEBS / CNT avec 5% en 
poids de CNT préparé par extrusion présentait le meilleur équilibre entre 
EMI-SE et les propriétés mécaniques. 

 
Mots-clés: Nanocomposites polymères. Nanocomposites hybrides. 
nanotubes de carbone. Graphène. Propriétés électriques. Blindage 
électromagnétique. 
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0 INTRODUCTION 
 
0.1 GENERAL BACKGROUND 
 

The extraordinary ongoing development in electrical and 
electronic fields are boosting the progress and improvement of 
electromagnetic interference (EMI) shielding materials. The 
miniaturization of the systems and equipment, and the higher power 
levels and higher frequencies used in these technologies are demanding 
the development of multifunctional materials in order to reduce 
interference inconveniences, meet mechanical performance requirements, 
and respect electromagnetic compatibility regulations. 

The development of conductive shielding enclosures is one of the 
most important approaches to control EMI. In this case, the EMI shielding 
is a “box or housing” and works by isolating the EMI emitter or receiver 
(Tong, 2009). The most often used materials for EMI shielding enclosure 
applications are metal, magnetic materials, plastic cover with conductive 
layers, or conductive composites (Geetha, Satheesh Kumar, Rao, Vijayan, 
& Trivedi, 2009; Markham, 1999; Tong, 2009).  
For the best shielding effectiveness, the ideal shielding enclosure would 
be a hollow sphere made of thick metal, with no seams or openings (Tong, 
2009). However, obviously, it is not possible to use such an enclosure to 
protect electronic devices, since it would prevent the use of power cords, 
data cables, displays, or ventilation systems (Tong, 2009).  In a more 
realistic perspective, a better choice for a material for shielding enclosure 
considers the balance between shielding effectiveness, mechanical 
requirements, weight, convenience, esthetic, manufacture, and cost. 
Consequently, as electronic systems become more complex, electrically 
conductive polymer composites (ECPCs) could be an excellent option for 
shielding gaskets and enclosures due to their good ratio between 
performance and benefits.  

Effective materials for EMI shielding present as basic prerequisites 
some characteristics, such as moderately high electrical conductivity 
(usually around 1 S.m-1) and/or high dielectric constant (Z. Liu et al., 
2007; Thomassin et al., 2013; Udmale V, 2013), and the minimum 
shielding effectiveness (SE) required is, in general, equal or higher than 
20 dB  (Cao, Wang, Cao, & Yuan, 2015; Maiti, Shrivastava, Suin, & 
Khatua, 2013; Yonglai, Mool, & Kenneth, 2007). Factors such as the 
distance between the source and shielding material, material's thickness, 
the frequency in which analysis is performed, polymer matrix, and 
processing parameters strongly influence the EMI-SE values (Al-Saleh, 
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Saadeh, & Sundararaj, 2013; Singh, Ohlan, & Dhawan, 2012; Udmale V, 
2013). Moreover, in the case of composite materials, the EMI shielding 
effectiveness (SE) also depends on the aspect ratio, defects, alignment, 
dispersion and distribution of conductive fillers (Z. Liu et al., 2007; 
Thomassin et al., 2013; Udmale V, 2013).  

In ECPCs, the change of electrical conductivity from insulator to 
conductor is due to the formation of an electrical conducting network of 
conductive fillers: for a given amount of conductive filler in the insulating 
matrix, known as electrical percolation threshold, the system starts 
conducting electricity.  

At the present time, carbon particles are the most widely used class 
of conducting additives in polymer composites for EMI shielding 
(Thomassin et al., 2013). Among the carbon-based additives, nanosized 
particles, such as carbon nanotubes (CNT) and graphene, have shown to 
be very efficient for this application (Basu, Singhi, Satapathy, & Fahim, 
2013; Kuilla et al., 2010; Peponi et al., 2009). These nanoparticles 
present, in general, excellent mechanical and optical properties, high 
thermal and electrical conductivities, enormous specific areas and high 
aspect ratios (Bansala, Joshi, Mukhopadhyay, Doong, & Chaudhary, 
2017; Basu et al., 2013; El Achaby et al., 2012; H. Kim, Abdala, & 
Macosko, 2010; Kuilla et al., 2010; Srivastava & Mittal, 2017). However, 
due to their high surface energy, carbon nanoparticles also present strong 
particle-particle interactions, and because of that are difficult to disperse 
in a nanometer level in polymer matrices (Kuilla et al., 2010; Spitalsky, 
Tasis, Papagelis, & Galiotis, 2010). 

In order to improve the dispersion of carbon nanoparticles, 
different strategies that include covalent and non-covalent 
functionalization of the nanoparticles are applied. Generally, covalent 
functionalization is very effective to improve dispersion, however, the 
process can damage the structure of the nanoparticles and reduce their 
intrinsic electrical conductivities (Choudhary & Gupta, 2011). Therefore, 
non-covalent functionalization that includes the use of polymers or 
chemical intermediates to induce physical nanoparticle/matrix 
interactions are preferred in many cases (Choudhary & Gupta, 2011; 
Vasileiou, Docoslis, Kontopoulou, Xiang, & Ye, 2013). 

In carbon based-polymeric nanocomposites the use of matrices 
with aromatic rings in their chemical structure may facilitate the 
dispersion of the nanoadditives. In these systems, it is expected 
interactions between π electrons of the polymer matrix and π electrons of 
the carbon additive (Y.-T. Liu, Xie, & Ye, 2011; Loh, Bao, Ang, & Yang, 
2010; Maiti et al., 2013; You et al., 2014). These interactions increase the 
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dispersion and distribution of the carbon additives, and consequently 
decrease the amount of additive required to achieve the desired properties, 
avoid processing issues, and reduce costs. Besides, the combination of 
carbon additives of different types and shapes are also showing to be an 
alternative to improve the conductive network in hybrid nanocomposites 
and reduce the amount of carbon additives needed (M.-S. Kim et al., 
2013; Maiti et al., 2013; Sharma, Gupta, Tandon, & Sachdev, 2016; S. 
Zhang et al., 2013). Additionally, many authors report the use of modified 
polymer matrices by grafted functional groups as an approach to promote 
interactions and to improve the dispersion of the conductive additives 
without decreasing their properties (Vasileiou et al., 2013). One of the 
most used multifunctional chemical intermediate is maleic anhydride. 
Moreover, different works available in the literature also point out that 
the processing methods commonly used to prepare ECPCs can strongly 
affect the dispersion of carbon nanoparticles, and, in some cases, induce 
their orientation inside a given polymeric matrix, which, consequently, 
intensely affect the properties of the final material (Arjmand, Apperley, 
Okoniewski, & Sundararaj, 2012; Panaitescu et al., 2014; Vasileiou et al., 
2013). 

The choice of the most suitable polymer matrix depends on each 
specific application. For example, in many applications it is extremely 
important to ensure the shielding quality of the joints of a shielded 
enclosure, otherwise the whole EMI protection could be impaired, while 
in others is important ensure the coating protection of flexible wires to 
avoid leakage of information transmitted by EM waves. In these 
applications, flexible properties are highly desired and electrically 
conductive elastomers (ECE) are, in general, considered one of the best 
option as polymeric matrices. Therefore, ECE are being used as EMI 
shielding materials in many areas, such as electronic, electrical, 
telecommunications, housing, medical, and automotive industries (Tong, 
2009). However, the manufacture of conventional elastomers generally 
involves many steps, vulcanization process, environmental issues due to 
the use of solvents, and consequently high time and cost of production. 
Therefore, thermoplastic elastomers (TPEs) are being used as an 
alternative to replace conventional elastomers. 

TPEs are, in general, phase-separated systems that present a hard 
phase acting as thermoreversible cross-links, and a soft phase that 
provides flexibility and elasticity. Because of that, these materials present 
the huge advantage of being manufactured as thermoplastics at the same 
time that exhibit mechanical behavior similar to conventional vulcanized 
elastomers Among many different classes and types of TPEs, one of the 
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most widely used is the poly (styrene-b-ethylene-ran-butylene-b-styrene) 
(SEBS) (Drobny, 2007a). SEBS is basically a block copolymer that 
exhibits morphology generally constituted by three interconnected 
blocks, two rigid blocks of polystyrene in the ends and another rubbery 
of poly (ethylene-butylene) in the middle (Drobny, 2007c). Besides, due 
to its styrenic blocks, which present aromatic rings in their molecular 
structure, the use of SEBS as a polymeric matrix in carbon-based 
nanocomposites may be a huge advantage to obtain EMI shielding 
materials of high performance. 

 
0.2 MOTIVATIONS 

 
Several studies in the literature discuss about interactions of low 

frequency radiations to biological systems. The studies investigate the 
possible effects of non-ionizing electromagnetic radiation on human 
health including problems mainly related to reproduction and fertility 
(Genuis, 2008; Merhi, 2012; Nazıroglu, Yuksel, Kose, & Ozkaya, 2013), 
nervous system dysfunctions (Benson et al., 2013; Genuis, 2008; 
Gherardini, Ciuti, Tognarelli, & Cinti, 2014; Hardell & Sage, 2008; 
Hossmann & Hermann, 2003), and cancer (Benson et al., 2013; Genuis, 
2008; Hardell & Sage, 2008; McColl et al., 2015). The impact of 
electromagnetic radiation in human health is still not conclusive. 
However, despite the challenges in establishing irrefutable scientific 
proof of health problem related to non-ionizing electromagnetic radiation, 
epidemiological analyses suggest considerable potential of injury because 
of the exposure (Genuis, 2008). From the industrial point of view, EMI 
are related to technical problems. Most electronic devices in operation 
emit electromagnetic waves and all electronic devices are prone to EMI 
problems (Tong, 2009), and as a result, ensuring electromagnetic 
compatibility becomes necessary (Tong, 2009). In order to ensure the 
performance requirements, EMC regulations have been established and 
standards set by international organizations (Tong, 2009). These 
standards must be satisfied for commercial electronics and one way to 
achieve the EMC required level is making use of shielding materials. 

Therefore, in a global context, it is clear the interest in investments 
for the development of advanced materials capable of, for example, 
reflect and/or absorb electromagnetic radiation in order to overcome the 
crescent electromagnetic pollution. Consequently, lots of researches are 
being conducted seeking the development of multifunctional shielding 
materials that may present suitable mechanical properties, lower density, 
good processability, and, at the same time, fully satisfy esthetics 
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parameters. In general, composites based on conventional thermoplastic 
polymers and carbon nanoparticles appear as candidates to meet most of 
these advanced requirements. However, for some applications EMI 
shielding materials must also mandatorily present flexible properties.  

Currently, composites based on conventional rubbers and 
traditional carbon particles are the most used flexible EMI shielding 
materials. However, these composites present some significant 
drawbacks mainly related to the curing process and the need of high 
amount of conducting fillers. Therefore, the development of materials that 
combine the outstanding properties of thermoplastic elastomers and 
carbon nanoparticles may be a promising option to the development of a 
new generation of high performance flexible EMI shielding materials. 
 
0.3 OBJECTIVES 

 
The main objective of this thesis is to develop an efficient flexible 

EMI shielding material based on SEBS and different carbon 
nanoparticles.  

In order to understand the relationship between morphology, 
properties, and processing conditions for superior performances, the 
research project was divided in 3 phases, and the specific objectives of 
each phase were defined as following: 

 
i) First phase 

 
 Assess the interactions, dispersion and distribution 

of CNT in the SEBS matrix; 
 Analyse the microstructure and evaluate the 

electrical conductivity and electromagnetic 
shielding effectiveness of the nanocomposites. 

 
ii) Second phase 

 
 Assess the interactions, dispersion and distribution 

of graphene nanoplatelets (GnP) in the SEBS 
matrix; 

 Analyse how the microstructure, electrical 
conductivity and electromagnetic shielding 
effectiveness of the nanocomposites depend on the 
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carbon nanoadditive used in hybrid nanocomposites 
of SEBS/CNT/GnP; 

 Investigate the existence of synergic effects on the 
properties of the hybrid nanocomposites compared 
to the binary nanocomposites (SEBS/CNT and 
SEBS/GnP). 

 
iii) Third phase 

 
 Assess the influence of maleic anhydride in the 

matrix on the microstructure and properties of the 
nanocomposites; 

 Analyse how the processing method used to obtain 
the nanocomposites of SEBS/CNT affects the 
microstructure, mechanical and electrical 
properties, and performance of the nanocomposites 
for EMI shielding 

 
0.4 THESIS DESIGN 
 

This thesis is divided in 6 chapters that present a brief literature 
review regarding carbon-based polymeric composites for EMI shielding, 
the articles related to each phase of the project, a brief discussion and 
summary of the results, conclusions and recommendations, according to 
the following: 
 

i) Chapter 1: literature review 
ii) Chapter 2: “Electromagnetic interference shielding and 

electrical properties of nanocomposites based on poly 
(styrene-b-ethylene-ran-butylene-b-styrene) and carbon 
nanotubes” published in Polymer European Journal. This 
article presents the results from the first phase of the project 
regarding nanocomposites of SEBS/CNT for EMI shielding.  

iii) Chapter 3: “Nanocomposites of Thermoplastic Elastomer 
and Carbon Nanoadditives for Electromagnetic Shielding” 
published in Polymer European Journal. This article 
concerns the results from the second phase of the project 
regarding nanocomposites of SEBS/GnP and hybrid 
nanocomposites of SEBS/GnP/CNT for EMI shielding. 
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Synergic effects on the hybrid nanocomposite are 
highlighted.  

iv) Chapter 4: “Morphology, mechanical properties, and 
electromagnetic shielding effectiveness of SEBS/CNT 
nanocomposites: effects of maleic anhydride, CNT loading, 
and processing method” submitted to Polymer International. 
This article is based on results from the third phase of the 
project regarding SEBS/CNT and SEBS-MA/CNT 
nanocomposites prepared by two different molding 
techniques. A balance between EMI shielding and 
mechanical properties is also presented.  

v)  Chapter 5: Discussion and summary of the results  
vi)  Conclusions and recommendations 

 
Lastly, additional information is provided in Appendix I. 
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CHAPTER 1 
 

1 POLYMER NANOCOMPOSITES FOR EMI SHIELDING 
APPLICATIONS 

 
In this chapter, the concept of polymer composites for EMI 

shielding is presented, with a focus on the carbon-based polymer 
nanocomposites. The influence of several parameters such as the effect of 
particles size, shape, dispersion, and orientation on the EMI shielding 
effectiveness of some polymer composites present in the literature is 
reviewed. Definitions and the key properties for multifunctional EMI 
shielding materials is presented as well. Finally, a review of flexible 
materials for EMI shielding is reported. 

 
1.1 ELECTROMAGNETIC COMPATIBILITY: DEFINITION, 
GENERAL INFORMATION, AND MARKET 

 
The astonishing development of electrical systems and electronic 

devices in the current information age is not just promoting undeniable 
advances in all technological fields, but also boosting problems and 
concerns related to electromagnetic pollution. The expansion of devices 
that operates in higher levels of power and frequencies, allied to the need 
of light materials, low cost, suitable mechanical properties, easy shaping, 
and the importance of esthetic aspects are increasingly demanding the 
development of multifunctional materials. 

Electronic devices may either cause electromagnetic interferences 
to other electronic systems in the environment or suffer from interferences 
coming from these pieces of equipment. Because of that, all sorts of 
electronic devices are subject to electromagnetic compatibility (EMC) 
standards for commercial applications. EMC is the capability of an 
electronic system to work efficiently without disrupting or being affected 
by other surrounding devices, and is controlled by different regulations 
and legislations ("Electromagnetic Compatibility (EMC) Shielding 
Market - Global Industry Analysis, Market Size, Share, Trends, Analysis, 
Growth and Forecast, 2013 - 2019," ; Tong, 2009) The International 
Electrotechnical Commission (IEC) is the major organization responsible 
for preparing and establishing International Standards for all electrical, 
electronic and related technologies ("International Electrotechnical 
Commission," ; Tong, 2009).  
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The miniaturization of electronic systems and all the technical 
requirements needed for high technological applications are amplifying 
the complexity of ensuring EMC, and, as expected the EMC market is 
increasing. Mainly driven by explosive sales in the consumer electronics, 
the global market related to EMI and radio frequency interference (RFI) 
shielding has grown from US$5.6 bn in 2015 to around US$6 bn in 2016 
("EMI/RFI: Materials and Technologies," 2016). The expected 
Compound Annual Growth Rate (CAGR) is ≈ 7 % from 2017 to 2023, 
which means an increase to ≈ US$10 bn by 2023 ("EMI Shielding Market 
(Materials Type - Conductive Polymers, Conductive Coatings and Paints, 
Metal Shielding Products, and EMI/EMC Filters; End-use Industry - 
Telecommunication and IT, Healthcare, Aerospace and Defense, 
Automotive, and Consumer Electronics) - Global Industry Analysis, Size, 
Share, Growth, Trends, and Forecast 2017 - 2025," 2017; "EMI Shielding 
Materials - Global Market Outlook (2017-2023)," 2017). 

The EMC market consists of a diverse class of EMI and RFI 
shielding products, based on different materials such as conductive 
polymers composites as conductive coatings and paints, metal shielding 
products, EMI/EMC filters, and others ("EMI Shielding Market 
(Materials Type - Conductive Polymers, Conductive Coatings and Paints, 
Metal Shielding Products, and EMI/EMC Filters; End-use Industry - 
Telecommunication and IT, Healthcare, Aerospace and Defense, 
Automotive, and Consumer Electronics) - Global Industry Analysis, Size, 
Share, Growth, Trends, and Forecast 2017 - 2025," 2017). However, EMI 
shielding materials for non-metal surfaces, mainly provided by 
conductive coatings and paints, held the largest market share in 2016 
("EMI Shielding Market by Component (EMI Shielding Tapes & 
Laminates, Conductive Coatings and Paints, Metal Shielding Products, 
Conductive Polymers, EMI Filters), Method (Radiation, Conduction), 
Industry (Consumer Electronics, Telecom & IT, Automotive, Healthcare, 
Defense & Aerospace), and Geography - Global Forecast to 2022," 2017). 

As a sub-segment of the EMI and RFI shielding products, shielding 
materials used for gaskets and enclosures is of critical importance when 
a complete EM shielded environment is needed. These materials, are 
mainly applied to medical, aerospace and defense, automotive, consumer 
electronics, and telecommunications areas, and many companies in the 
EMC market compete in terms of price, performance, quality, support 
services, and product innovation. Among the top companies in the global 
market are Laird Plc., 3M, Chomerics, RTP Company, Marktek Inc., 
ETS-Lindgren, Tech-Etch, Inc., Omega Shielding Products, HEICO 
Corporation, and Schaffner Group ("EMI and RFI shielding materials and 
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technologies - a global strategic business report," 2016; "EMI Shielding 
Market (Materials Type - Conductive Polymers, Conductive Coatings and 
Paints, Metal Shielding Products, and EMI/EMC Filters; End-use 
Industry - Telecommunication and IT, Healthcare, Aerospace and 
Defense, Automotive, and Consumer Electronics) - Global Industry 
Analysis, Size, Share, Growth, Trends, and Forecast 2017 - 2025," 2017). 

A list of some companies that produce and commercialize 
materials for EMI shielding can be found in Appendix A. 

 
1.2 MULTIFUNCTIONAL MATERIALS FOR EMI SHIELDING 
 
1.2.1 Polymer composites and blends 

 
An extensive class of materials is used for EMI shielding purposes. 

Metals are by far the most used materials, however, with the development 
of more sophisticated electronic technology, metals are being replaced by 
multifunctional materials for higher performances. 

Shielding materials based on polymers may present a range of 
advantages compared to metals, such as lower density and cost, and easier 
processing (Anupama et al., 2013; Z. Liu et al., 2007; Thomassin et al., 
2013). However, most polymers are electrical insulators, a property that 
makes them almost transparent to electromagnetic waves.  Thus, an 
alternative to overcome this limitation is the development of electrically 
conductive polymer composites and blends prepared by dispersing 
properly concentrations of conductive fillers in polymeric matrices. 

Polymer composites for EMI shielding can be divided into three 
main groups, depending on the conductive filler used, metals, intrinsically 
conducting polymers (ICP), or carbon fillers, and present different aspects 
concerning to shielding effectiveness, mechanical properties, and 
processability. In order to choose the most suitable material for a specific 
EMI shielding application, it is extremely important to do a thorough 
balance between all those aspects. The three types of polymer composites 
for EMI shielding are presented below. 

 
1.2.1.1 Metal-based polymer composites 

 
Metal/polymer composites generally present high EMI shielding 

effectiveness compared to the other groups. One example is presented by 
Al-Saleh, Gelves, and Sundararaj (2011) who prepared composites of 
copper nanowire (CuNW) and Polystyrene (PS). According to the 
authors, these composites exhibited higher EMI-SE than all known 
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conductive polymer composites (at the time of publication). With 1.3 
vol.% of CuNW in samples of 210 μm of thickness, the EMI-SE in the X-
band frequency range was 27 dB, corresponding to 99.8% of 
electromagnetic attenuation. Whereas the same level of shielding for 
multi-walled carbon nanotubes (MWCNT)/PS composites of 1 mm of 
thickness (five times thicker than the CuNW/PS films) was just achieved 
from concentrations over 4.3 vol.% of MWCNT (3.3 times more 
concentrated than the CuNW/PS composites) (Al-Saleh, Gelves, & 
Sundararaj, 2011). However, metal/polymer composites commonly 
exhibit some significant drawbacks, for example the decrease of electrical 
properties due the presence of metal oxides and poor electrical contact 
between fillers (Gelves, Al-Saleh, & Sundararaj, 2011), and substantial 
losses of mechanical properties and processability, as high rigidity, high 
density, and delamination problems. Other metals, e.g. iron, nickel, silver, 
aluminum, are also used as conductive fillers in ECPCs, and some reports 
about metal-based polymer composites for EMI shielding can be found 
elsewhere (Gargama, Thakur, & Chaturvedi, 2016; Jalali, Dauterstedt, 
Michaud, & Wuthrich, 2011; Jalali, Molière, Michaud, & Wuthrich, 
2013; Joseph & Thomas Sebastian, 2013; E. Kim, Lim, Kang, & Yoo, 
2016; Madhu et al., 2014; Tanrattanakul & Bunchuay, 2007). 

 
1.2.1.2 Electrically conductive polymer blends  

 
Blends of intrinsically conducting polymers (ICPs) and insulating 

polymers are another class of materials largely used for EMI shielding. 
Magioli et al., (2012) studied blends of conductive polyaniline doped with 
dodecylbenzene sulfonic acid (PAni.DBSA) and styrene–butadiene–
styrene (SBS) triblock copolymer in the X-band frequency range. In that 
research, blends were prepared by melt compounding and in situ 
polymerization of aniline in the presence of SBS. The maximum EMI-SE 
was obtained for the blends containing 30 wt.% of PAni.DBSA prepared 
by in situ polymerization and was between 35 to 40 dB for all the 
frequency range studied (Magioli, Soares, Sirqueira, Rahaman, & 
Khastgir, 2012). Despite the fact that good levels of EMI-SE can be 
achieved by blends of ICPs and conventional polymers, the high quantity 
of conductive filler necessary is a considerable disadvantage, other 
drawbacks are the poor processability (Thomassin et al., 2013) and the 
use of organic solvent for the synthesis of ICPs. Others reports about 
ICPs, mainly based on PAni and Polypyrrole (PPy), used in electrically 
conductive polymer blends for EMI shielding can be found in (Bhadra, 
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Singha, & Khastgir, 2009; Saini & Arora, 2012; Schettini, Khastgir, & 
Soares, 2012; Schettini & Soares, 2011).   

 
1.2.1.3 Carbon-based polymer composites: effect of particles size, shape, 
dispersion, and orientation 

 
ECPC based on carbon particles are the most widely developed 

class of composites for EMI shielding at the present time (Thomassin et 
al., 2013). Among the advantages of using carbon particles as conducting 
additives, it is possible to highlight the low cost of some particles as 
carbon black and graphite, and the high aspect ratio of carbon fibers, 
carbon nanotubes and graphene, which contribute to the formation of an 
electrical conducting systems with lower amount of additive and may 
contribute to the improvement of the mechanical properties (Bokobza, 
2007; Choudhary & Gupta, 2011). Besides, these composites can be 
prepared by the conventional processing methods suitable for industry 
and do not necessarily need the use of organic solvents. However, some 
disadvantages are the difficulty of dispersing the particles due to their 
high surface energy, and also the high cost of carbon nanoparticles of high 
quality (H. Kim et al., 2010; Kuilla et al., 2010; Singh et al., 2012; 
Spitalsky et al., 2010). 

Concerning shielding applications, it is difficult to make a direct 
comparison of different carbon additives, since the results reported in the 
n literature are based on composites of different thickness and performed 
at different frequency ranges (Thomassin et al., 2013). However, 
Thomassin et al. (2013) presented the general behaviour established by 
plotting the SE of composites with different kinds of carbon fillers 
reported on the literature as a function of their loading amounts 
(Thomassin et al., 2013). Figure 1.1 shows the EMI-SE versus filler 
content of different composites. 
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Figure 1.1 - Summary of some EMI-SE reported on the literature regarding 
different kind of carbon fillers as a function of their loading amount, where 
SWNTs is single-walled carbon nanotubes, MWNTs is multi-walled carbon 
nanotubes, CNFs is carbon nanofibers, and CB is carbon black 

 
Source: (Thomassin et al., 2013) 

 
As shown at the Figure 1.1, the highest EMI-SE at lower amount 

of carbon filler are observed for carbon fillers with higher aspect ratio, in 
general, following the order SWNTs > MWNTs > CNFs > CB. 
Additionally, experimental results from the literature state that for the 
same amount of filler, polymer nanocomposites of nanosized 
carbonaceous fillers present substantial advantages regarding different 
engineering properties than composites based microsized carbonaceous 
fillers. 

Currently, because of their extraordinary electronic and 
mechanical properties, and high aspect ratio, CNT are some of the most 
widely used carbon nanoparticles. Carbon nanotubes are essentially long 
cylinders of covalently bonded carbon atoms that present diameters from 
1 to 100 nm and lengths up to tens of microns, and are basically 
categorized in two classes, single- and multi-walled CNT  (Choudhary & 
Gupta, 2011; Coleman, Khan, Blau, & Gun’ko, 2006). Single-walled 
carbon nanotubes (SWCNT) are cylinders with diameter in the order of 1 
nm formed by a single graphene sheet rolled up. Multi-walled carbon 
nanotubes (MWCNT) consist of cylinders formed concentrically and 
separated by 0.35 nm, similarly to the basal plane separation of graphite. 
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The properties of CNT strongly depend on their number of defects and 
chirality, that are classified as armchair, zigzag, and chiral, which in turn 
are dependent on the produce method and synthesis control. In general, 
CNT can be synthesized upon arc discharge, laser ablation or chemical 
vapor deposition (CVD) (Dai, 2002; Guanghua, Tahir, & William, 1998; 
Odom, Huang, Kim, & Lieber, 2000). Among the different methods, CNT 
obtained upon CVD usually present a considerable amount of defects, 
which means that their structure is far from ideal, resulting in the damage 
of their physical and chemical properties. However, the production of 
CNT by this method is very important, since they can be produced in large 
scales with relatively low costs (Coleman et al., 2006). More information 
about structure and properties of CNT can be found in (Choudhary & 
Gupta, 2011; Coleman et al., 2006; Dai, 2002; Guanghua et al., 1998; 
Hoenlein et al., 2003; Odom et al., 2000). 

Recently, graphene has also attracted special attention as a filler 
material because of its excellent mechanical and optical properties, high 
thermal and electrical conductivities, its enormous specific area and high 
aspect ratio (Basu et al., 2013; El Achaby et al., 2012; H. Kim et al., 2010; 
Kuilla et al., 2010). Graphene is considered a two-dimensional carbon 
nanostructure (2-D) composed of sp2 carbon atoms bonded and densely 
packed in a hexagonal crystal "honeycomb" structure, formed by a single-
layer carbon sheet, or multi-layer carbon sheets (Basu et al., 2013; T. K. 
Das & Prusty, 2013; El Achaby et al., 2012; H. Kim et al., 2010; Kuilla 
et al., 2010; Singh et al., 2012). As with CNT, structure, properties and 
number or defects of graphene deeply depend on the production method. 
Graphene can be synthetized by different methods including chemical 
vapor deposition (CVD), arc discharge, epitaxial growth on SiC, chemical 
conversion, reduction of CO, unzipping carbon nanotubes, and self-
assembly of surfactants (H. Kim et al., 2010). Among the diverse 
methods, graphene produced by CVD and epitaxial growth often present 
tiny amounts of large-size, defect-free graphene sheets, however these 
methods are not a suitable source for applications that need a relatively 
large amount of graphene, e.g. in polymer nanocomposites. In this case, 
the mechanical cleavage method of preparation is more appropriate (H. 
Kim et al., 2010). More information can be found in (Castro Neto, 
Guinea, Peres, Novoselov, & Geim, 2009; H. Kim et al., 2010; Kuilla et 
al., 2010; Loh et al., 2010; Singh et al., 2012; Soldano, Mahmood, & 
Dujardin, 2010; Zhu et al., 2010). 

For EMI shielding, experimental results show that for the same 
amount of filler, polymer nanocomposites with nanosized carbon 
particles present extraordinary electromagnetic shielding effectiveness 
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compared to composites with traditional carbon particles. Al-Saleh and 
Sundararaj (2009) compared PP composites prepared by melt 
compounding with 7.5 wt.% of different fillers. For the nanocomposite of 
PP/CNT, the SE value was 35 dB, while for the composite PP/CB the 
effectiveness was only 18 dB (Al-Saleh & Sundararaj, 2009). In other 
study, Anupama et al. (2013) (Anupama et al., 2013) prepared 
nanocomposites of graphene nanoribbon/polyvinyl alcohol (GNR/PVA) 
by solution casting. The results showed that the material is very effective 
for shielding applications even with low amount of additive in very thin 
samples, although the nanocomposites were frequency dependent on the 
X-band frequency range. The highest shielding was 62.67 dB at 11.3 
GHz, and the average in the X-band frequency range was 45 dB, achieved 
for a sample of 0.6 mm thick with 0.025 wt% of GNR (Anupama et al., 
2013). 

Despite carbon-based materials, especially the nanosized ones, 
represent a class of fillers largely used in polymer nanocomposites 
nowadays, their utilization is restricted by strong interactions and van der 
Waals forces between the fillers that form large agglomerates, which 
hinder their dispersion and consequently, their uniform distribution on the 
nanometer level (Calisi et al., 2013; Kuilla et al., 2010; Matzeu, Pucci, 
Savi, Romanelli, & Di Francesco, 2012; Spitalsky et al., 2010). Therefore, 
the difficulty in disentangling agglomerates is a limiting factor for 
nanocomposite applications containing CNT and graphene (Choudhary & 
Gupta, 2011). 

Aiming to improve the dispersibility in ECPCs, different strategies 
are being applied to functionalize carbon nanoparticles, such as covalent 
modification, and non-covalent functionalization by the use of surfactants 
or polymer matrices with chemical affinity, or polymer wrapping, as 
schematically shown in Figure 1.2 (Choudhary & Gupta, 2011).  
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Figure 1.2 - Schematic illustration of possible modifications of CNT, wherein (a) 
represents π-π interactions, (b) is covalent functionalization with inclusion of 
functional groups, and (c) is noncovalent functionalization by polymer wrapping 

 
Source: (Choudhary & Gupta, 2011) 

 
Among these methods, covalent modification is generally effective, but it 
also causes deterioration of intrinsic properties of the nanoparticles, 
which, consequently, decreases their electrical conductivity. 
Alternatively, non-covalent functionalization methods, including the use 
of surfactants or matrices that have chemical affinity, may improve 
carbon nanoparticles dispersion due to the formation of non-covalent 
interactions, for example, between the π electrons of aromatic groups 
present, in this case, in both phases (formation of π- π interactions). These 
methods present the advantage of improving nanoparticles dispersion 
without decreasing their intrinsic properties (Choudhary & Gupta, 2011; 
Vasileiou et al., 2013).  

Another strategy to improve properties of carbon-based polymer 
composites is the use of a combination of different carbon additives. 
These combinations may contribute to the development of 
multifunctional composites by promoting a better balance between the 
specific properties desired for each application. Figure 1.3 shows a 
schematic representation of a hybrid nanocomposite of PS, graphene 
nanoplatelets (GnP), and CNT. The image also elucidates the non-
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covalent interactions between the aromatic rings present in the polymer 
matrix and in the different carbon additives (Maiti et al., 2013). 

 
Figure 1.3 - Schematic representation for π-π interactions between GnP, 
MWCNT, and PS in hybrid nanocomposites of PS/MWCNT/GnP 
 

 
Source: (Maiti et al., 2013) 

 
According to the literature, in carbon-based polymer composites 

the presence of carbon nanoparticle of different shapes improves the 
connectivity of the network formed inside the polymer matrix decreasing 
the necessary filler loading amount (Al-Saleh & Saadeh, 2013; Lin et al., 
2016; Sharma et al., 2016), or reducing costs (Al-Saleh & Saadeh, 2013). 
These combinations may also result in synergistic effects (interactions 
between two or more substances that when combined present total effects 
that are greater than the sum of their individual effects). 

Reports suggest the combination of carbon nanoparticles for 
mechanical improvement (Chatterjee et al., 2012; Lin et al., 2016; Yue, 
Pircheraghi, Monemian, & Manas-Zloczower, 2014; S. Zhang et al., 
2013). In this case, the use of nanoparticles with high aspect ratio, as 
carbon fibers and CNT, facilitate the reinforcement mechanism, while the 
inclusion of small amounts of particles of dissimilar shapes, such as CB 
and graphite, increases the surface area of the reinforcement, which 
promotes better linkage with the polymer matrix (Chatterjee et al., 2012). 
This improvement is especially significant for properties like flexural 
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modulus, in which the inter-connected particle network plays a pivotal 
role (Chatterjee et al., 2012).  

Synergic effects are also observed concerning the electrical 
properties (Maiti et al., 2013; Sharma et al., 2016; Yue et al., 2014; S. 
Zhang et al., 2013). In this case, the improvement of the connectivity 
between the carbon additives (due the use of additives of different shapes) 
enhances the size of conducting network formed inside the polymer 
matrices, decreasing the electrical percolation threshold and increasing 
the electrical conductivity of the material. Regarding EMI shielding, 
synergistic effects, in these cases, are related to the improvement of the 
electrical conductivity of the system and the geometrical arrangement 
(microstructure) of the conductive network to interact with the 
electromagnetic radiation (M.-S. Kim et al., 2013; Maiti et al., 2013; 
Sharma et al., 2016). 

 
         1.2.2 Processing methods and parameters  
 
For the preparation of carbon/polymer nanocomposites, three main 

methods are used such as in-situ polymerization of monomer in the 
presence of nanoadditives, solution casting followed by evaporation of 
solvent, and melt compounding. Reports show that, in general, in situ 
polymerization and solution casting as very effective methods to properly 
disperse nanoadditives in polymeric matrices (Choudhary & Gupta, 2011; 
Coleman et al., 2006; Maiti et al., 2013; Thomassin et al., 2013). 
However, these techniques involve the use of organic solvents and 
consequently present some drawbacks in terms of industrial applications 
and environmental concerns. Consequently, melt compounding is by far 
the most commonly used method by the industry (Choudhary & Gupta, 
2011; Thomassin et al., 2013) and lots of researches in the literature report 
studies about the melt dispersion process of carbon particles in polymeric 
matrices and the influence of mixing parameters of different techniques. 

Aiming to understand the melt compounding behaviour and 
improve the dispersion and distribution of the particles some 
considerations and parameters must be taken into account, such as wetting 
of initial agglomerates, that depend on the interfacial energy between 
additive and matrix; polymer infiltrations; viscosity of the matrix; mixing 
temperature, time, and speed; and amount of carbon additive (Alig et al., 
2012).  

The most suitable state of carbon additives dispersion and 
distribution into the matrix depend on the properties desired for each 
application. For mechanical reinforcement, carbon additives should be 
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well dispersed throughout the matrix, on the other hand, when electrical 
conductivity is desired, minor agglomerations or small filler-filler 
distances are preferred (Alig et al., 2012; Thomassin et al., 2013). 
Although, some reports available on the literature, state that aiming to 
improve the electrical conductivity in ECPC, the primary agglomerates of 
carbon particles should be well disaggregated and distributed into the 
matrix in a first step, and then a partial re-agglomeration is recommended 
(Alig et al., 2012; Alig, Skipa, Lellinger, & Pötschke, 2008). The recovery 
of some portion of agglomeration can be achieved after the mixing 
process, e.g. during compression molding. The re-agglomeration process, 
also called secondary agglomeration, ensures inhomogeneous carbon 
particles distribution and, consequently, smaller distances between them 
to favour the formation of a connected network (Alig et al., 2012).  

The processing method can also have influence on the distribution 
of carbon particles related to the orientation of the additives inside the 
polymer matrix (Arjmand et al., 2012; Coleman et al., 2006; Y. A. Kim 
et al., 2006; Panaitescu et al., 2014; Theilmann, Yun, Asbeck, & Park, 
2013). Extrusion, injection, and roll milling can align the particles along 
the flow direction, which may strongly affect the final properties of the 
nanocomposites. Panaitescu et al. (2014) prepared nanocomposites of 
SEBS, with and without maleic anhydride, and graphite using a two-roll-
mill to induce orientation. Results showed that the rolling step changed 
the self-assembling architecture and improve the mechanical behavior of 
the block copolymers and their composites (Panaitescu et al., 2014). 
Besides the mechanical properties enhancement, electrical and EMI 
shielding properties can also be affected by the particles orientation, 
however in these cases, it is expected the alignment to decrease their 
efficiencies (Arjmand et al., 2012). Arjmand and co-workers (2012), 
compared the properties of PS/CNT composites for EMI-SE shielding 
prepared by injection and compression molding. Results showed that the 
injected composites presented lower electrical conductivity, real and 
imaginary permittivity, and EMI-SE (Arjmand et al., 2012). 

 
1.2.3 Key properties of multifunctional EMI shielding 

materials: parameters vs. effects 
 
In order to prepare commercial materials for EMI shielding it is 

necessary to consider a balance between different aspects, such as esthetic 
parameters, weight, manufacture feasibility, costs, and, above all, the 
specific properties to ensure the quality of the material and provide an 
efficient shielding action. Among all the different considerations, 
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electrical conductivity, electromagnetic shielding effectiveness, and 
mechanical properties are the key parameters to be considered in order to 
obtain EMI materials of high efficiency.  

 
1.2.3.1 Electrical conductivity: Percolation theory definition 
 
As mentioned in section 1.2.1, conventional polymers are 

electrically insulating and non magnetic materials and because of that 
transparent to electromagnetic radiation in their neat form. For EMI 
shielding applications, although magnetic polymer composites also 
appear as an option to overcome this condition, main polymeric materials 
for EMI shielding are formed by ECPCs. In these materials, it is well 
known that electrical conductivity requires a conducting network 
formation, while EMI shielding only requires free charge carriers or 
diploes to interact with the electromagnetic radiation. However, the 
highest EMI-SE is achieved for a giving composite when a conductive 
network is present (Chung, 2001; Theilmann et al., 2013). 

In ECPCs, the electrical conductivity can be understood 
considering a formation of a network of multiple microcapacitors, where 
the conducting particles act as electrodes and the insulating polymeric 
layer act as a dielectric material (Arjmand et al., 2012; Kumar, 
Vishnupriya, Chary, & Patro, 2016; Theilmann et al., 2013). In these 
materials, the nanoparticles must be sufficiently close, but do not 
necessarily need to touch each other to be able to conduct electricity, in 
this case the conductivity occurs by tunneling phenomenon (Potts, 
Dreyer, Bielawski, & Ruoff, 2011). The change on electrical conductivity 
from insulators to conductors can be studied by means of the Percolation 
Theory. According to this theory, from a given amount of conductive 
filler in the insulating matrix, known as electrical percolation threshold, 
the system starts conducting electricity. Figure 1.4 schematically shows 
the variation of electrical conductivity due to the addition of a conductive 
material in an insulating polymer matrix.  
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Figure 1.4 - Schematic representation of the variation on the electrical 
conductivity as a function of the addition of conductive filler in an insulating 
polymer matrix 

 

 
Source: Developed by the author 

 
As shown in Figure 1.4, at low fractions of conductive additives, 

the electrical conductivity of the composite is basically the same as the 
insulating matrix, and the region is called non percolative (region 1). 
From the addition of a certain amount of additive, the system suffers an 
abrupt insulating-conductive change, which indicates that the composite 
reached the electrical percolation threshold. From this percolative region 
(region 2), the continued loading of nanoadditives induces a gradual 
increase of the electrical conductivity and the system tends to reach the 
intrinsic electrical conductivity of additive (region 3) (Estrada Moreno, 
Díaz Diaz, Mendoza Duarte, & Ibarra Gómez, 2009).  

According to the Percolation theory, the percolation threshold can 
be calculated using equation 1.1. 

 
σ = σc (f - fp)t                                                                                                               (1.1) 

 
Where, σ is the electrical conductivity of the composite, σc is the 

electrical conductivity of the conductive phase, f and fp are respectively 
the fraction of additive in the insulating matrix and the fraction of the 
conductive additive in the percolation threshold, and t is the critical 
exponent (Matzeu et al., 2012; Potts et al., 2011; Thomassin et al., 2013; 
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Z. Wu et al., 2014). The fraction of the conductive nanoadditive 
corresponding to the percolation threshold (fp) and the critical exponent 
(t) can be experimentally determined from the plot of log σ vs. log (f - fp) 
(Matzeu et al., 2012; Potts et al., 2011; Thomassin et al., 2013; Z. Wu et 
al., 2014). 

According to the percolation theory, the critical exponent is related 
to the dimensionality of the system. Values between 1.1 and 1.3 can be 
attributed to two-dimensional systems whereas values between 1.6 and 2 
can be attributed to three-dimensional systems (Matzeu et al., 2012; 
Thomassin et al., 2013). The value of t more widely accepted for three-
dimensional systems is 2, although, some studies in the literature present 
and discuss systems with higher values of t (Lu, Lin, & Chen, 2006; 
Rubin, Sunshine, Heaney, Bloom, & Balberg, 1999). Deeper information 
about the electrical conduction of ECPCs and theoretical models are 
beyond of the purpose of this thesis, but can be vastly found on the 
literature (Arenhart, Barra, & Fernandes, 2016; Bauhofer & Kovacs, 
2009; Kilbride et al., 2002; C. Li, Thostenson, & Chou, 2007; J. Li & 
Kim, 2007; Maiti et al., 2013; McLachlan et al., 2005; Ounaies, Park, 
Wise, Siochi, & Harrison, 2003; Stanley, 1977).  

In carbon-based polymer composites, the formation of the 
conducting network is affected by a number of factors related to the type 
of polymer used as matrix, inherent properties of the conducting additive, 
and processing method (Bilotti et al., 2013; Potts et al., 2011; Sachdev, 
Patel, Bhattacharya, & Tandon, 2011; Thomassin et al., 2013). Among 
these factors, the aspect ratio of carbon additives, the state of dispersion, 
and the orientation of the particles throughout the matrix are the ones 
which have the strongest influence on the final electrical conductivity of 
the composites, as schematically illustrated in Figure 1.5 (Theilmann et 
al., 2013).  
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Figure 1.5 - Schematic illustration of a-c) high aspect ratio MWCNT-based 
PDMS composites considering a) agglomerations of MWCNT, b) aligned 
distributed MWCNT, and c) randomly distributed MWCNT, and d-f) lower 
aspect ratio MWCNT-based PDMS composites considering d) agglomerations of 
MWCNT, e) aligned distributed MWCNT, and f) randomly distributed MWCNT 
 

 
Source: (Theilmann et al., 2013) 

 
As shown in Figure 1.5, in order to maximize the contact between 

the conducting particles, the clusters of carbon particles (1.5-a and 1.5-d) 
must be disaggregated and the carbon particles be separated and evenly 
dispersed throughout the polymer matrix (1.5-b and 1.5-e). In the later 
case, particles are more likely to come into contact to each other to form 
a conducting network. Orientation of the particles also considerably 
affects the conductivity of composites. When particles are randomly 
distributed the connectivity between them are favored (1.5-c and 1.5-f), 
compared to when the particles are aligned (1.5-b and 1.5-e) into the 
matrix. At last, the aspect ratio also plays an important role to improve 
the electrical conductivity, since in the case of nanocomposites with 
particles of high aspect ratios (1.5-a, 1.5-b and 1.5-c) lower amounts of 
conducting additives are necessary to form the conducting network 
compared to nanocomposites with particles of lower aspect ratios (1.5-d, 
1.5-e and 1.5-f) (Theilmann et al., 2013). Besides, it is also essential to 
highlight the importance of avoid damaging and reducing the aspect ratio 
of the particles during the mixing process in order to ensure appropriate 
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electrical conductivity, and, consequently, suitable EMI-SE for shielding 
applications with the lower possible amount of conducting additives. 

 
1.2.3.2 EMI Shielding effectiveness: definitions, shielding mechanisms, 
and power balance 

 
In EMI shielding applications, the measure that quantifies the 

reduction of incident radiation that passes through the attenuating 
material is known as shielding effectiveness (SE). Mathematically the 
EMI-SE (given in decibels) can be expressed in a logarithmic scale 
according to equation 1.2 (Saini & Arora, 2012). 

 

EMI SE(dB) = 10log10�
��

��
� = 20log10�

��

��
�  = 20log�

��

��
�                        (1.2) 

 
Where PI (EI or HI) and PT (ET or HT) are the energy power 

(intensity of the electric or magnetic field) of the incident and transmitted 
electromagnetic waves, respectively. 

In materials for EMI shielding, three attenuation mechanisms may 
happen, where a portion of the incident radiation is reflected from the 
front surface of the shield, a part is absorbed inside the material, and part 
is reflected from the rear inner boundary of the material to the frontal 
inner boundary and so on (Al-Saleh & Sundararaj, 2009; Saini & Arora, 
2012; Singh et al., 2012), as schematically exemplified in Figure 1.6 (Al-
Saleh & Sundararaj, 2009). 
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Figure 1.6 - Schematic representation of EMI shielding in ECPCs 

 
Source: (Al-Saleh & Sundararaj, 2009) 

 
As shown in Figure 1.6, the total shielding effectiveness is the 

result of the sum of all electromagnetic shielding mechanisms of the 
material in accordance with equation 1.3 (Saini & Arora, 2012; 
Thomassin et al., 2013).   

 
EMI-SE = SEA + SER + SEM                                                                                   (1.3) 

 
Where SEA, SER and SEM correspond to shielding by absorption, 

reflection and multiple reflections, respectively. Here, it is worth saying 
that, in general, the SEM may be neglected if the SEA is greater than 10 
dB (Al-Saleh et al., 2013; Saini & Arora, 2012; Tong, 2009; Udmale V, 
2013). 

Experimentally, EMI shielding can be analysed by different 
methods and instruments, and the most widely used technique include the 
use of network analyzers. The incident and transmitted waves in a 
network analyzer is mathematically represented by complex scattering 
parameters (or S-parameters), for example, S11 (or S22) and S12 (or S21), 
which are correlated with the power reflected and the transmitted. In these 
analyses, when electromagnetic radiation insides (I) in a shielding 
material the power absorbed (A), reflected (R), and transmitted (T) 
totalize 1 (I = 1 = A + R +T) (Saini & Arora, 2012; Thomassin et al., 
2013).   
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The coefficients of R and T are experimentally obtained using S-
parameters, according to equations 1.4 and 1.5 (Saini & Arora, 2012; 
Thomassin et al., 2013).   

 
T = [ET/EI]2 = |S12|2 = |S21|2                                                                                        (1.4)  
 
R = [ER/EI]2 = |S11|2 = |S22|2                                                                                       (1.5)  
  

Finally, the SER, SEA, and total EMI-SE are calculated according 
to equations 1.6, 1.7, 1.8, respectively (Saini & Arora, 2012; Thomassin 
et al., 2013). 

 

SE� = 10 log
�

���
                                                                                                           (1.6) 

 

SE� = 10 log
���

�
                                                                                                          (1.7) 

 

EMI SE = SE� + SE� = 10 log
�

�
                                                      (1. 8) 

 
Further information about the physical interpretation of EMI 

shielding and different theoretical models can be found elsewhere 
(Chung, 2000, 2001; Huang, 1995; M. Y. Koledintseva, 2009; Saini & 
Arora, 2012; Thomassin et al., 2013; Tong, 2009). 

As already mentioned in the previous sections, the shielding 
effectiveness of a given material depends on many different parameters, 
and for commercial applications, the minimum EMI-SE commonly 
required is 20 dB (i.e., equals to or less than 1% of electromagnetic 
radiation transmission) (Cao et al., 2015; Maiti et al., 2013; Yonglai et al., 
2007). Although there are lots of materials presented on the literature that 
meet this requirement, a direct comparison of the shielding efficiency of 
different carbon additives in ECPCs is difficult to make since the samples 
present different thickness and measurements are done in different 
frequency ranges. However, for commercial applications, a suitable EMI-
SE is generally achieved when the σDC of the composites is more than 10 
S.m-1 (Jia et al., 2015; Theilmann et al., 2013). Thus, in order to build a 
standard that enables comparison, Thomassin et al. (2013) suggested 
comparing the EMI-SE of different composites considering their 
electrical conductivities (Thomassin et al., 2013). Figure 1.7 shows a 
comparison between the EMI-SE of different carbon-based composites 
and their DC conductivity. 
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Figure 1.7 - Comparison of the EMI-SE of different carbon-based composites as 
a function of their DC conductivity (for samples of around 2 mm of thickness at 
the frequency of 10 GHz). 
 

 
Source: Adapted from (Thomassin et al., 2013) 

 
As shown in Figure 1.7, different composites present a substantial 

similar behavior when considering their electrical conductivity. It is 
possible to notice a relation between electrical conductivity and EMI-SE, 
where the different composites only start presenting the effectiveness 
required for commercial applications (≥20 dB) when the composites 
reach a DC conductivity between around 10E-3 and 10E-1, irrespective 
of their carbon additive loading (not presented). Another behavior can be 
observed, just below the percolation threshold the electrical conductivity 
of the composites drastically increases with the loading of conductive 
additive, however, the EMI-SE increases only slightly. After the 
percolation threshold is reached the opposite behaviour happens, and the 
EMI-SE of the composites becomes very sensible to minor changes in the 
electrical conductivity, and starts increasing intensely (Thomassin et al., 
2013). 

For some specific applications, not only the EMI-SE is important, 
but also the way the radiation is attenuated. In order to compare the 
shielding mechanisms of different carbon-based composites, Figure 1.8 
shows SER and SEA as a function of their electrical conductivity. 
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Figure 1.8 - SER and SEA of different MWCNT-based composites as a function 
of their electrical conductivity (for samples of around 2 mm of thickness at the 
frequency of 10 GHz) 
 

 
Source: Adapted from (Thomassin et al., 2013) 

 
As it can be observed at Figure 1.8, both SER and SEA contribute 

to the total EMI-SE in carbon-based composites. Besides, both 
mechanisms increase with the electrical conductivity of the samples, as 
expected, and the effect tend to be even more significant in SEA. 
However, at this point it is important to highlight the difference between 
the concepts of shielding mechanisms and power loss. Despite works on 
the literature showed that some carbon-based nanocomposites present 
SEA equal or higher than SER, in practice only a small part of power is 
absorbed by the shielding material (Thomassin et al., 2013). Figure 1.9 
present the power balance vs. the electrical conductivity of the same 
samples presented in Figure 1.8.  
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Figure 1.9 - Power balance vs. the electrical conductivity of different MWCNT-
based composites as a function of their electrical conductivity (for samples of 
around 2 mm of thickness at the frequency of 10 GHz) 
 

 
Source: Adapted from (Thomassin et al., 2013) 

 
As shown in Figure 1.9, most part of the radiation is reflected by 

the shielding materials as the electrical conductivity increases. This 
behavior can be understood considering that once reflection occurs before 
absorption, only a small part of the radiation actually remains to be 
absorbed by the shielding material (Al-Saleh et al., 2013; Thomassin et 
al., 2013). Therefore, despite the high values of SEA of some carbon-
based materials and the confusion presented by some reports in the 
literature, this kind of composites can not be used to absorb EM radiation. 

In the case of applications that require absorption of the EM 
radiation different strategies for carbon-based composites are applied, 
such as the development of multilayers and foams materials with different 
grades of electrical conductive and/or magnetic additives. In these cases, 
composites are classified as radar absorbing materials (RAM). However, 
it is worth emphasizing that the development of RAM materials is not the 
purpose of this present work. 
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1.2.3.3 Mechanical properties 
 
For commercial applications, the mechanical properties of EMI 

shielding materials play an important role. The main parameters that 
affect their mechanical behaviour include the intrinsic mechanical 
properties of fillers and matrices, and the aspect ratio, dispersion, and 
alignment of the fillers inside the matrices (Coleman et al., 2006). 

Traditionally, conventional fillers, such as CB and silica, have 
been used for reinforcement of polymeric materials, however, more 
recently the use of nanosized fillers, such as carbon nanofibers, CNT, and 
graphene, are showing to be much more effective. The main advantage of 
using these nanoparticles remains the fact that fillers of large surface area, 
when dispersed at a nanoscale level, promote larger contact areas and may 
favor the wetting and adhesion of the nanofillers in the matrix, which, 
consequently, enhance the transference of stress from the matrix to the 
nanofillers (Rath & Li, 2011). On the other hand, the effective dispersion 
of the fillers is more difficult to achieve in nanosize carbon composites 
due to large surface area energy and, consequently, strong particle-
particle interactions, as already presented in the previous sections (H. Kim 
et al., 2010; Kuilla et al., 2010; Rath & Li, 2011; Singh et al., 2012; 
Spitalsky et al., 2010).  

One of the biggest challenges in preparing carbon polymer 
composites for EMI shielding is related to the “ideal” state of mixture for 
each desirable property. This happens because aiming to provide 
electrical properties, it is necessary for the fillers be close to each other to 
form a conducting network (Arjmand et al., 2012; Arjmand, Mahmoodi, 
Gelves, Park, & Sundararaj, 2011; Maiti et al., 2013; Thomassin et al., 
2013), on the other hand, for the mechanical properties it is desirable the 
fillers to be completely dispersed in the matrix to avoid aggregation of 
particles that produces high stress concentration and cause premature 
failure (Rath & Li, 2011). Another point is that the melt processing 
techniques commonly used in the industry mainly include extrusion, 
injection, and the use of rolls, and all these methods can induce the 
orientation of the particles inside the matrix.  

Some works in the literature compare the mechanical properties 
regarding the alignment of the particles in carbon-based composites along 
the flow and/or perpendicular to the flow directions, and, in most of the 
cases, alignment is advantageous to improve the mechanical properties 
(Erik & Tsu-Wei, 2002; Panaitescu et al., 2014; Yousefi et al., 2014). 
Panaitescu, et al. (2014), show that highly aligned SEBS and SEBS/G 
composites presented anisotropic mechanical properties depending on the 
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direction of the alignment (Panaitescu et al., 2014). Figure 1.10 exhibits 
the mechanical properties (tensile stress vs. tensile strain) of samples that 
were cut considering the alignment resulted from the induced orientation 
parallel (II) and perpendicular (L) to the rolling direction (during 
preparation). 

 
Figure 1.10 - (a) Stress–strain curves for parallel and perpendicular stretching of 
SEBS and SEBS/G samples, and (b) schematic illustration of specimens cut 
perpendicular (L) and parallel (II) to the rolling direction. 
 

 
Source: Adapted from (Panaitescu et al., 2014) 

 
As it is presented at Figure 1.10, the authors showed that not just 

the alignment of CNT was induced by the melting process, but also the 
polymeric matrix (block copolymer). In this case, the alignment of both 
the blocks of the copolymer and graphite increased the modulus of the 
pure matrix and composites.  

It is well known that aiming to maintain low cost, reduce 
processing issues, and avoid the degradation of the mechanical properties 
of polymer matrices the amount of conducting additive should be the 
lower as possible. Further, reports on the literature state that from a 
determined amount of carbon particles, the material start to become more 
brittle and reduce its failure strain (Rath & Li, 2011; Tanrattanakul & 
Bunchuay, 2007). However, the amount of the fillers used to improve or 
avoid decreasing the mechanical properties use to be lower than the 
loading necessary to achieve high electrical conductivity in polymer 
composites. Therefore, the balance between mechanical and EMI 
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shielding properties is a critical factor to prepare nanocomposites suitable 
for commercial applications of EMI shielding materials.  

 
1.3 FLEXIBLE MATERIALS FOR EMI SHIELDING APPLICATIONS  

 
As presented in the previous topics, a set of many features must be 

considered in order to choose the most suitable EMI shielding material 
for each application. In general, ECPCs based on conventional 
thermoplastic polymers are able to meet most of the requirements such as 
low density, aesthetic parameters, and easy processing. However, for 
some applications in order to avoid leakage of information transmitted by 
EM waves or ensure a complete environmental sealing e.g., for coating 
of flexible wires and devices, or for joints of a shielded enclosure, the 
EMI shielding material must also mandatorily present flexible properties. 
In these cases, electrically conductive elastomers (ECEs) (a subclass of 
ECPCs where the polymeric matrix is an elastomer) are considered the 
most suitable choice (Tong, 2009). 

Traditionally, ECEs are being mainly used as EMI gaskets between 
two metallic surfaces (Gooch & Daher, 2007). For this application, as for 
other composite materials for EMI shielding, one should keep the loading 
of conductive additives as low as possible. However, for EMI gaskets this 
requirement is even more critical, since the amount of conducting 
additives commonly necessary to achieve suitable EMI-SE significantly 
decreases the resilience, strength, and ductility of elastomeric matrix. 
Consequently, the material becomes less effective as a gasket. Therefore, 
the development of high quality materials for EMI gaskets is commonly 
more complex than for other EMI shielding materials in general (Chung, 
2001). 

The selection of the most suitable EMI gasket for each application 
may consider different criteria, such as shielding effectiveness over a 
specified frequency range, mounting methods and closure forces, 
galvanic compatibility with the metallic surfaces, resistance from the 
external environment, operating temperature range, and costs (Gooch & 
Daher, 2007). Therefore, among the different flexible materials for EMI 
shielding, carbon nanoparticles filled ECEs are recently showing to be 
promising options to the development of EMI shielding materials of high 
performance. 
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1.3.1 Review of the ECEs for EMI shielding: general information, 
effect of dispersion and alignment of carbon particles, and particle-
matrix interactions 

 
In this section a review of ECEs for EMI shielding applications 

and relevant parameters affecting their properties are presented. Special 
attention is given to carbon particles filled ECEs.  

 
1.3.1.1 Conventional elastomers 

 
ECE gaskets for EMI shielding are conventionally made of a 

polymer binder, such as silicone, fluorosilicone, or Ethylene Propylene 
Diene Monomer (EPDM), loaded with different conductive particles, and 
are used not only to provide EMI protection, but also to function as a 
pressure and moisture seal (Gooch & Daher, 2007). Generally, most of 
these composites are prepared by melt compounding in an internal mixer 
or roll-mill followed by a curing process (Thomassin et al., 2013). The 
shielding effectiveness and mechanical properties required vary 
according to the specific application, and are mainly dependent on the 
elastomeric matrix, type and amount of conductive additive used, filler-
matrix interactions, and processing methods. Some examples of ECE for 
EMI shielding that highlight the influence of these variables are presented 
below. 

ECEs of CB and SCF filled EPDM rubber showed that the 
composites prepared with SCF presented higher EMI-SE than the samples 
with CB (≈ 45dB at 8–12 GHz for EPDM/SCF with 50 phr of SCF). As 
stated by the authors, the explanation for the higher effectiveness of the 
SCF–filled composites system is related to their higher aspect, since, in 
this case the formation of the conductive network is favoured with less 
amount of loading when compared to the particulate additives. 
Additionally, the samples were also analysed in the 100–2,000 MHz 
frequency range and results showed that the EMI-SE was dependent on 
the frequency and greater for the higher frequency range (N. C. Das, 
Chaki, Khastgir, & Chakraborty, 2001).  

Composites of natural rubber (NR), epoxidized natural rubber 
(ENR), and chlorosulfonated polyethylene (CSM) filled with conductive 
CB, aluminum powder, and a combination of both were studied to 
observed the influence of filler-matrix interactions on the EMI shielding 
and mechanical properties. With respect to additives, CB showed to be 
more effective to shielding (18–28 dB with 50 phr of CB at 8–12 GHz) 
than aluminum powder. Interestingly, even though the electrical 
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conductivity was higher for the aluminum powder-based composites, the 
latter presented lower EMI-SE because of the lower volume fraction and 
larger grain size of the aluminum powder compared to CB. Regarding the 
mechanical properties for the composites filled with CB, for samples with 
30 phr of CB, the strength increased by approximately 17% for CSM, 
whereas decreased about 10% and 32% for ENR and NR, respectively. 
According to the authors, the decrease in tensile strength of NR/CB 
samples should be due to the nonpolarity of NR and high polarity of the 
conductive CB. For the composites with 50 phr of CB, the strength 
decreased for all samples due to the high amount of conducting fillers 
(Tanrattanakul & Bunchuay, 2007).  

In flexible materials for EMI shielding, the balance concerning 
EMI-SE and mechanical properties plays a critical role, consequently, lots 
of efforts are being doing in order to improve the relationship between 
both parameters. Nanocomposites of SG-CNT (long single-walled CNT) 
and fluorinated rubber prepared by solution casting reached EMI-SE of ≈ 
20 dB (at 5.5 - 10 GHz) with 1 wt% of SG-CNT loading. Additionally the 
material was stretchable to the double of its original length without 
cracking (Kato, Horibe, Ata, Yamada, & Hata, 2017). In this work, the 
authors also showed pictures to exemplify their material working as an 
EMI shielding enclosure.  
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Figure 1.11 - Pictures that exemplify an EMI shielding elastomeric material 
blocking EM transmission 

 
Source: Adapted from (Kato et al., 2017) 

 
Figure 1.11 shows a receptor of electromagnetic radiation without 

any shield and with their material wrapping the receptor device. In the 
first image the receptor worked normally and the screen received the 
information, and in the second the radiation is blocked and the screen does 
not show any image (Kato et al., 2017).  

Different reports in the literature state that the processing methods 
commonly used for melt compounding, such as injection, extrusion, and 
roll milling, can directly affect the properties of ECE due to the 
orientation of the fillers inside the matrices. This alignment, generally 
decreases the EMI-SE of the materials compared to composites where the 
particles are randomly dispersed (Arjmand et al., 2012; Arjmand et al., 
2011; Theilmann et al., 2013). Moreover, the EMI-SE of the composites 
also depend on the direction of the alignment. Composites of EPDM filled 
with 5 wt.% and 30 wt.% of carbon nanotubes (CNTs) were prepared 
using a combination of different processing methods (compounding in a 
mixer, calendaring, and extrusion) to induce aligned in two distinct 
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directions into the matrix, followed by a curing process. The authors 
observed that as the amount of CNT in the rubber matrix was increased, 
the material became more rigid and increased the shear force (melt 
viscosity), which in turn, collaborated to enhanced the alignment of CNT 
(Y. A. Kim et al., 2006). The two distinct directions of the CNT alignment 
is shown in Figure 1.12.  

 
Figure 1.12 - Schematic illustration of different alignment configurations of CNT 
filled rubber composites upon controlled processing methods 
 

 
Source: Adapted from  (Y. A. Kim et al., 2006) 

  
Results showed that the different orientation of the CNT into the 

matrix resulted in different improvements in elastic modulus, thermal, 
and electrical conductivities. Regarding the shielding properties, the 
maximum EMI-SE was ≈ 60 dB, achieved by the sample with 30 wt% of 
CNT at the frequency of 1 GHz along the Z-direction (Y. A. Kim et al., 
2006).  

Besides the examples exhibited above, many others ECEs are 
presented in the literature for EMI shielding applications. Table 1.1 shows 
a comparison between different carbon-based rubbers concerning the 
EMI shielding properties. 
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Despite the suitable EMI-SE of many carbon-based ECEs for EMI-
shielding, the use of conventional rubbers as the elastomeric matrix 
presents some drawbacks. The main disadvantages of using vulcanized 
rubbers are related to the curing process, that involves the use of solvents, 
longer time of fabrication and high energy consumption. Therefore, 
aiming to overcome these problems, thermoplastic elastomers are 
showing to be an interesting option to replace conventional rubbers for 
the development of high performance flexible EMI shielding materials. 

 
1.3.1.2 Thermoplastic elastomers  

 
Thermoplastic elastomers (TPE) is a class of materials that exhibit 

elastic behaviour similar to conventional vulcanized elastomers, but can 
be processed as thermoplastics (Drobny, 2007a). TPEs are essentially 
systems formed by two different phases bonded chemically by block or 
graft polymerization. In these systems, one phase is hard and solid at 
ambient temperature and acts as physical cross-links, and the other is an 
elastomer and provides flexibility and elasticity to the material (Drobny, 
2007a).  

The main advantages of using TPEs compared to conventional 
rubbers includes simpler processing, fewer processing steps, shorter 
fabrication times, lower energy consumption, possibility of using scraps 
(recyclability), better quality control, and lower fabrication costs. 
Additionally, since TPEs, in general, have lower density than 
conventional rubber compounds, their volume cost is often lower 
(Drobny, 2007a). On the other hand, the fewer disadvantages include 
melting at elevated temperatures, which consequently reduces the service 
temperatures, limited number of low-hardness TPEs, and most TPE 
materials need to be dried before processing (Drobny, 2007a). 

There are different classes of TPEs commercially available, such 
as styrenic block copolymers (SBC), polyolefin-based thermoplastic 
elastomers (TPO), thermoplastic elastomers based on dynamically 
vulcanized elastomer-plastic blends (TPV), thermoplastic elastomers 
based on polyurethanes (TPU), copolyether-ester block thermoplastic 
(COPE), polyamide thermoplastic elastomers with polyamide hard 
segments and soft segments based on aliphatic polyesters or aliphatic 
polycarbonates (COPA), and others that do not fit into any of the 
mentioned groups (Drobny, 2007a). 

Among these groups, carbon-based TPU composites are recently 
being widely studied. The interest in TPU as a matrix is mainly due to its 
polarity, therefore, the use of functionalized carbon particles, is preferred. 
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In these cases, additive-matrix interactions are expected, which normally 
improves the dispersion of the additives in the matrix. As an example, 
Bansala et al. (2017) prepared nanocomposites of TPU/thermally reduced 
graphene nanosheets (TRG) for microwave shielding applications in the 
frequency range of 12–18 GHz. Results showed that with 5.5 vol% of 
TRG loading the EMI-SE ranged from 26 to 32 dB in the frequency region 
for nanocomposites of 2 mm thick. The authors also presented a table in 
order to compare the SE of different graphene-based/TPU 
nanocomposites exhibited in the literature (Bansala et al., 2017), which is 
shown in Table 1.2 (adapted).  

 
Table 1.2 - EMI shielding properties of different graphene based-TPU 
nanocomposites  
 

 
Source: Adapted from (Bansala et al., 2017) 

 
Some others classes of TPEs are being used in EMI shielding 

composites and blends. As an example, Bhadra, Singha, and Khastgir 
(2009) prepared blends of polyolefinic thermoplastic elastomer ethylene 
1-octene copolymer and polyaniline (PAni) for EMI shielding. According 
to the authors, blends of 5.4 mm thick with 40 phr of PAni presented an 
EM attenuation of around 80% in the 7.8–12.4 GHz frequency range 
(Bhadra et al., 2009). Park et al. (2010) prepared and compared 
nanocomposites of reactive ethylene terpolymer (RET) and SWCNT and 
chemical functionalized SWCNT (COOH–SWCNT) for EMI shielding in 
the 8-12 GHz frequency range. Results showed EMI-SE around one order 
of magnitude higher for the RET/COOH–SWCNT compared to the 
RET/SWCNT. The EMI-SE for RET/COOH–SWCNT samples of ≈ 2 
mm thick with 2.25 vol % was ≈ 15 dB, and ≈ 5 dB dB for the 
RET/SWCNT samples with the same thickness and vol % of conducting 
additive. The maximum EMI-SE in the study was ≈ 27 dB achieved with 
3.5% of SWCNT in RET/ SWCNT nanocomposites (Park, Theilmann, 
Asbeck, & Bandaru, 2010). 
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Results of some others composites of TPEs filled with different 
carbon particles for EMI shielding available on the literature are presented 
in Table 1.3.  
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Another class of TPEs that may be interesting to produce ECEs for 
EMI shielding is styrenic block copolymers. As already presented in the 
previous sections, among other advantages, the use of styrenic block 
copolymers as matrices in carbon-based composites may promote π-π 
interactions between both phases, which contribute to improve the 
dispersion and reduce the amount of fillers necessary to achieve the 
required properties without the need using of functionalized carbon 
particles. 

Styrenic block copolymers (SBCs) are TPEs based on alternated 
blocks of polystyrene and elastomeric segments. When heated, their 
polystyrene domains soften and the material is capable of flowing and can 
be processed as a conventional thermoplastic material. On the other hand, 
at room temperature, the polystyrene block is rigid and acts as cross-links 
in conventionally vulcanized elastomers, while the elastomeric phase is 
easily extendable (Drobny, 2007c). 

Currently, SBCs is most used class of TPEs worldwide (Drobny, 
2007a). However, despite their great potential in conductive composites, 
only very few works in the literature present SBCs as matrices for EMI 
shielding materials. Some examples are presented below. 

SBS/polyaniline doped with dodecylbenzene sulfonic acid 
(PAni.DBSA) were prepared and characterized regarding the effect of 
different processing methods, including melt compounding and in situ 
polymerization of aniline in SBS, on the EMI-SE of the blends (at 8-12 
GHz). With 30 wt% of SBS/PAni.DBSA, the EMI-SE ranged from 35 to 
40 dB for the blend prepared by in situ polymerization, and from 20 to 25 
dB for the blend prepared by melt compounding (Magioli et al., 2012).  

Blends of poly(styrene-b-styrene-butadiene-b-styrene) 
(STF)/PAni-DBSA were prepared by in situ polymerization and the 
influence of samples of three different thicknesses, 1, 3 and 5mm, on the 
EMI-SE was investigated. The higher EMI-SE was achieved for the 5 mm 
thick sample with 49/51 of PAni.DBSA/STF, respectively, which was 14 
dB at 8.20 GHz that correspond to 96% (lower than the minimum SE 
required for commercial applications). The influence of the thickness was 
compared for the blend with 35/65 of PAni.DBSA/STF, respectively. The 
best result, as expected, was achieved with the 5 mm sample, that reached 
85% of EMI-SE. According to the authors, the increasing of the sample 
thickness resulted in higher amount of conducting meshes, which 
promoted both absorption and internal reflection, and consequently 
contributed to increase the final EMI-SE of the blends (Schettini & 
Soares, 2011). 
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Hybrid composites of STF filled with PAni-DBSA and CB were 
prepared by in situ polymerization and the influence of the both additives 
in the EMI-SE (at 8-12 GHz) was analysed. Results showed that when 
PAni.DBSA and CB were used at the same time, the EMI-SE of the 
hybrid composite was not directly proportional to sum of the EMI-SE of 
both conductive fillers in STF (in composites with just one kind of 
conducting additive), since the presence of one filler impaired the 
effectiveness of the other filler to shield EMI radiation and vice a versa. 
For example, the EMI-SE of the PAni.DBSA/STF with 25 wt% of 
PAni.DBSA was ≈20 dB, for CB/STF with 25 wt% of CB it was ≈51 dB, 
and for the hydride composite of PAni.DBSA/CB/STF with 75.2/23.2/1.6 
wt% of each phase, respectively, the total EMI-SE was ≈12 dB. In this 
composites, during the in situ polymerization of Ani into the STF matrix, 
the addition of electrically conducting CB did not change the electrical 
properties of the material additively. According to the authors, the 
presence of CB interfered in the conversion of Ani to PAni regarding the 
degree of polymerization and in its crystal structure. At the same time, the 
presence of PAni.DBSA also changed the characteristic properties of CB 
particles by interacting with the organic groups in their surface and 
modifying the distribution of the CB particles in the matrix (Schettini et 
al., 2012). 

Composites of silver nanoparticles (NPs)/SBS were prepared and 
their EMI-SE after 10, 100, 300 times of stretching with ε=0.6 was 
characterized. The maximum EMI-SE of 69 dB was obtained with 
66.5wt% of NPs at frequency range from 8 to 12 GHz (E. Kim et al., 
2016). Figure 1.13 exhibits the EMI-SE of the material after cyclic 
elongation tests.  
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Figure 1.13 - EMI-SE of NPs/SBS composites after 10 to 300 times stretching 

 

 
Source: (E. Kim et al., 2016) 

 
As shown in Figure 1.13, the NPs/SBS composites still maintained 

suitable EMI-SE (> 20dB) even after cyclic elongation. 
 
Among the whole class of SBCs, although SBS is widely used by 

industry, this block copolymer is formed by polystyrene and elastomeric 
segments of polybutadiene and, consequently, it presents an unsaturation 
in the elastomeric segment that make it more prone to degradation. 
Therefore, block copolymers such as poly (styrene-b-(ethylene-co-
butylene)-b-styrene) (SEBS) are a better option for most applications. 
SEBS is a styrenic block copolymer obtained upon the hydrogenations of 
SBS, which due to the absence of unsaturation can be processed at 
elevated temperatures for longer periods of time without damaging its 
structure, and also which present excellent chemical resistance, and UV 
stability (Drobny, 2007c; Holden, 2000). Consequently, composites 
based on SEBS may be a good option to the development of EMI 
shielding materials.  

Chapters 2, 3, and 4 present specific contributions to the 
development of a new generation of high performance flexible EMI 
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shielding materials based on nanocomposites of SEBS and carbon 
nanoparticles
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CHAPTER 2 
 
This chapter presents the article corresponding to the results of the 

first part of the project. It emphasizes the dispersion and distribution of 
the conducting additives in the polymeric matrix, additive-matrix 
interactions, the formation of an electrically conducting network, and the 
EMI properties of SEBS/CNT nanocomposites for EMI shielding. 

 
ELECTROMAGNETIC INTERFERENCE SHIELDING AND 

ELECTRICAL PROPERTIES OF NANOCOMPOSITES BASED 
ON POLY (STYRENE-B-ETHYLENE-RAN-BUTYLENE-B-

STYRENE) AND CARBON NANOTUBES 
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ABSTRACT 
 
In this work, poly (styrene-b-ethylene-ran-butylene-b-styrene) and 
carbon nanotube (SEBS/CNT) nanocomposites were prepared by melt 
compounding for electromagnetic shielding applications. The structural 
characteristics and the morphology of carbon nanotubes (CNT) and 
nanocomposites were investigated using Raman spectroscopy and Field 
Emission Gun Scanning Electron Microscopy. The DC electrical 
conductivity of the nanocomposites was evaluated by two-probe and four-
probe methods, and the electrical percolation threshold was calculated. 
Dielectrical properties, shielding mechanisms, and the electromagnetic 
interference shielding effectiveness (EMI-SE) of the nanocomposites 
were evaluated for the 8.2-12.4 GHz X-band microwave frequency range. 
A comparison between theoretical and experimental EMI-SE results was 
also reported. The nanocomposites studied exhibited a very sharp 
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insulator-conductor transition at a CNT concentration of around 1wt. %, 
and the electrical conductivity increased by 17 orders of magnitude upon 
addition of more than 2wt. % CNT. Upon addition of 15 wt. % of CNT, 
an EMI-SE of 30.07 dB, which corresponds to a reduction of 99.9 % of 
the incident radiation, was obtained. The results indicate that the 
nanocomposites studied are promising candidates for electromagnetic 
shielding applications. 

 
Keywords: Polymer-matrix nanocomposites; Carbon Nanotubes; 
Electrical properties; Electromagnetic shielding effectiveness 
 
2.1 INTRODUCTION 

 
The extensive development of mobile communication in modern 

society is becoming a serious cause for concern, especially with regards 
to electromagnetic interferences (EMI). Basically, EMI are undesired 
signals emitted by electronic equipment that perturb the operation 
performance of other electronic devices or cause damage to living 
organisms (Yong Li et al., 2010; Mohammed & Uttandaraman, 2013; 
Saini & Arora, 2012; Thomassin et al., 2013). In order to avoid these 
interference problems, significant effort has been dedicated to developing 
new materials for EMI shielding.  

An EMI shielding material is essentially a barrier that attenuates or 
eliminates the transmission of electromagnetic waves from one region to 
another, using mobile charge carriers (electrons or holes) or electric 
and/or magnetic dipoles, which interact with the incident electromagnetic 
wave (Chung, 2001; Saini & Arora, 2012). In EMI shields, the property 
that quantifies the ability to attenuate the incident electromagnetic 
radiation is known as shielding effectiveness (SE), and is given in 
decibels (dB) (Al-Saleh & Sundararaj, 2009; Ramôa et al., 2013; Saini & 
Arora, 2012; Thomassin et al., 2013).  

EMI-SE results from all shielding mechanisms, according to (Al-
Saleh & Sundararaj, 2009; Yong Li et al., 2010; Maiti et al., 2013; Saini 
& Arora, 2012; Singh et al., 2012):   

 
EMI SE = SE� + SE� + SE� (dB)                                                           (2.1) 

 
where SER, SEA, and SEM correspond to shielding mechanisms by 
reflection, absorption, and multiple-reflection, respectively.  

Shielding mechanisms depend on the characteristic of the 
attenuator material. A shielding mechanism by reflections (SER) occurs 
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when the shielding material has mobile charge carriers that interact with 
the electromagnetic wave. The absorption mechanism (SEA) is seen when 
the material has electric and/or magnetic dipoles that interact with the 
electromagnetic field, and occurs for materials with high dielectric 
constant and/or high magnetic permeability (Al-Saleh & Sundararaj, 
2009; Chung, 2001; Saini & Arora, 2012). The multiple-reflection 
mechanism (SEM) happens when the electromagnetic wave is reflected 
from the second inner boundary to the first being reflected back and forth 
within the material. However, these internal reflections are absorbed, and 
consequently, can be ignored when the shielding material is thicker than 
the distance required to decrease the electromagnetic wave to 1/e or 37% 
of its original strength. This distance is known as Skin Depth, and can be 
calculated according to Equation 2.2 (Al-Saleh & Sundararaj, 2009; 
Chung, 2001; Yong Li et al., 2010; Mohammed & Uttandaraman, 2013; 
Singh et al., 2012): 

 

� =
�

�����
                                                                                                              (2.2) 

 
where f is the frequency of radiation (Hz), μ is the magnetic 

permeability of the shielding material (μ = μ0μr, where μ0 is the 
permeability of free space μ0 = 4π x 10-7 H.m-1, and μr = 1 for carbon-
based materials), and σ is the electrical conductivity. From a practical 
perspective, SEM can safely be ignored when SEA ≥ 10 dB (Saini & Arora, 
2012; Singh et al., 2012). 

Several theoretical models have been suggested in the literature to 
predict EMI-SE. According to Al-Saleh and Sundararaj (2009), the SER 
and SEAcan be calculated according to (Al-Saleh & Sundararaj, 2009): 

 

��� = 39.5 + 10��� �
�

����
�                                                                                (2.3) 

 

��� = 8.7
�

�
                                                                                                                    (2.4) 

 
where σ is the electrical conductivity, f is the frequency of radiation (Hz), 
μ is the magnetic permeability of the shielding material (μ = μ0μr, where 
μ0 is the permeability of vacuum μ0 = 4π x 10-7 H.m-1, with μr = 1 carbon-
based materials), t is the shielding material thickness, and δ is the skin 
depth. It is important to state that Equation 2.3 predicts a negative value 
for shielding if σ/fμ is less than 7.04x10-4(Al-Saleh & Sundararaj, 2009). 
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Experimentally, EMI-SE can be evaluated by measuring the 
amount of power of an incident radiation that is being reflected (R,) and 
that is being transmitted (T) using complex scattering parameters (Al-
Saleh et al., 2013; Al-Saleh & Sundararaj, 2009; Maiti et al., 2013; Ramôa 
et al., 2013). As the incident radiation power is normally taken as 1 mW, 
the amount of absorbed (A) radiation can be estimated from Equation 2.5 
(Al-Saleh et al., 2013; Maiti et al., 2013; Ramôa et al., 2013; Saini & 
Arora, 2012): 

  
I = 1 = A + R + T                                                                                                   (2.5) 

 
From T and R experimental data coefficients, the contribution to 

EMI-SE by reflection (SER) and absorption (SEA) mechanisms can be 
determined by (Al-Saleh & Sundararaj, 2009; Maiti et al., 2013; Ramôa 
et al., 2013; Saini & Arora, 2012): 

 

SE� =  10 log
�

���
                                                                                                         (2.6) 

 

SE� =  10 log
���

�
                                                                                                         (2.7) 

 

EMISE = SE� + SE� =  10 log
�

���
+ 10 log

���

�
= 10 log

�

�
               (2.8) 

 
Traditionally, metals have been the most used materials for EMI 

shielding applications, mainly due to their high conductivity. However, 
these materials present some drawbacks, such as high density, propensity 
to corrosion, and uneconomic processing (Anupama et al., 2013; Saini & 
Arora, 2012; Thomassin et al., 2013; Yousefi et al., 2014). As an 
alternative, dielectric materials, such as polymer composites based on 
conductive carbon particles, are being developed (Anupama et al., 2013; 
Chung, 2001; Z. Liu et al., 2007; Maiti et al., 2013; Mohammed & 
Uttandaraman, 2013; Ramôa et al., 2013; Sachdev et al., 2011; Saini & 
Arora, 2012; Thomassin et al., 2013; Yousefi et al., 2014; C.-S. Zhang et 
al., 2007). 

In electrically conductive polymer composites, the electrical 
conductivity occurs due to a percolation of the particles imbedded within 
the polymer matrix. At a certain concentration of fillers, known as the 
percolation threshold, the composite presents an insulator-conductor 
transition. (Maiti et al., 2013; Ramôa et al., 2013; Saini & Arora, 2012; 
Vargas-Bernal, Herrera-Perez, Calixto-Olalde, & Tecpoyotl-Torres, 
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2013). The percolation threshold depends on a) the nature of the polymer 
matrix, b) the characteristics of the fillers, such as their geometry, surface 
area and electrical conductivity, c) the morphology of the composite, 
characterized by the quality of the distribution and dispersion of fillers, 
which in turns depends on the d) the matrix-fillers interactions and the 
processing parameters used to obtained the composite (Alig et al., 2012; 
Bilotti et al., 2013; Potts et al., 2011; Sachdev et al., 2011; Thomassin et 
al., 2013). 

Considering the relevance of having a low percolation threshold in 
order to reduce costs and facilitate the processing of composites (Bilotti 
et al., 2013; You et al., 2014), the use of carbon nanoparticles, such as 
CNT and graphene, can represent a nice alternative to obtaining polymer 
composites, which in this case, are  known as polymer nanocomposites 
(Al-Saleh et al., 2013; Alig et al., 2012; Calisi et al., 2013; Maiti et al., 
2013; Matzeu et al., 2012; Saini & Arora, 2012; C.-S. Zhang et al., 2007). 
In particular, experimental results have already shown that the use of CNT 
is more efficient than the use of the same wt. % of microsized carbon 
particles (Al-Saleh & Sundararaj, 2009; Alig et al., 2012; L. Liu, Kong, 
Yin, Chen, & Matitsine, 2010) as far as electromagnetism is concerned. 

CNT are long cylinders of covalently bonded carbon atoms which 
present some relevant mechanical and electrical properties. They also 
present a high aspect ratio (p) (p = L/D, where L is the length ≈ 1- 50 µm, 
and D is the diameter ≈ 1 - 50 nm) (Alig et al., 2012; Bokobza, 2007; 
Choudhary & Gupta, 2011; Coleman et al., 2006; Dai, 2002), a 
characteristic that helps obtain polymer nanocomposites with low 
electrical thresholds once they are well dispersed and distributed through 
the polymer matrix (Alig et al., 2012; Thomassin et al., 2013). However, 
CNT present high surface areas and strong van der Waals interactions 
between the tubes, which make them prone to forming large agglomerates 
and hindering their dispersion (Alig et al., 2012; Calisi et al., 2013; 
Matzeu et al., 2012). Moreover, when CNT are not properly dispersed and 
distributed in polymer matrices, a  higher amount of fillers is necessary to 
achieve the desired properties (Saini & Arora, 2012).  

Seeking to overcome the drawbacks caused by difficulties in 
dispersing nanosized carbon fillers, some authors have suggested the use 
of blends of immiscible polymers as matrices. The main advantage in this 
case is that the CNT may be selectively located in just one of the blend’s 
phases, thus reducing the amount of fillers required (Brigandi, Cogen, & 
Pearson, 2014; Göldel, Marmur, Kasaliwal, Pötschke, & Heinrich, 2011; 
Lee, Park, & Lee, 2008; Meier et al., 2011; Sun, Guo, & Yu, 2010; Wode 
et al., 2012; M. Wu & Shaw, 2006; Zha, Li, Liao, Bai, & Dang, 2013; Q. 
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Zhang, Xiong, Yan, Chen, & Zhu, 2008). However, tailoring the 
morphology of the blend to achieve the desired electrical properties is not 
an easy task. 

Alternatively, some studies in the literature suggest that the use of 
block copolymers, such as poly (styrene-b-isoprene-b-styrene) (SIS), 
poly (styrene-b-butadiene-b-styrene) (SBS), and poly (styrene-b-
ethylene-ran-butylene-b-styrene) (SEBS), can be an advantageous 
substitute of immiscible polymers blends, once the structure of these 
materials already presents a morphology of two distinct phases (Lee et 
al., 2008; Meier et al., 2011). The template morphology of these block 
copolymers can be used to tailor the location of nanoparticles such as 
clays (Danilo J. Carastan, Amurin, Craievich, Gonçalves, & 
Demarquette, 2013, 2014; Helal et al., 2015), as well as carbon 
nanoparticles (Lee et al., 2008; Meier et al., 2011), although this been 
done to a lesser degree in the latter case. As examples, Peponi et al. (2009) 
studied the confinement of functionalized graphene sheets in poly 
(styrene-b-isoprene-b-styrene) (SIS). According to the results, graphene 
was confined only in the polystyrene (PS) phase of the block copolymer, 
due to geometric and chemical affinities between the PS block and the 
graphene sheets (Peponi et al., 2009). Liu Ye and Xie (2011) studied 
nanocomposites of poly (styrene-b-butadiene-b-styrene) (SBS) 
containing modified exfoliated graphene sheets from graphite mixed by 
solution. According to the authors, these nanocomposites presented π-π 
interactions between graphene and the PS chains due to the presence of 
aromatic rings in their structures. Their results indicated a percolation 
threshold of 0.25 vol. % (corresponding to a conductivity of (≈ 3.5x10-5 
S.m-1), and that upon addition of 4.5 vol.%, a conductivity of 13 S.m-1 
was reached (Y.-T. Liu et al., 2011).  

Li and Shimizu (2009) prepared nanocomposites of SEBS and 
CNT by melt compounding at very high shear and obtained a maximum 
conductivity of 5.16 S.cm-1 with 15 wt. % of CNT (Yongjin Li & 
Shimizu, 2009). However, and to the best of our knowledge, composites 
based on styrenic block copolymers and CNT for electromagnetic 
shielding applications have thus far never been studied in the literature. 

In this work, nanocomposites of SEBS/CNT were prepared by melt 
compounding for electromagnetic shielding purposes. The structural 
characteristics and the morphology of CNT and nanocomposites were 
investigated through Raman spectroscopy and Field Emission Gun 
Scanning Electron Microscopy. The DC electrical conductivity of the 
nanocomposites was evaluated by two-probe and four-probe methods, 
and the electrical percolation threshold was calculated. Dielectrical 
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properties, shielding mechanisms, and the EMI-SE of the nanocomposites 
were investigated in the 8.2-12.4 GHz X-band microwave frequency 
range. A comparison between theoretical and experimental EMI-SE 
results was also reported.  

 
2.2 EXPERIMENTAL  

 
Poly (styrene-b-ethylene-ran-butylene-b-styrene) (SEBS) (Kraton 

G-1650; number-average molecular weight = 94,000 g.mol-1; polystyrene 
content = 30 wt. %, density 0.91 g.cm−3) was obtained from Kraton 
Polymers do Brasil Ind. Com. Prod. Petr. Ltda. Multiwalled Carbon 
Nanotube (MWCNT) (Nanocyl™ NC 7000 series, surface area = 250 - 
300 m2.g−1; density = 1.30 – 2.00 g.cm−3; carbon purity = 90 %; average 
diameter = 9.5 nm; average length = 1.5 μm), was purchased from 
Nanocyl S.A. 

Nanocomposites were prepared by melt compounding in a torque 
rheometer (Haake Rheocord) coupled to a mixing chamber (RHEOMIX 
600p, 70 cm3) using roller rotors. The processing parameters were as 
follows: temperature, 230 °C; rotation speed, 150 rpm, and mixing time, 
25 min, defined according to a previous study. Films were compression 
molded in different geometries (square and circle) and thicknesses (1 and 
2 mm), depending on the type of characterization to be performed. The 
nanocomposites were molded in a Bovenau hydraulic press, model ST 
P15, at a temperature of 230 °C and pressure of around 20 MPa, for 10 
min. 

The structural morphology of CNT as-received and once imbedded 
in the nanocomposite after processing was evaluated by Raman 
spectroscopy in a CRM (Confocal Raman Microscope) Alpha 300R 
Witec system with a 532nm laser excitation <100mW and a UHTS 300 
(ultra high throughput spectrometer)  with gratings of 600 or 1800 g/mm 
with 500 blaze. The morphology of pristine CNT and SEBS/CNT 
nanocomposites was studied by field emission gun scanning electron 
microscopy (FEG-SEM) using a JEOL JSM-6701 F field instrument at an 
acceleration voltage of 10 kV. For cross-sectional analysis of the 
nanocomposites, samples were cryogenically fractured in liquid nitrogen 
and placed in an aluminum sample holder containing a double-sided 
conductive carbon adhesive tape and coated with gold. 

The DC electrical conductivity of neat SEBS and SEBS/CNT 
nanocomposites with different weight fractions of conductive nanofillers 
was determined by the two-probe and four-probe methods at room 
temperature (Heaney, 1999). For neat SEBS and high resistivity 
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nanocomposites, the electrical conductivity measurements were 
performed using the two-probe standard method, with a Keithley 6517A 
electrometer connected to a Keithley 8009 test fixture. The electrical 
conductivity of the conductive nanofillers and low resistivity 
nanocomposites was measured using the four-probe standard method, 
with a Keithley 6220 current source to apply the current and a Keithley 
6517A electrometer to measure the difference of potential. Measurements 
were performed five times, and the average DC electrical conductivity 
values were registered. 

The EMI-SE measurements and the dielectric analysis of the 
nanocomposites were performed using an Agilent Technology PNA 
series network analyzer (N5230C Agilent PNA-L, Santa Clara, CA) in 
the X-band microwave frequency range (8.2-12.4 GHz). EMI-SE 
measurements were carried out with an X-band waveguide as the sample 
holder and the thickness of all samples was 2.0 mm. 

 
2.3 RESULTS AND DISCUSSION 
 
2.3.1    Morphological analysis  

 
Raman spectroscopy is an interesting tool to access non-covalent 

π-π interactions between nanotubes and aromatic rings of polymer chains. 
Figure 2.1 shows the Raman spectra of the pristine CNT and SEBS/CNT 
nanocomposite with 10 wt. % CNT. The pristine CNT presents the 
characteristic D peak related to the in-plane vibration of sp2 carbons 
atoms at 1335 cm-1 and G peak assigned to the stacking orders at 1573 
cm-1.It can be seen from Figure 1 that the spectra of the SEBS/CNT 
nanocomposite presents shifts of 12 cm-1 (1347 cm-1) and 19 cm-1 (1592 
cm-1) in the D-band and G-band peak, respectively providing evidence of 
non-covalent interfacial interactions between the polymer matrix and the 
CNTs (Vasileiou et al., 2013). 
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Figure 2.1 - Raman spectra of pristine CNT and SEBS/CNT nanocomposite with 
10 wt. % of CNT and blow up of the spectra in the 1200-1700 cm-1 region 

 
Source: Developed by the author 

 
Furthermore, the intensity ratio of D and G peaks, ID/IG, is often 

used to evaluate the quantity of defects in the CNT structure (Calisi et al., 
2013; Y.-T. Liu et al., 2011; Xiong et al., 2012). According to the spectra 
analysis, the ID/IG of the pristine CNT was 1.40, while the ID/IG for the 
nanocomposite with 10 wt. % CNT loading was 1.45. These results mean 
that the CNT structure was not significantly damaged during melt 
compounding. 

Carbon nanotubes are usually provided in strong agglomerates. 
These primary CNT agglomerates make it difficult for the CNT to 
disperse throughout a polymer matrix. However, according to Alig, 
Pötschke et al. (2012) the CNT agglomerates can be significantly reduced 
by polymer infiltration during the melt compounding process (Alig et al., 
2012).  

The properties of polymer nanocomposites depend substantially on 
the dispersion and distribution of CNT in the polymer matrix, and the 
most suitable degree of dispersion varies depending on the desired 
properties. Figure 2.2 shows the FEG-SEM micrographs of the a) neat 
SEBS, b) and c) SEBS/CNT with 10 wt. % of CNT at different 
magnifications. 
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Figure 2.2 - FEG-SEM micrographs of a) neat SEBS, x50000, and SEBS/CNT 
with 10 wt. % of CNT at different magnifications, b) x5000, c) x50000 
 

 

 

 
Source: Developed by the author 

(a) 

(b) 

(c) 
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The micrograph shown in Figure 2.2 b) indicates that CNT (lighter 
spots) are uniformly dispersed in the SEBS matrix. In the micrograph at 
higher magnification presented in Figure 2 c), we can see individualized 
tubes (indicated by the arrows), which suggest that the CNT clusters were 
well deagglomerated through the melt compounding process. 

 
2.3.2 Electrical conductivity 

 
Figure 2.3 shows the electrical conductivities of the SEBS/CNT 

nanocomposites as a function of the weight and volume fractions of CNT. 
The volume fraction (f) of conductive additives was calculated according 
to Equation 2.9: 

 

� =
�/��

�/���(���)/��
                                                                                                      (2.9) 

 
where w represents the weight fraction, ρ the density, and the subscripts 
a and m are related to the additive and matrix, respectively. 
 
Figure 2.3 - Electrical conductivity of SEBS/CNT nanocomposites at different 
CNT weight and volume fractions 

 
Source: Developed by the author 
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It can be seen that SEBS/CNT nanocomposites present a sharp 
transition in the electrical conduction from insulators to conductors as the 
amount of filler is increased. For extremely low amounts of CNT, the 
material remains insulating, similarly to the polymer matrix. Starting 
from 0.8 wt. % of CNT, the electrical conduction starts increasing, and 
for the nanocomposites between 1.0 and 1.2 wt. % of CNT, the electrical 
conductivity drastically changes from 8.7x10-8 to 4.9x10-3 S.cm-1. A much 
higher increase (of 17 orders of magnitude), with the maximum 
conductivity around 1 S.cm-1, was reached with 8.0 wt. % of CNT for the 
nanocomposites studied.  

In our previous work, composites of SEBS filled with carbon black 
(CB) and expanded graphite (EG) were prepared by melt compounding 
under similar conditions (Kuester et al., 2015). However, the composites 
of SEBS/CB and SEBS/EG presented the maximum electrical 
conductivity (≈ 2 x 10-1 S.cm-1) at one order of magnitude lower than the 
maximum for the nanocomposites obtained in the present work (≈ 1 S.cm-

1). Moreover, in the case of SEBS/CB and SEBS/EG, more than 15 wt. % 
fillers were needed to obtain a conductivity in the order of 10-1 S.cm-1 

(Kuester et al., 2015). The differences observed in both studies are in 
agreement with the results presented by Al-Saleh, Saadeh, and Sundararaj 
(2013), who studied nanocomposites of acrylonitrile-butadiene-styrene 
(ABS) with different carbon nanofillers. In the systems obtained, the 
electrical conductivity of the nanocomposites with the same nanofiller 
loading could be ranked in the following order: CB< carbon nanofiber 
(CNF) < CNT. According to the authors, the increase in the electrical 
conductivity is inversely proportional to the aspect ratio of the nanofillers, 
and occurs because high aspect ratios favour a nanofiller-nanofiller 
network formation at lower nanofiller loading (Al-Saleh et al., 2013). In 
another study, Li and Shimizu (2009) studied nanocomposites of SEBS 
and CNT prepared by melt compounding at very high shear. According 
to the authors, an abrupt increase in the conductivity was observed as the 
MWCNT loading content increased from 1.25 to 2.5 wt. %, and the 
maximum conductivity was 5.16 S.cm-1 for the nanocomposites with 15 
wt. % of CNTs (Yongjin Li & Shimizu, 2009). 

The transition in the nanocomposite’s electrical conductivity, 
known as the electrical percolation threshold, can be calculated according 
to Equations 2.10 and 2.11 (Vasileiou et al., 2013):    

 

� = ������� �
����

��
�

��
          φ < φc                                                 (2.10) 
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≈ � (� − ��)�         φ > φc                                  (2.11) 

 

where σ is the electrical conductivity of the composite, σmatrix is the 
conductivity of the matrix, φ is weight fraction of the filler, φc is critical 
weight fraction at percolation, s and t are the critical exponents below and 
above percolation respectively and m is a constant.  

The SEBS/CNT nanocomposites presented an electrical 
percolation threshold of ≈ 1 wt. %, which was lower than the results 
obtained for SEBS/CNT composites prepared by melt compounding by 
Li and Shimizu (2009) (between 1.25 and 2.5 wt. %), and by Meier et al. 
(2011) (2.73 wt. %) (Yongjin Li & Shimizu, 2009; Meier et al., 2011). 
This percolation threshold is much lower than for carbon fillers, with 
lower aspect ratios, such as CB, CNF, EG, and graphite (Estrada Moreno 
et al., 2009; Pavlovsky & Siegmann, 2009; Zucolotto, Avlyanov, & 
Mattoso, 2004). t was found equal to 1.56. This value corresponds to a 
three-dimensional system according to the theory of percolation 
(Thomassin et al., 2013; Z. Wu et al., 2014). 

 
2.3.3 Electromagnetic shielding effectiveness (EMI-SE) and 
Dielectric properties 

 
Figure 2.4 shows the average incident, reflected, absorbed, and 

transmitted electromagnetic power for the SEBS/CNT composites at 
different CNT weight fractions in the 8.2 to 12.4 GHz frequency range. 
The results indicate that when an incident electromagnetic wave hits the 
nanocomposites, most of its power is reflected. Further, the amount of 
power shielded by absorption initially increases with increasing CNT 
loading, but for the nanocomposites of higher electrical conductivities, 
from 8 wt. % of CNT on, the power shielded starts decreasing due the 
increase of the power blocked by reflection.  
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Figure 2.4 - Power balance of the incident (I), reflected (R), absorbed (A), and 

transmitted (T) electromagnetic power for the SEBS/CNT composites at 
different CNT weight fractions 

 
Source: Developed by the author 

 
Figure 2.5 shows the electromagnetic shielding effectiveness 

(EMI-SE) experimental results for the SEBS/CNT nanocomposites at 
different filler weight fractions versus frequency, in the 8.2 to 12.4 GHz 
range. As expected, EMI-SE increased as the CNT weight fraction in the 
nanocomposites was increased. Also, for all samples, the SE is practically 
frequency-independent in the frequency range studied. 
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Figure 2.5 - Shielding effectiveness versus frequency of SEBS/CNT 
nanocomposites at different CNT weight fractions 

 
Source: Developed by the author 

 
The SEBS/CNT nanocomposite with 15 wt. % of CNT has an 

average SE of 30.07 dB. In terms of percentage, this value corresponds to 
a reduction of 99.9% of the incident power transmitted throughout the 
material which is much above the minimum required for commercial EMI 
shielding application. Commercial EMI shielding materials should have 
a minimum EMI-SE of approximately 20 dB, corresponding to a 99% of 
attenuation of the incident radiation (Maiti et al., 2013). 

To our knowledge, very few studies have reported the effect of 
addition of conductive fillers in thermoplastic elastomers for EMI 
shielding applications. CB has been added to SEBS and thermoplastic 
polyurethane (TPU), but the efficiency of this filler is much smaller than 
when CNT are added. In our previous work (Kuester et al., 2015), for 
composites of SEBS filled with CB and EG, prepared under similar 
conditions, an addition of 15 wt. % fillers resulted in an SE of 17.74 dB 
and 10.02 dB, respectively. In the case of the TPU/CB and TPU/CNT, an 
EMI-SE of 12.2 dB and 21.8 dB were obtained, respectively (Ramôa et 
al., 2013). This difference can easily be attributed to the large aspect ratio 
that the CNT present as compared to CB. Conductive polymers such as 
PANI (polyanyline) have also been added to thermoplastic elastomers to 
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test their efficiency as EMI materials (Magioli et al., 2012). In their study 
Magioli et al (2012), when 15 wt. % of Pani.DBSA was added in SBS, 
the SE of the blends was around 15 dB, and the maximum SE, ranging 
from 35 to 40 dB, was only achieved with 30 wt. % of  Pani.DBSA 
(Magioli et al., 2012). However, the large amount of intrinsic conductive 
polymers (ICP) and their difficult processing are considerable 
disadvantages of these materials (Thomassin et al., 2013).   

Figure 2.6 presents a comparison of the experimental and the 
theoretical predictions of EMI-SE, as calculated using equations 3.3 and 
3.4 at a frequency of 10 GHz. It can be seen that the experimental values 
follow the trend of the theoretical ones. The difference between them can 
be attributed to the fact the theoretical model does not consider some 
parameters, such as the intrinsic conductivity of the filler, and the volume 
fraction of the filler in the composite (Al-Saleh & Sundararaj, 2009).  

 
Figure 2.6 - Experimental and theoretically calculated shielding effectiveness of 
SEBS/CNT nanocomposites at different CNT weight fractions in the 8.2 to 12.4 
GHz frequency range 

 
Source: Developed by the author 

 
Due the high reflectivity of the nanocomposites, and considering 

that reflection obviously occurs before absorption, most of the incident 
wave, as an absolute value, is blocked by reflection. However, in order to 
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assess the intrinsic attenuation of the nanocomposites, the contribution of 
reflection and absorption mechanisms to the total shielding effectiveness 
was evaluated. Figure 2.7 shows the average shielding effectiveness by 
reflection (SER) and absorption (SEA) mechanisms at different CNT 
weight fractions for the SEBS/CNT nanocomposites. 

 
Figure 2.7 - Contribution of reflection (SER) and absorption mechanisms (SEA) 
to the total EMI-SE (dB) at different CNT weight fractions for the SEBS/CNT 
nanocomposites 

 
Source: Developed by the author 

 
The contribution by SEA mechanism increases proportionally with 

the increase of the CNT loading in the SEBS/CNT composites. It is 
known that the SEA increases with increasing composite electrical 
conductivity and/or with a narrower space between the CNT. However, 
conversely to what obtains with single-component materials, the increase 
of SEA for composite materials is non-linear. According to Al-Sahleh and 
Sundararaj (2009), there is no theoretical interpretation for the relation 
between filler connectivity, electrical conductivity, and EMI-SE presently 
specific for composites (Al-Saleh & Sundararaj, 2009).  

Table 2.1 summarizes the EMI-SE, the total effectiveness by 
reflection and absorption mechanisms, and the electrical conductivity for 
the SEBS/CNT nanocomposites at different CNT weight fractions. As can 
be seen, even after the electrical conductivity leveled off, the EMI-SE 
continued to increase with increasing CNT concentration. A greater EMI-
SE at higher amounts of CNT may be explained by the formation of a 
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more close-packing network of CNT within the SEBS matrix. Also, 
absorption was the main mechanism for nanocomposites of higher 
electrical conductivity. 

 
Table 2.1 - Shielding effectiveness in percentage, shielding effectiveness (dB), 
shielding effectiveness by reflection and absorption mechanisms (dB), and 
electrical conductivity of SEBS/CNT nanocomposites at different CNT weight 
fractions 

 

Sample 
(CNT wt. %) 

Attenuation 
(%) 

SE 
(dB) 

SER 
(dB) 

SEA 
(dB) 

Electrical 
conductivity 

 (S.cm-1) 

SEBS 13.82 0.64 0,55 0.09 1.2E-17 
SEBS/CNT 1 53.07 3.28 2.67 0.61 8.4E-08 
SEBS/CNT 3 79.42 6.88 4.46 2.42 1.1E-01 
SEBS/CNT 5 91.30 10.67 4.44 6.23 9.4E-01 
SEBS/CNT 8 98.01 17.02 3.79 13.23 1.4E+00 

SEBS/CNT 10 99.16 20.78 4.75 16.03 1.8E+00 
SEBS/CNT 15 99.90 30.07 5.21 24.86 2.2E+00 

Source: Developed by the author 
 
Besides the shielding material thickness (t), conductivity (σ), and 

frequency (f), other characteristics, such as electrical permittivity (ε) and 
magnetic permeability (μ), also strongly influence the electromagnetic 
shielding effectiveness (Han & Deng, 2011; Saini & Arora, 2012; 
Thomassin et al., 2013). Magnetic permeability quantifies the interactions 
between a magnetic material and the magnetic field (magnetic loss). Since 
carbon materials are not magnetic, only the electrical permittivity can 
have a role in the electromagnetic shielding effectiveness of the 
compounds studied here (Y. Liu, Song, Wu, & Leng, 2014). The electrical 
permittivity describes the manner in which the nanocomposite affects an 
incident electric field. The complex permittivity is composed by a real 
(ε’) and an imaginary (ε”) part, which represent the polarization loss and 
electric loss, respectively (Al-Saleh et al., 2013; L. Liu et al., 2010). In 
polymer nanocomposites, the real permittivity depends on the number of 
micro-capacitors and the polarization centers (Al-Saleh et al., 2013; Yong 
Li et al., 2010; Yousefi et al., 2014). According to Al-Saleh, Saadeh and 
Sundararaaj (2013), polarization centers are due to defects in the 
nanofiller structure, and micro-capacitors are filler nanoparticles or 
aggregates acting as electrodes in the insulating polymer matrix. 
Therefore, increases in ε’ with higher CNT weight fractions are expected, 
once the number of micro-capacitors and structural defects in the 
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nanocomposites is also higher. Moreover, with higher CNT loading, the 
gap between the CNT nanoparticles or aggregates decreases, enhancing 
the polarization of the material. The imaginary permittivity is related to 
the dissipation of the mobile charges due to the conductive paths formed 
in the nanocomposite. Thus, when the CNT weight fractions increase, the 
ε” increases because of the increase in the number of  paths in the 
conductive network (Al-Saleh et al., 2013).  Figure 2.8 shows ε’ and ε” 
versus the frequency in the 8.2-12.4 GHz range for the SEBS/CNT 
nanocomposites at different weight fraction of CNT. 
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Figure 2.8 - a) Real (ε’) and b) imaginary (ε”) permittivity versus frequency of 
SEBS/CNT nanocomposites at different CNT weight fractions 

 

 
Source: Developed by the author 

 
 

(a) 

(b) 
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For all the samples ε’ and ε” enhanced as the CNT weight fractions 
in the SEBS/CNT nanocomposite was increased. For lower CNT loading 
ε’ > ε”, but for the nanocomposite with 15 wt. % of CNT, ε’ < ε”, meaning 
that at this point, the mobile charge dissipation is more efficient because 
of the higher number of conductive paths throughout the nanocomposite.   

 
2.4 CONCLUSIONS 

 
Nanocomposites of SEBS/CNT prepared by melt compounding 

exhibited a uniform morphology, high electrical conductivity, and EMI-
SE suitable for commercial applications. Experimental results 
demonstrated that the CNT were properly dispersed and distributed 
throughout the SEBS matrix, without significantly damaging their 
structure. SEBS/CNT presented a low electrical percolation threshold of 
around 1 wt. % of CNT, and a critical exponent of 1.56, indicating the 
formation of a three-dimensional network. The electrical conductivity 
was enhanced by 17 orders of magnitude, and a maximum conductivity 
of approximately 1 S.cm-1 was achieved with 8.0 wt. % of CNT. EMI-SE 
of 30.07dB, which corresponds to a reduction of 99.9% of the incident 
radiation, was achieved with 15 wt. % of CNT. The EMI-SE experimental 
results were higher than the theoretical values. Absorption was the main 
shielding mechanism for all SEBS/CNT nanocomposites. Permeability 
results confirmed that CNT did not present significant magnetic loss. Real 
and imaginary permittivity increased as the CNT weight fractions were 
enhanced. Moreover, conversely to the nanocomposites with lower CNT 
loading, for the nanocomposite with 15 wt. % of CNT, ε” is higher than 
ε’, indicating that at this point, the mobile charge dissipation is more 
efficient because of the higher number of conductive paths formed 
throughout the nanocomposite.  
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CHAPTER 3 
 

This chapter presents the article concerning the results of the 
second part of the project regarding nanocomposites of SEBS/GnP and 
hybrid nanocomposites of SEBS/GnP/CNT for EMI shielding. It 
emphasizes the dispersion and distribution of GnP in the polymeric 
matrix, and the formation of an electrically conducting network and the 
EMI properties of the of SEBS/GnP and SEBS/GnP/CNT 
nanocomposites. Synergic effects of the hybrid nanocomposite are 
highlighted.  
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ABSTRACT 
 
Hybrid nanocomposites of poly (styrene-b-ethylene-ran-butylene-b-
styrene) (SEBS), graphene nanoplatelets (GnP), and carbon nanotubes 
(CNT) were successfully prepared by melt compounding for 
electromagnetic shielding applications. The morphologies of the carbon 
nanoadditives and nanocomposites were investigated by Raman 
spectroscopy, field emission gun scanning electron microscopy, and 
rheological analysis. DC electrical conductivity was assessed by two-
probe and four-probe techniques. Electromagnetic interference shielding 
effectiveness, shielding mechanisms, and dielectric properties were 
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conducted in the X-band microwave frequency range (8.2-12.4 GHz). The 
results showed that CNT had a higher affinity with the matrix, and were 
better dispersed than GnP. SEBS/GnP/CNT nanocomposites induced an 
electrical conductivity increase of 17 orders of magnitude compared to 
the polymer matrix. The hybrid nanocomposites presented synergic 
effects on EMI-SE when compared to the single-component 
nanocomposites (SEBS/GnP and SEBS/CNT). The maximum EMI-SE of 
36.47dB (reduction of 99.98% of the incident radiation) was achieved for 
the SEBS/GnP/CNT nanocomposite with 5/10 wt.% of GnP/CNT, 
respectively. All the hybrid nanocomposites with CNT loadings equal to 
or higher than 8 wt.%. presented the required EMI-SE for commercial 
applications.  
 
Keywords: Hybrid nanocomposites; Graphene nanoplatelets; Carbon 
Nanotubes; Electrical properties; Electromagnetic shielding 
effectiveness. 

 
3.1 INTRODUCTION 

 
The current information age has clearly brought deep changes to 

the human way of life, with nanotechnology increasingly incorporated 
into our daily routine, and modern society experiencing the phenomenon 
of technology miniaturization. Alongside the mostly beneficial changes 
that this new order has ushered in, the fast and growing proliferation of 
equipment and mobile electronic devices, such as cell phones, laptops, 
and tablets, have also given rise to serious problems of electromagnetic 
interferences (EMI), and possibly to human diseases. As a result, 
shielding materials, especially those based on polymer nanocomposites 
consisting of insulating polymer matrices and conductive carbon 
nanoparticles, are being widely studied in a bid to overcome these 
problems (Calisi et al., 2013; Cao et al., 2015; T. K. Das & Prusty, 2013; 
Kuilla et al., 2010; Maiti & Khatua, 2016; Micheli, Apollo, Pastore, & 
Marchetti, 2010; Sharma et al., 2016; Xiong et al., 2012). 

Carbon nanoparticles, such as carbon nanotubes (CNTs) and 
graphene (GR), exhibit huge specific areas, high aspect ratios, 
extraordinary mechanical properties, and high thermal and electrical 
conductivities. For EMI shielding applications, polymer nanocomposites 
of CNT generally exhibit high electromagnetic interference shielding 
effectiveness (EMI-SE). Currently, however, CNT obtained by chemical 
vapor deposition (CVD) are usually expensive, leading to graphene 
produced from graphite being used as a cheaper alternative (Aloia, Marra, 
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Tamburrano, Bellis, & Sarto, 2013). Recently, the search for synergic 
effects and cost reductions led to studies of hybrid polymer 
nanocomposites of carbon nanoparticles (Al-Saleh & Saadeh, 2013; M.-
S. Kim et al., 2013; Lin et al., 2016; Maiti & Khatua, 2016; Maiti et al., 
2013; Sharma et al., 2016). According to the literature, the combination 
of carbon nanoadditives of different shapes improves the conductive 
network in hybrid nanocomposites (Al-Saleh & Saadeh, 2013; Lin et al., 
2016; Sharma et al., 2016). Hybrid nanocomposites of polystyrene (PS), 
CNT and graphite nanoplates, in small portions of 2/1.5 wt.% of 
CNT/graphite nanoplates, respectively, prepared by in situ 
polymerization, presented an EMI-SE of ≈ 20.2 (Maiti et al., 2013), which 
is the shielding effectiveness usually required for commercial 
applications (Al-Saleh & Saadeh, 2013; Al-Saleh et al., 2013; Cao et al., 
2015; Jia et al., 2015; M.-S. Kim et al., 2013; Maiti & Khatua, 2016; Maiti 
et al., 2013). In another study, hybrid nanocomposites of acrylonitrile 
butadiene styrene (ABS), CNT, and GR, prepared by dry tumble mixing 
followed by hot compaction, exhibited an improvement in the EMI-SE 
from 7.5 to 26.8 dB by the addition of 1 wt.% of CNT to an ABS/GR 
nanocomposite (Sharma et al., 2016). On the other hand, 
ABS/CNT/Carbon black (CB) hybrid nanocomposites, prepared by 
solution casting followed by hot compression, did not present any 
synergic effects. However, the authors showed that small quantities of 
CNT could be replaced by CB, thereby decreasing the final cost of the 
nanocomposites, without impairing the EMI-SE (Al-Saleh & Saadeh, 
2013). 

For commercial applications of polymer composites as EMI 
shielding materials, the dispersion of the conductive additives is one of 
the most critical factors. Nevertheless, it is well known from the literature 
that carbon nanoparticles are very difficult to disperse in polymer 
matrices. Among the different compounding methods, the solvent casting 
technique generally provides better dispersion, while the composites 
produced exhibit higher EMI-SE. However, solution casting is generally 
not suitable for commercial applications due to its extensive use of 
organic solvents, as well as to the fact that the method is not 
environmentally friendly. For these reasons, melt compounding is a 
preferred method (Lin et al., 2016), and because of that, the choice of the 
polymer matrix plays an important role. 

Poly (styrene-b-ethylene-ran-butylene-b-styrene) (SEBS) is a 
thermoplastic elastomer, which exhibits the properties of an elastomer, 
and at the same time, has the advantage of being processed as a 
thermoplastic material. SEBS is basically a styrenic block copolymer 
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comprised of three interconnected blocks, two rigid (polystyrene) in the 
ends, and the other, rubbery (poly (ethylene-butylene)) in the middle 
(Danilo J. Carastan et al., 2013; Helal et al., 2015; Yongjin Li & Shimizu, 
2009; Meier et al., 2011; Rath & Li, 2011; Wang et al., 2012). Therefore, 
another advantage it presents relates to the fact that in systems composed 
of styrenic materials and carbonaceous fillers, an affinity is expected 
between the π electrons of both components, once their molecular 
structures comprise aromatic rings. These non-covalent π-π interactions 
may help to improve the dispersion of carbon nanoparticles inside the 
matrix (Bilalis, Katsigiannopoulos, Avgeropoulos, & Sakellariou, 2014; 
Fujigaya & Nakashima, 2015; Y.-T. Liu et al., 2011; Pöllänen, Pirinen, 
Suvanto, & Pakkanen, 2011; Spitalsky et al., 2010; Vasileiou et al., 2013) 
and enhance the EMI-SE of the final nanocomposites (Maiti & Khatua, 
2016; Maiti et al., 2013; Thomassin, Huynen, Jerome, & Detrembleur, 
2010). 

In a previous work, we studied nanocomposites of SEBS/CNT for 
EMI shielding prepared by melt compounding. With 10 wt.% of CNT, we 
obtained the SE necessary for commercial applications, that is SE > 20 
dB (reduction of 99.00% of the incident radiation); with 15 wt.% of CNT, 
the SE was 30 dB, representing a 99.9% reduction of the incident 
radiation (Kuester, Barra, Ferreira Jr, Soares, & Demarquette, 2016). In 
the present work, we prepared SEBS/GnP nanocomposites and hybrid 
nanocomposites of SEBS/GnP/CNT via the same compounding method. 
The nanocomposites were characterized by morphology, dispersion, 
polymer/carbon nanoparticle interactions, electrical conductivity, 
dielectric properties, and EMI shielding.  Nanocomposites of SEBS/CNT 
were also prepared in order to characterize the differences between the 
dispersion of the different carbon nanoadditives in the SEBS polymer 
matrix.  
 
3.2 EXPERIMENTAL 

 
Graphene nanoplatelets (GnP), (xGnP-M-25, surface area = 120 – 

150 m2.g−1; bulk density = 0.03 – 0.1 g.cm−3; carbon purity = 99.5%; 
average particle diameter = 25 μm; particle thickness = 6 – 8 nm), was 
purchased from XG Sciences, Inc. Multiwalled Carbon Nanotube 
(MWCNT) (Nanocyl™ NC 7000 series, surface area = 250 - 300 m2.g−1; 
density bulk = 0.06 g.cm−3; carbon purity = 90 %; average diameter = 9.5 
nm; average length = 1.5 μm), was obtained from Nanocyl S.A. Poly 
(styrene-b-ethylene-ran-butylene-b-styrene) (SEBS) (Kraton G-1650; 
number-average molecular weight = 94,000 g.mol-1; polystyrene content 
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= 30 wt.%, bulk density = 0.224 g.cm−3, specific gravity = 0.91 g.cm−3) 
was supplied by Kraton Polymers do Brasil Ind. Com. Prod. Petr. Ltda. 
All materials were used as received. 

Polymer nanocomposites of SEBS/GnP and SEBS/GnP/CNT were 
obtained by melt compounding using a torque rheometer (Haake 
Rheocord), which was coupled to a mixing chamber (Rheomix 600p) 
equipped with roller rotors. The processing parameters were set as 
follows: temperature of 230 °C, rotational speed of 150 rpm, and total 
mixing time of 25 minutes. The compression molding was performed in 
a hydraulic press at a temperature of 230 °C, for a total of 10 minutes at 
a pressing pressure of approximately 20 MPa. 

The morphology of the carbon nanoparticles was characterized by 
field emission gun scanning electron microscopy (FEG-SEM) using a 
JEOL JSM-6701 F field instrument at an acceleration voltage of 10 kV. 
For cross-sectional analysis of the nanocomposites, samples were 
cryogenically fractured in liquid nitrogen and placed in an aluminum 
sample holder containing a double-sided conductive carbon adhesive 
tape, and coated with gold. 

Rheological measurements (Small Amplitude Oscillatory Shear 
analysis (SAOS)) were performed in a MCR 501 Anton Paar rheometer 
equipped with plate-plate geometry. The tests were performed in the 
linear viscoelastic regime, at the frequency range from 0.01 to 300 rad.s-

1, and temperature of 230 °C. 
The structural morphology of the carbon nanoparticles as-received 

and in the nanocomposites after processing was evaluated by Raman 
spectroscopy in a CRM (Confocal Raman Microscope) Alpha 300R 
Witec system with a 532nm laser excitation <100mW and a UHTS 300 
(ultra-high throughput spectrometer), and gratings of 600 or 1800 g/mm, 
with a 500 blaze.  

The DC electrical conductivity of the SEBS and nanocomposites 
was characterized at room temperature by the two-probe and four-probe 
methods, depending on the electrical conductivity of the sample. For neat 
SEBS and nanocomposites of low electrical conductivity, measurements 
were performed using the two-probe standard method, with a Keithley 
6517A electrometer connected to a Keithley 8009 test fixture. For 
nanocomposites of higher electrical conductivity, measures were done 
using the four-probe standard method, with a Keithley 6220 current 
source to apply the current and a Keithley 6517A electrometer to measure 
the difference of potential. The data presented are the average of five 
measurements. 
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The EMI-SE measurements and the dielectric analysis of the 
nanocomposites in the X-band microwave frequency range (8.2-12.4 
GHz) were performed using a microwave network analyzer (N5230C 
Agilent PNA-L, Santa Clara, CA). The incident and transmitted waves 
were represented mathematically by complex scattering parameters S11 
(or S22) and S12 (or S21), which are correlated with the reflectance and the 
transmittance. In this analysis, when the incident electromagnetic 
radiation collides with a shielding material, the absorbance (A), 
reflectivity (R), and transmittance (T) totalize 1 (T + R + A = 1). The 
coefficients of absorbance (A), reflectivity (R), and transmittance (T) 
were obtained using S-parameters, according to equations 1 and 2 (Al-
Saleh et al., 2013; Jia et al., 2015; Maiti et al., 2013; Ramôa et al., 2013; 
Saini & Arora, 2012; Sharma et al., 2016). 

 
T = [ET/EI]2 = |S12|2 = |S21|2                                                                                            (1)  
 
R = [ER/EI]2 = |S11|2 = |S22|2                                                                                           (2)  

  
EMI-SE measurements were carried out with an X-band 

waveguide as the sample holder, and the thickness of all samples was 2.0 
mm. 

 
3.3 RESULTS AND DISCUSSION 
 
3.3.1 Morphological analysis 

 
The morphology of GnP and CNT was studied by field emission 

gun scanning electron microscopy (FEG-SEM). Figure 3.1 presents FEG-
SEM micrographs of GnP at different magnifications. As shown in Figure 
1 a), b), and c), the material exhibited some agglomerations of a few 
layers of graphene sheets. However, from Figure 1 d), e), and f), it can be 
seen that the morphology was not homogeneous, and that the material 
also presented some agglomerates of expanded graphite sheets.  
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Figure 3.1 - FEG-SEM micrographs of the as-received GnP at different regions 
and magnifications: a) x2000, b) x10000, c) x20000, d) x500, c) x5000, and d) 
x20000 

 

 
Source: Developed by the author 

 
Figure 3.2 shows the FEG-SEM micrographs of the SEBS/GnP 

with 10 wt.% of GnP at different magnifications. The micrograph shown 
in Figure 2a) indicates that GnP was uniformly distributed in the SEBS 
matrix. In the micrograph with a higher magnification presented in Figure 
2b), it can be observed that the nanocomposite apparently exhibited 
decent matrix-GnP adhesion, since there is no evidence of large voids in 
the interface of both phases. 
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Figure 3.2 - FEG-SEM micrographs of SEBS/GnP with 10 wt.% of GnP at 
different magnifications: a) x2000, b) x20000 
 

 
Source: Developed by the author 

 
Figure 3.3 shows FEG-SEM micrographs of CNT at different 

magnifications. The as-received CNT a) exhibited the typical structure of 
large agglomerates of CNT, and b) presented tubes of different diameters. 

 
Figure 3.3 - FEG-SEM micrographs of the as-received CNT at different 
magnifications: a) x500, b) x50000 

 

 
Source: Developed by the author 

 
Figure 3.4 shows the FEG-SEM micrographs of the SEBS/CNT 

with 10 wt.% of CNT at different magnifications. 
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Figure 3.4 - FEG-SEM micrographs of SEBS/CNT with 10 wt.% of CNT at 
different magnifications: a) x5000, b) x50000 

 

 
Source: Developed by the author 

 
According to the micrographs, CNT (the 4a) lighter spots) seems 

to be satisfactorily distributed in the SEBS matrix. In figure 4b), the image 
of the individualized tubes suggests that the CNT agglomerates were 
properly disaggregated through the melt compounding process. 

The dispersion of the carbon nanoparticles through the SEBS 
matrix, as well as the morphological structure of SEBS, were studied by 
rheological analysis. In the linear viscoelastic regime, small amplitude 
oscillatory shear (SAOS) analysis is very useful for identifying the 
different possible morphologies of SEBS (such as lamellar, cylindrical, 
spherical, or even disordered, depending on the fraction of each block in 
the copolymer, and on the thermodynamic interactions between the 
phases). Curves of log G’ vs. log ω (G’ = storage modulus, ω = frequency) 
present different slopes in the low frequency region, corresponding to 
differences in the relaxation times of the phase domains; these can be used 
to characterize the degree of the spatial order, and consequently, the 
SEBS morphological structure (Danilo Justino Carastan, Demarquette, 
Vermogen, & Masenelli-Varlot, 2008). Moreover, the study of the 
rheological behavior of polymer nanocomposites is also an efficient 
method for characterizing the dispersion of the nanoparticle into the 
polymeric matrix (Danilo Justino Carastan et al., 2008; N. R. 
Demarquette, Carastan, D.). By SAOS analysis, the influence of the 
addition of carbon nanoadditives on G’ curves is studied via the 
evaluation of changes in the low frequency slope of log G’ vs. log ω 
curves upon variation of carbon nanoadditives loading. Figure 3.5 shows 
the rheological behavior (SAOS) of neat SEBS and SEBS/GnP 
nanocomposites at low frequencies. 
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Figure 3.5 - Curves of G’ as a function of frequency of neat SEBS and SEBS/GnP 
nanocomposites at different GnP weight fraction 

 
Source: Developed by the author 
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Table 3.1 - Low frequency slope of log G’ vs. log ω for neat SEBS, and 
SEBS/GnP and SEBS/CNT nanocomposites at different carbon nanoadditive 
weight fractions 

 

SEBS 

Low 
frequency 

slope of  
log G’ vs. 

log ω 

SEBS/GnP 
(wt.%) 

Low 
frequency 

slope of  
log G’ vs. 

log ω 

SEBS/CNT 
(wt.%) 

Low 
frequency 

slope of  
log G’ vs.  

log ω 

0.32 

0.8 0.32 0.5 0.26 
1 0.30 0.8 0.22 
2 0.27 1 0.19 
5 0.24 2 0.14 
7 0.24 3 0.11 
- - 5 0.05 

Source: Developed by the author 
 
Figure 3.5 shows that the SEBS used in this work presented a 

terminal behavior, with a slope of 0.3 (between 1 and 0.01 rad.s-1), as 
shown in Table 1, which is characteristic of a cylindrical morphology 
(Danilo Justino Carastan et al., 2008). The figure also indicates that the 
addition of GnP results in an increase of G’ for the whole range of 
frequencies without a decrease in slope of log G’ vs. log ω for low 
frequencies, showing that the GnP acts as a filler, but does not change the 
relaxation of the SEBS chain; this in turn indicates that it is probably not 
well dispersed, and does not present a significant interaction with the 
SEBS matrix. 

Nanocomposites of SEBS/CNT were also prepared in order to 
characterize the difference between the dispersion of the different carbon 
nanoadditives in the SEBS matrix. Figure 3.6 shows the rheological 
behavior (SAOS) of neat SEBS and SEBS/CNT nanocomposites at low 
frequencies. 
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Figure 3.6 - Curves of G’ as a function of frequency of neat SEBS and SEBS/CNT 
nanocomposites at different CNT weight fractions 
 

 
Source: Developed by the author 

 
It can be seen that the addition of CNT results in an increase of G’ 

for the whole range of frequencies, but also in a decrease in slope of log 
G’ vs log ω at low frequencies, indicating that not only does CNT act as 
a filler; it also reduces the mobility of SEBS chains, most likely due to 
the formation of a percolating network of nanoparticles (Danilo Justino 
Carastan et al., 2008). As shown in Figure 6, upon addition of 3.0 to 5.0 
wt.% of CNT, almost horizontal non-terminal plateaus were formed in the 
G’ curves, indicating that carbon nanoparticles hinder the low frequency 



121 

  

relaxation processes, causing the nanocomposite to become highly solid-
like. This behavior is observed for composites where particles are 
intercalated or exfoliated, and the degree of the effects vary depending on 
the microstructure and the affinity between the particle and the matrix 
(Danilo Justino Carastan et al., 2008).  

Raman spectroscopy was used as a tool to investigate the presence 
of non-covalent π-π interactions between the carbon nanoparticles and the 
aromatic rings of polymer chains. Figure 3.7 shows Raman spectra of the 
pristine GnP, as well as SEBS/GnP nanocomposites with 10 wt.% of GnP.  

 
Figure 3.7 - Raman spectra of pristine GnP and SEBS/GnP nanocomposites with 
10 wt.% GnP (on the left), and blow-up of the spectra in the 1100-1800 cm-1 

region (on the right) 

 
Source: Developed by the author 

 
The pristine GnP  presented the typical D peak (related to the in-

plane vibration of sp2 carbon atoms) and G peak (correlated to defects) 
(Zhao et al., 2012)at 1363 cm-1 and 1580 cm-1, respectively. Compared to 
the pristine GnP peaks, the spectra of the SEBS/GnP nanocomposite did 
not present any shift in the D-band and G-band peaks. This result 
indicates that there is little or no interaction between the polymer matrix 
and the graphene nanoparticles, which is in agreement with the results 
exhibited by SAOS analysis. 

In a previous work, we showed that the pristine CNT presented the 
characteristic D peak at 1335 cm-1, and the G peak at 1573 cm-1. When 
compared to the pristine CNT peaks, the spectra of the SEBS/CNT 
nanocomposite presented shifts of 12 cm-1 (1347 cm-1) and 19 cm-1 (1592 
cm-1) in the D-band and G-band peaks, respectively (Kuester et al., 2016). 
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This indicates the existence of non-covalent interfacial interactions 
between CNT and the polymer matrix (Linton et al., 2010; Vasileiou et 
al., 2013; Zhao et al., 2012). 

 
3.3.2 Electrical conductivity 

 
Figure 3.8 presents the electrical conductivity of SEBS/GnP as a 

function of the GnP weight faction. It can be seen that the SEBS/GnP 
nanocomposites present a nearly constant increase in electrical 
conductivity with an increase in the GnP content, and do not present a 
sharp electrical insulating-conductor transition.  

 
Figure 3.8 - Electrical conductivity of SEBS/GnP nanocomposites at 
different GnP weight fractions 

 
Source: Developed by the author 

 
Results obtained for SEBS/CNT nanocomposites prepared in our 

prior work, were considerably different. SEBS/CNT presented a sharp 
electrical insulating-conductor transition, and an electrical conductivity 
increase of 17 orders of magnitude, reaching ≈1 S.cm-1 at  8 wt.% of CNT 
(Kuester et al., 2016). 
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For the hybrid nanocomposites prepared in the present work, the 
electrical conductivity is a function of the CNT content. In other words, 
hybrid nanocomposites of SEBS/GnP/CNT exhibit electrical 
conductivities similar to those for SEBS/CNT nanocomposites, for the 
same weight fraction of CNT, while the weight fraction of graphene does 
not contribute to enhance the electrical conductivity. This result was 
expected at some point, considering that the CNT presented better 
interaction (shown through Raman spectroscopy and rheological 
analysis) with the SEBS matrix than the graphene nanoplatelets. Table 
3.2 shows a comparison of the electrical conductivity of SEBS/GnP, 
SEBS/CNT, and SEBS/GnP/CNT nanocomposites. 
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The maximum electrical conductivity of the SEBS/GnP 
nanocomposites was 2.6E-7 S.cm-1 at 15 wt.% of GnP. For the hybrid 
nanocomposites, the electrical conductivity remained somewhat constant, 
between 1.4 and 2.7 S.cm-1, for compounds with a CNT equal to or higher 
than 8 wt.%. 

 
3.3.3 Electromagnetic shielding effectiveness and dielectric 
properties 

 
The electromagnetic interference shielding effectiveness (EMI-

SE) of the nanocomposites was established using experimental data and 
equations 3 and 4 (Al-Saleh et al., 2013; Al-Saleh & Sundararaj, 2009; 
Jia et al., 2015; Maiti et al., 2013; Ramôa et al., 2013; Sharma et al., 
2016). 

 

EMISE = SER + SEA = 10log
�

���
+ 10log

���

�
=  10log

�

�
                        (3) 

 
I = 1 = R + A + T                                                                                        (4) 

 
where SER, and SEA correspond to shielding mechanisms by reflection 
and absorption, respectively. 

 
Figure 3.9 shows the EMI-SE of SEBS/GnP nanocomposites at 

different GnP weight fractions as a function of frequency. 
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Figure 3.9 - Shielding effectiveness of SEBS/GnP nanocomposites at different 
GnP weight fractions as a function of frequency 

 
Source: Developed by the author 

 
For commercial applications, the minimum EMI-SE required is 20 

dB, which represents a 99.00% attenuation of the incident radiation (Al-
Saleh & Saadeh, 2013; Al-Saleh et al., 2013; Cao et al., 2015; Jia et al., 
2015; M.-S. Kim et al., 2013; Maiti & Khatua, 2016; Maiti et al., 2013). 
As shown in Figure 3.9, SEBS/GnP nanocomposites do not satisfy the 
minimum shielding effectiveness requirement for all the compositions 
prepared. The EMI-SE for the nanocomposite with 15 wt.% of GnP 
(maximum weight fraction of nanoadditive used in this work) was 8.63 
dB (86.02% attenuation) on average. However, as shown in Figure 10, 
hybrid nanocomposites of SEBS/GnP/CNT presented much higher EMI-
SE. 
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Figure 3.10 - Shielding effectiveness of SEBS/GnP/CNT nanocomposites at 
different GnP/CNT weight fractions as a function of frequency 

 
Source: Developed by the author 

 
At this point, it is important to consider that in a previous work, 

SEBS/CNT nanocomposites presented satisfactory results for 
nanocomposites with 10 wt.% (20.78 dB, 99.16% attenuation) and 15 
wt.% (30.07 dB, 99.90% attenuation) of CNT (Kuester et al., 2016). In 
the present work, we prepared SEBS/GnP/CNT hybrid nanocomposites 
with a total loading of 10 and 15 wt.%, while varying the amount of the 
different nanoadditives.  

For the SEBS/GnP/CNT nanocomposite at the absolute loading 
fraction of 10 wt.%, 7/3 wt.% of GnP/CNT, respectively, the EMI-SE was 
9.48 dB (88.36% attenuation). This result was higher than the EMI-SE of 
10 wt.% of GnP in SEBS/GnP nanocomposites, but still lower than the 
minimum requirement. However, the increase in CNT weight fractions in 
the nanocomposites considerably enhanced the EMI-SE. For the 
SEBS/GnP/CNT nanocomposite with 5/5 wt.% of GnP/CNT, the EMI-
SE was 19.63 dB (98.91% attenuation). Lastly, for the nanocomposites 
with a minimum CNT loading equal to or higher than 8 wt.%, the 
shielding effectiveness value requirement was satisfied.  

Table 3.3 summarizes the EMI-SE results for the different 
compositions.  
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For the SEBS/GnP/CNT nanocomposite with a total of 10 wt.% of 
carbon nanoadditives, in a portion of 2/8 wt.% of GnP/CNT, respectively, 
the EMI-SE was 23.30 dB (99.53% attenuation). This result was much 
higher than the EMI-SE of SEBS/GnP and SEBS/CNT nanocomposites 
at the same absolute loading fraction. Further, the EMI-SE was higher 
than the sum of the EMI-SE of SEBS/GnP with 2 wt.% of GnP and 
SEBS/CNT with 8 wt.% of CNT. These results show a synergic effect 
between the CNT and GnP regarding shielding effectiveness. A similar 
behavior was observed for the hybrid nanocomposites with higher weight 
fractions of carbon nanoadditives where the CNT >> GnP. 

For the hybrid nanocomposite with an absolute carbon 
nanoadditive loading fraction of 15 wt.%, in a portion of 7/8 wt.% of 
GnP/CNT, the EMI-SE was 28.76 dB (99.87% attenuation). Finally, the 
higher EMI-SE of 36.47dB (99.98% attenuation) was achieved in the 
SEBS/GnP/CNT nanocomposite with 5/10 wt.% of GnP/CNT. Again, the 
EMI-SE was much higher than the effectiveness of the single 
nanocomposites at the same total loading fraction, i.e., greater than the 
sum of the EMI-SE of SEBS/GnP with 5 wt.% of GnP and SEBS/CNT 
with 10 wt.% of CNT, and the synergic effect was confirmed once again. 

According to the literature, the advantage of preparing hybrid 
nanocomposites for electromagnetic shielding applications is the 
improvement of the conductive network due to the combination of carbon 
nanoadditives of different shapes, which may result in the synergic effects 
on the EMI-SE (Al-Saleh & Saadeh, 2013; Lin et al., 2016; Sharma et al., 
2016). Sharma, S. K. et al. prepared hybrid nanocomposites of 
acrylonitrile butadiene styrene (ABS), CNT, and GR by dry tumble 
mixing followed by hot compaction. They showed that the EMI-SE of the 
nanocomposites increased from 7.5 to 26.8 dB with the addition of 1 wt.% 
of CNT to an ABS/GR nanocomposite, resulting in a synergic effect on 
the EMI-SE in the hybrid nanocomposite. According to the authors, the 
synergism was due to an improvement of the connectivity of the 
conductive network by the combination of the two different carbon 
nanoadditives (Sharma et al., 2016). Maiti, S., et al. prepared hybrid 
nanocomposites of polystyrene (PS), CNT, and graphite nanoplates by in 
situ polymerization. With a portion of 2/1.5 wt.% of CNT/Graphite 
nanoplate, respectively, the commercially applicable EMI-SE (≈ 20.2 dB) 
was achieved. The authors state that the suitable EMI-SE with low 
amounts of nanoadditives was achieved due to the strong π-π interactions 
between PS and the carbon additives during in situ polymerization, and 
because of the interconnected conductive network formed (Maiti et al., 
2013). Al-Saleh, M. H., and Saadeh, W. H. obtained nanocomposites of 
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ABS, CNT, and carbon black by solution casting followed by hot 
compression. Although the hybrid nanocomposites did not present 
synergic effects, the authors showed that small quantities of CNT could 
be replaced by carbon black, decreasing the final cost of the 
nanocomposites, without impairing the EMI-SE (Al-Saleh & Saadeh, 
2013). 

In EMI shielding materials, the capacity to attenuate the incident 
electromagnetic radiation is the sum of the different shielding 
mechanisms, according the Equation 3. Thus, in order to assess the 
intrinsic attenuation capacity of the nanocomposites via different 
mechanisms, the impact of reflection (SER) and absorption (SEA) 
mechanisms on the total shielding effectiveness was also evaluated. Table 
4 shows the total EMI-SE, SER, and SEA of the SEBS/GnP and 
SEBS/GnP/CNT nanocomposites at different carbon nanoadditive weight 
fractions. 
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For all the SEBS/GnP nanocomposites prepared in the present 
work, the SER > SEA. However, for the hybrid SEBS/GnP/CNT 
nanocomposites, the contribution by the SEA mechanism is proportionally 
enhanced with increased CNT loading. More specifically, for the 
nanocomposite with 7/3 wt.% of GnP/CNT, SER > SEA, while for all the 
other SEBS/GnP/CNT nanocomposites, SEA > SER. These results were 
expected, since it is known that the SEA increases as the nanocomposite’s 
electrical conductivity is increased and/or with a narrower space between 
the carbon nanoparticles. However, unlike with single-component 
materials, an increase in SEA for composite materials is non-linear, and to 
date, no theoretical interpretation has been established for the correlation 
between EMI-SE, conductive additive connectivity, electrical 
conductivity, and electrical permittivity specifically for composites (Al-
Saleh & Sundararaj, 2009).  

The complex permittivity is a useful parameter for analyzing the 
EMI-SE of polymeric nanocomposites based on carbon nanoparticles 
(Aloia et al., 2013; Cao et al., 2015; Micheli et al., 2010). According to 
(Al-Saleh et al., 2013; Arjmand et al., 2012; Cao et al., 2015; Theilmann 
et al., 2013), in polymer nanocomposites, the real permittivity (ε’) 
(polarization) depends on the number of micro-capacitors and the 
polarization centers formed inside the material; here, polarization centers 
result from defects in the nanoadditive structure, while micro-capacitors 
are the carbon nanoparticles or their aggregates acting as electrodes in the 
insulating polymer matrix.  On the other hand, the imaginary permittivity 
(ε”) (dielectric loss) is related to the dissipation of energy due to the 
conductive paths formed inside the nanocomposite. 

Figure 3.11 shows ε’ and ε” as a function of frequency in the 8.2 - 
12.4 GHz range for the a), b), SEBS/GnP and c), d), SEBS/GnP 
nanocomposites, respectively, at different weight fractions of carbon 
nanoadditives. 
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Figure 3.11 - a) c) Real (ε’) and b) d) imaginary (ε”) permittivity versus frequency 
of SEBS/GnP and SEBS/GnP/CNT nanocomposites, respectively, at different 
carbon nanoadditive weight fractions 
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Source: Developed by the author 

 
For all the samples, ε’ and ε” were enhanced as the weight fractions 

of carbon nanoadditives were increased in the nanocomposites. Increases 
in ε’ with higher carbon nanoadditive loadings are expected since the 
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number of structural defects and micro-capacitors inside the 
nanocomposites is also higher. Further, with higher amounts of carbon 
nanoadditives, the gap between the nanoparticles decreases, increasing 
the polarization inside the material. Higher values of ε” are also expected 
for nanocomposites with higher carbon nanoadditive loadings due to the 
higher amount of conductive paths inside the nanocomposites.  

For all the SEBS/GnP nanocomposites, ε’ > ε”. However, the 
hybrid nanocomposites presented a different behavior. For the 
nanocomposite with 7/3 wt.% of GnP/CNT (with a total of 10 wt.% of 
carbon nanoadditives), ε’ > ε”, while for the compound of 5/5 wt.% of 
GnP/CNT (with a total of 10 wt.% of carbon nanoadditives), ε’ ≈ ε”, and 
for the nanocomposites with higher CNT loading, ε’ < ε”, which means 
that at this point, the energy dissipation is more effective because of the 
higher number of paths forming the conductive network throughout the 
nanocomposite.  These results justify the higher EMI-SE of the hybrid 
nanocomposites with CNT content higher than 8 wt.%. 
 
3.4 CONCLUSIONS 

 
Hybrid nanocomposites of SEBS/GnP/CNT prepared by melt 

compounding exhibited high electrical conductivity, as well as EMI-SE 
suitable for commercial applications. The electrical conductivity 
increased by 17 orders of magnitude when compared to that of pure 
matrix, reaching 1.4 S.cm-1 at 2/8 wt.% of GnP/CNT (with a total of 10 
wt.% of carbon nanoadditives). For the hybrid nanocomposites with CNT 
loading equal to or higher than 8 wt.%, the conductivity leveled off. The 
EMI-SE of the SEBS/GnP/CNT nanocomposite at the absolute loading 
fraction of 10 wt.% of carbon nanoadditives, in a portion of 2/8 wt.% of 
GnP/CNT, was 23.30 dB (99.53% attenuation). For the hybrid 
nanocomposite with a total of 15 wt.%, in a GnP/CNT fraction of 5/10 
wt.%, the EMI-SE was 36.47dB (99.98% attenuation). These results 
confirm the synergic effect between the CNT and GnP regarding 
shielding effectiveness for the nanocomposites for which CNT >> GnP, 
since the EMI-SE of the hybrid nanocomposites of SEBS/GnP/CNT was 
higher than the sum of the EMI-SE of the single nanocomposites of 
SEBS/GnP and SEBS/CNT. SEBS/GnP nanocomposites presented much 
lower electrical conductivity and EMI-SE than did the hybrid 
nanocomposites. The maximum electrical conductivity achieved with 15 
wt.% of GnP was 2.6E-7 S.cm-1, and the maximum EMI-SE was 8.63 dB. 
For all samples, ε’ and ε” were enhanced as the weight fractions of carbon 
nanoadditives was increased in the nanocomposites. For all SEBS/GnP 
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nanocomposites, ε’ > ε”. However, for the hybrid nanocomposite with 7/3 
wt.% of GnP/CNT (with a total of 10 wt.% of carbon nanoadditives), ε’ 
> ε”; for the 5/5 wt.% (with a total of 10 wt.% of carbon nanoadditives), 
ε’ ≈ ε”; and for the nanocomposites with higher CNT loading, ε’ < ε”. 
These results justify the higher EMI-SE of the hybrid nanocomposites 
with CNT loadings higher than 8 wt.%., which is probably due to the 
higher number of paths in the conductive network throughout the 
nanocomposites, which resulted in an increase in energy dissipation. By 
FEG-SEM, GnP exhibited a non-homogeneous morphology, showing to 
be a mixture of multi-walled graphene and expanded graphite. CNT 
presented the characteristic morphology of MWCNT. Both carbon 
nanoparticles presented decent distributions throughout the matrix, as 
well as good adhesion due to the absence of significant voids. Rheological 
analyses showed that CNT could be properly dispersed into the SEBS 
matrix. On the other hand, it was not possible to properly disperse GnP in 
the matrix by melt compounding with the processing parameters used in 
this work. Raman spectroscopy and rheological analyses showed that 
SEBS/GnP nanocomposites did not present interactions with the SEBS 
matrix. The morphological characterization suggests that the higher 
electrical conductivity and EMI-SE results for the hybrid nanocomposites 
when compared to the SEBS/GnP nanocomposites is due to the better 
dispersion and higher interactions of CNT with the matrix, versus the 
GnP.  
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CHAPTER 4 
 
This chapter presents the article corresponding to the results of the 

third part of the project regarding the effects of different post-processing 
techniques on SEBS/CNT and SEBS-MA/CNT nanocomposites. It 
highlights the influence of MA in the matrix, the orientation of CNT 
depending on the processing method, and how these factors affected the 
electrical, mechanical, and EMI shielding properties of the final 
nanocomposites. A balance between EMI shielding and mechanical 
properties is also presented. 
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ABSTRACT 
 
Nanocomposites based on poly (styrene-b-ethylene-ran-butylene-b-
styrene) (SEBS) and carbon nanotubes (CNT) (SEBS/CNT), as well as 
SEBS grafted maleic anhydride (SEBS-MA)/CNT were successfully 
prepared for electromagnetic shielding applications. Both SEBS/CNT 
and SEBS-MA/CNT were prepared by melt compounding and post-
processed using two different techniques: extrusion and compression 
molding. The different nanocomposites were characterized by Raman 
spectroscopy and rheological analysis. Their mechanical properties, 
electrical (10-2-105 Hz) properties and electromagnetic shielding 
effectiveness (8.2-12.4 GHz) were also evaluated. Results showed that 
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the CNT loading amount, the presence of MA in the matrix, and the 
molding technique used strongly influence the final morphologies and 
properties of the nanocomposites. While the nanocomposite containing 8 
wt% CNT prepared by compression molding presented the highest 
electromagnetic shielding effectiveness (with a value of 56.73 dB, which 
corresponds to an attenuation of 99.9996% of the incident radiation), the 
nanocomposite containing 5 wt% CNT prepared by extrusion presented 
the best balance between electromagnetic and mechanical properties, 
being a good candidate to be used as an efficient flexible electromagnetic 
interference shielding material.   
 
Keywords: Carbon-based polymer nanocomposites; flexible EMI 
shielding materials, mechanical properties, electrical properties; 
electromagnetic shielding effectiveness 
 
4.1 INTRODUCTION 
 

In all technological fields, advances in miniaturized systems and 
devices, and the explosion in the demand for consumer electronics 
increasingly require the development of more sophisticated materials. 
One of the challenges faced with such equipment, which generally 
operates at high levels of power and frequencies, is developing efficient 
and multifunctional electromagnetic shielding materials capable of 
completely sealing electromagnetic interference (EMI) emitters or 
receivers and fully complying with Electromagnetic Compatibility 
(EMC) regulations (Tong, 2009). Moreover, taking into account other 
parameters, such as mechanical requirements, weight, manufacture, 
esthetic factors, and costs, further complicates the development of 
suitable EMI shielding materials.  

In order to meet the set of different requirements, thanks mainly to 
their outstanding performance/convenience ratio, electrically conductive 
polymer composites (ECPCs) are proving to be excellent options for high 
performance shielding materials. In this class of composites, the choice 
of matrix and electrically conductive additives to interact with the EM 
waves are determinant factors, and depend on the EMI properties needed 
for specific applications. Currently, carbon nanotubes (CNT) are among 
the most popular conductive fillers. In general, CNT-based 
nanocomposites present great mechanical properties and high electrical 
conductivity at low loading amounts (low percolation threshold), more 
recently, many publications have also highlighted their high 
electromagnetic shielding properties (Thomassin et al., 2013). Regarding 
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the matrix, while ECPCs based on conventional thermoplastic polymers 
generally meet most of the requirements, for some applications, however, 
flexible properties are also mandatory prerequisites, especially for EMI 
shielding gaskets and coating of flexible devices. In these cases, 
electrically conductive elastomers (ECEs), which are basically a subclass 
of ECPCs for which the polymeric matrix is an elastomer, are considered 
the most suitable choice (Tong, 2009). 

ECE are used as EMI shielding materials in many fields, such as 
the electronics, electricity, telecommunications, housing, medical, and 
automotive industries (Tong, 2009), and many works in the literature 
present interesting results concerning the properties required for these 
applications (L. Liu et al., 2011; Merlini et al., 2017; Theilmann et al., 
2013; Thomassin et al., 2013). However, most of the ECE are based on 
vulcanized rubbers which are difficult to process. The manufacture of 
devices made of conventional elastomers generally involves many steps 
and a vulcanization process that turn them non-recyclable and engender 
environmental concerns; consequently, there is an increase in both the 
time and cost of production. In order to overcome these problems, 
composites based on thermoplastic elastomers have been developed along 
the years (Bansala et al., 2017; Drobny, 2007b; Ramôa et al., 2013). TPEs 
are materials that can be manufactured as thermoplastics, while exhibiting 
a mechanical behavior similar to that of conventional vulcanized 
elastomers (Drobny, 2007a). Mostly, TPEs are phase-separated systems 
that present a hard phase acting as thermoreversible cross-links, as well 
as a soft phase that provides flexibility and elasticity. The hard phase has 
an upper service temperature (Tg or Tm higher than room temperature), 
while the soft phase exhibits a lower service temperature (Tg lower than 
room temperature). Thus, when the hard phase is melted or dissolved in a 
solvent, the material can flow and be processed as a thermoplastic 
material, and by cooling or evaporation of the solvent, the elastomeric 
properties are recovered (Drobny, 2007a). 

Currently, one of the most commonly used TPE worldwide is poly 
(styrene-b-ethylene-ran-butylene-b-styrene) (SEBS), which is basically a 
block copolymer consisting of three interconnected blocks, two rigid 
(polystyrene) in the ends and one rubbery (poly (ethylene-butylene)) in 
the middle. The remarkable advantages of SEBS include its excellent 
chemical resistance, UV stability, and capacity to be processed at elevated 
temperatures for extended periods of time without its structure sustaining 
damage (Drobny, 2007c; Grigorescu et al., 2016; Holden, 2000). 
Moreover, the presence of styrene in its structure may be advantageous 
for obtaining composites based on carbon additives. In these systems, an 
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affinity between the π electrons of both components is expected once both 
have aromatic rings in their molecular structures (Y.-T. Liu et al., 2011; 
Loh et al., 2010; Maiti et al., 2013; You et al., 2014). These interactions 
favor the dispersion of the carbon additives, and consequently, decrease 
the amount of additive required to achieve the desired properties, avoid 
processing issues, and reduce costs.  

In carbon-based polymer composites for EMI shielding in general, 
one of the biggest challenges lies in keeping the loading of conducting 
additives as low as possible; indeed, for ECEs, this condition is critical. 
In the case of ECEs for EMI shielding, the amount of conducting additive 
necessary to achieve a suitable EMI-SE may significantly decrease the 
resilience, strength, and ductility of the material (Chung, 2001). 
Consequently, the matrix loses its elastomeric properties, and as a result, 
its application as an EMI gasket or flexible coating, for example, is 
severely impaired.  

Many publications in the literature report different methods for 
improving the engineering properties of composites with the lowest 
amounts of carbon additives. One of the strategies commonly applied 
consists in using modified polymer matrices with grafted functional 
groups as a means of promoting stronger physical interactions and, 
consequently, enhancing the dispersion of the conductive additives 
without decreasing their properties.  One of the most widely used 
multifunctional chemical intermediates is maleic anhydride (MA). As an 
example, Grigorescu et al. (2016) prepared nanocomposites of SEBS and 
SEBS-MA and graphite (G), and in their results, the SEBS-MA/CNT 
nanocomposites presented the best mechanical and dielectric properties. 
According to the authors, these improvements were due to hydrogen 
bonds between MA and the surface oxygen groups of G (Grigorescu et 
al., 2016). Other works have reported that the processing methods also 
could modify the morphologies of the composites and, consequently, 
strongly affect their final properties. As interesting example is presented 
by Panaitescu et al. (2014) who investigated the influence of melt 
processing using a two-roll mill to induce orientation on the morphology 
of SEBS and their composites with graphite. Their results showed that the 
rolling step not only modified the self-assembling architecture, but also 
improved the mechanical behavior of the composites (Panaitescu et al., 
2014). On the other hand, the alignment induced by a processing 
technique may also affect the electrical properties of the composites. 
However, in this case, the orientation of the conductive particles generally 
hinders the formation of an conducting network, and thereby could 
decrease the electrical conductivity of the composite. Consequently, the 
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EMI shielding effectiveness of the composites could also decrease. As an 
example, Arjmand et al. (2012) studied and compared the properties of 
PS/CNT nanocomposites for EMI-SE shielding prepared by compression 
and injection molding, and their results indicated that the PS/CNT 
compressed nanocomposites presented higher electrical conductivity, real 
and imaginary permittivity, and EMI-SE with lower amounts of 
conducting additive. According to the authors, these results had to do with 
the random distribution of the CNT into the PS matrix for the samples 
molded by compression (Arjmand et al., 2012). Therefore, considering 
that the main techniques used by the industry may induce orientation, 
which can result in opposite effects regarding the engineering properties, 
e.g. generally enhancing the mechanical properties while decreasing the 
electrical and EMI shielding properties of the composites, the effect of 
the distribution of the nanoparticles should be carefully analysed. 
Furthermore, for commercial applications of EMI shielding materials a 
suitable balance between mechanical properties and shielding 
effectiveness is critical.  

In the present work, we investigated the effect of using a styrenic 
thermoplastic elastomer with and without MA grafting, and studied the 
influence of two different melt compounding processing techniques on 
the final morphologies and properties of carbon-based polymer 
nanocomposites for EMI shielding applications. SEBS/CNT and SEBS-
MA/CNT with different CNT loadings were obtained by melt 
compounding in a mixer, followed by compression molding, and mixer 
followed by extrusion molding with a tape die. The nanocomposites were 
characterized in terms of their polymer/CNT interactions, dispersion and 
alignment of the CNT inside the matrices, mechanical properties, 
electrical properties, and EMI shielding. A balance between EMI 
shielding and mechanical properties is also presented. 
 
4.2 EXPERIMENTAL  
 
4.2.1 Materials 
 

Two poly (styrene-b-ethylene-ran-butylene-b-styrene) matrices 
from Kraton Polymers do Brasil Ind. Com. Prod. Petr., SEBS (Kraton G-
1652 M) and maleic-anhydride-grafted SEBS, identified throughout the 
text as SEBS-MA (Kraton FG1901 G), were used in this work.  Both 
SEBS and SEBS-MA present a styrene/rubber content ratio of 30/70 wt% 
and a specific gravity of 0.91 g.cm−3. In the case of SEBS-MA, 1.4-2.0 
wt% of maleic anhydride (MA) is grafted onto the rubber midblock. The 
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melt flow index of the copolymers (230 °C, 5000g) is 5 g/10 min for 
SEBS, and 22 g/10 min for SEBS-MA. Multi-walled Carbon Nanotubes 
(MWCNT) from Nanocyl™ (NC 7000 series) were used as the 
electrically conductive additives. The CNT present the following 
characteristics: surface area of 250-300 m2.g−1, bulk density of 0.06 
g.cm−3, carbon purity of 90 %, average diameter of 9.5 nm, and average 
length of 1.5 μm. All materials were used as received. 
 
4.2.2 Preparation of nanocomposites 
 

Nanocomposites of SEBS/CNT and SEBS-MA/CNT were 
prepared by melt compounding using a torque rheometer (Drive Unit 
HAAKE RheoDrive Os 4), which was coupled to a mixing chamber 
(Rheomix 600p) equipped with roller rotors. The processing parameters 
were as follows: temperature of 220 °C, rotational speed of 150 rpm, and 
total mixing time of 15 minutes. Both the SEBS/CNT and SEBS-
MA/CNT were further post-processed using two different techniques: 
extrusion and compression molding. The nanocomposites obtained by 
melt compounding followed by compression were molded in a hydraulic 
press at a temperature of 220 °C for 10 minutes under a holding pressure 
of approximately 5 MPa. The nanocomposites obtained by melt 
compounding followed by extrusion were obtained in a twin screw 
extruder (Extruder HAAKE PolyLab OS PTW16 OS, Drive Unit 
HAAKE RheoDrive OS 4) at temperature of 220 °C and a rotational speed 
of 150 rpm.  
 
4.2.3 Characterization 
 

Raman spectroscopy was used to investigate the existence of non-
covalent interactions between the CNT and the SEBS and SEBS-MA 
matrices. Analyses were performed using a Witec Alpha 300R Plus 
confocal Raman microscope (CRM) with a 532nm laser excitation 
<100mW, and an ultra-high throughput spectrometer (UHTS 300) with 
gratings of 600 or 1800 g/mm with 500 blaze.  

Small Amplitude Oscillatory Shear (SAOS) analysis was carried 
out to assess the state of dispersion of the CNT. Experiments were 
conducted using an Anton Paar rheometer (MCR 501C) equipped with 25 
mm diameter parallel plates. The measurements were performed at 220 
°C in the linear viscoelastic regime under a strain equal to 0.5% in the 
0.001 to 300 rad.s-1 frequency range. 
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The mechanical properties were evaluated using an STM Alliance 
machine, equipped with 1kN load cell, in tensile mode, according to the 
ASTM 412D standard. At least 5 specimens were tested for each material. 

The AC electrical conductivity was assessed using a Novocontrol 
broadband spectrometer. Samples 20 mm in diameter were placed 
between two parallel brass-plated electrodes, and measurements were 
carried out at an excitation voltage of 3V, in the 10-2 to 105 Hz frequency 
range, at room temperature. 

The EMI-SE measurements of the nanocomposites in the X-band 
microwave frequency range (8.2-12.4 GHz) were performed in a vector 
network analyzer (E5071C, ENA series 300 kHz–20 GHz) using a WR-
90 rectangular waveguide as the sample holder (22.86 mm x 10.16 mm) 
and the thickness of all samples was 2.0 mm. 
 
4.3 RESULTS AND DISCUSSION 
 
4.3.1 Morphological analysis 
 
4.3.1.1 Raman spectroscopy 
 

The presence of non-covalent interactions between SEBS and 
SEBS-MA matrices and CNT was investigated using Raman 
spectroscopy. Figure 4.1 shows the Raman spectra of the neat CNT and 
SEBS/CNT and SEBS-MA/CNT nanocomposites with 5 wt% of CNT. 
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Figure 4.1 - Raman spectra of pristine CNT, and SEBS/CNT and SEBS-MA/CNT 
nanocomposites with 5 wt% CNT (on the left), and blow-up of the spectra in the 
1250-1700 cm-1 region (on the right) 

 
Source: Developed by the author 

 
As shown in Figure 4.1, the characteristic D-band peak of the CNT 

occurred at 1351 cm-1, corresponding to the in-plane vibration of sp2 
carbon atoms, while the G-band peak occurred at 1588.2 cm-1, related to 
defects. SEBS/CNT presented a small shift of 4.4 cm-1 (1355.4 cm-1) for 
the D-band peak. This shift indicates the presence of weak non-covalent 
π-π interfacial interactions between CNT and the aromatic rings of PS of 
the SEBS matrix (Rath & Li, 2011). The SEBS-MA/CNT nanocomposite 
presented exactly the same peaks as the pristine CNT, and no shift could 
be observed. This result suggests that the presence of MA in SEBS-MA 
chains hinders the π-π interactions between CNT and the aromatic rings 
of PS of the SEBS-MA matrix. Moreover, no interactions related to 
hydrogen bonds were observed in the SEBS-MA/CNT nanocomposites 
by Raman spectroscopy.  

In order to assess the quantity of defects in the CNT structure, the 
intensity ratios of the D and G peaks, ID/IG, are commonly evaluated (Y.-
T. Liu et al., 2011; Zhao et al., 2012). The ID/IG of the neat CNT was 1.03, 
while for the SEBS/CNT and SEBS-MA/CNT nanocomposites, it was 
1.07 and 1.12, respectively. The small increase in the ID/IG indicated that 
the compounding method did not significantly damage the CNT structure. 
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4.3.1.2 Rheological analysis  
 

The dispersion of CNT into the SEBS and SEBS-MA matrices was 
studied through rheological analysis. Small amplitude oscillatory shear 
(SAOS) analysis was used to characterize differences in the relaxation of 
polymer chains due to the presence of CNT. Through the analysis of the 
slopes in the curves of log G’ vs. log ω (G’ = storage modulus, ω = 
frequency) at low frequencies, it is possible to identify the formation of a 
physical network that hinders the polymer chains’ movement (N. R. 
Demarquette & Carastan, 2016). Furthermore, the same analysis can be 
used to identify the degree of the spatial order of the phase domains, and 
consequently, the neat block copolymer morphological structure, which 
can be lamellar, cylindrical, spherical, or even disordered. Figure 4.2 
shows the rheological behavior of neat SEBS and SEBS-MA matrices, 
and SEBS/CNT and SEBS-MA/CNT nanocomposites prepared by melt 
compounding followed by extrusion molding. In order to facilitate the 
visualization, Table 1 presents the slopes of the curves of log G’ vs. log 
ω at low frequencies. 

 
Figure 4.2 - Curves of G’ as a function of frequency of neat SEBS and SEBS-
MA, and nanocomposites of SEBS/CNT and SEBS-MA/CNT at different CNT 
weight fractions 
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Source: Developed by the author 
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Table 4.1. Low frequency (0.001-0.01 rad.s-1) slopes of log G’ vs. log ω for neat 
SEBS and SEBS-MA, and SEBS/CNT and SEBS-MA/CNT nanocomposites at 
different CNT weight fractions 
 

SEBS 
SEBS/CNT 

(wt%) 

Low frequency 
slope of 

log G’ vs. log ω 

SEBS-MA 
SEBS-MA/CNT 

(wt%) 

Low frequency 
slope of 

log G’ vs. log ω 

SEBS 0.21 SEBS-MA 0.20 

SEBS/CNT 
1% 

0.07 
SEBS-MA/CNT 

1% 
0.13 

SEBS/CNT 
2% 

0.05 
SEBS-MA/CNT 

2% 
0.07 

Source: Developed by the author 
 

As can be seen in Figure 4.2 and Table 4.1, both neat matrices 
presented very similar slopes of log G’ vs. log ω at low frequencies, 0.21 
and 0.20 for SEBS and SEBS-MA, respectively. According to the 
literature, this rheological behavior at low frequencies corresponds to that 
of block copolymers with cylindrical structures in the ordered state 
(Danilo Justino Carastan et al., 2008). 

For the nanocomposites, the addition of CNT increased G’ for the 
whole range of frequencies, and decreased the slope of log G’ vs. log ω 
at low frequencies, indicating that not only CNT acts as a filler, but it also 
reduces the mobility of SEBS chains. For SEBS/CNT with 1 wt% of 
CNT, an almost horizontal non-terminal plateau was formed in the G’ 
curves, and the nanocomposite presented a highly solid-like behavior. For 
the SEBS-MA/CNT with 1 wt% of CNT, the decrease in the slope was 
lower. Furthermore, nanocomposites of SEBS/CNT presented a higher 
increase in the G’ than those of SEBS-MA/CNT compared to the G’ of 
the SEBS and SEBS-MA matrices, respectively. These results suggest 
that the CNT were better dispersed in SEBS than in SEBS-MA, which is 
in good agreement with the Raman results. For the samples with 2 wt% 
of CNT, a plateau was formed, and both nanocomposites presented 
similar slopes and highly solid-like behaviors.  

There were no significant changes in rheological behavior related 
to the different molding techniques used, and the nanocomposites of 
SEBS/CNT and SEBS-MA/CNT prepared by melt compounding 
followed by extrusion and by compression molding (not presented) 
exhibited very similar rheological results. However, different 
characterization techniques, such as electrical and mechanical properties 
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analysis, carried out at room temperature, can indirectly complement the 
morphological characterization in terms of the dispersion and orientation 
of carbon additives in nanocomposites. 
 
4.3.2 Electrical conductivity 
 

In composites based on a polymeric matrix and electrically 
conductive additives, the transition from insulators to conductors occurs 
by the formation of a connected network of the conductive fillers inside 
the matrix. The critical loading amount of conductive additives from 
which this transition occurs is known as the electrical percolation 
threshold (Thomassin et al., 2013). In these materials, two distinct 
behaviors can be observed. Below the percolation threshold, the AC 
conductivity is frequency dependent and presents a slope of 1 in log-log 
scale. On the other hand, for nanocomposites close to or above the 
percolation threshold, the behavior becomes frequency-independent 
below a critical frequency (Stoyanov, Carthy, Kollosche, & Kofod, 2009). 

The AC conductivity as a function of frequency for the SEBS/CNT 
and SEBS-MA/CNT nanocomposites with 1, 2, 5, and 8 wt% of CNT 
prepared by melt compounding followed by extrusion and by 
compression molding is presented in Figure 4.3. 
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Figure 4.3 - AC conductivity as a function of frequency of the SEBS/CNT and 
SEBS-MA/CNT nanocomposites with a) 1, b) 2, c) 5, and d) 8 wt% of CNT 
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As can be seen in Figures 4.3 a-d, both the presence of MA in the 

matrix and the molding techniques used to prepare the nanocomposites 

c) 

d) 
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affected the AC conductivity of the samples, although the processing 
methods were much more significant for the results. 

 For the nanocomposites of SEBS/CNT and SEBS-MA/CNT with 
1 wt% of CNT prepared by extrusion, the samples presented an insulating 
behavior, since the AC conductivities of nanocomposites were 
completely frequency-dependent and similar to the pure matrices (not 
shown). On the other hand, for the nanocomposites with 1 wt% of CNT 
prepared by compression molding, the samples presented a completely 
different behavior, being frequency-independent for the frequency range 
of around 10-2 to 104 Hz. The AC conductivities were ≈ 3.40E-7 S.cm-1 
for SEBS/CNT at 10-2 to 104 Hz, and ≈ 6.60E-8 S.cm-1 for SEBS-
MA/CNT at 10-2 to 103 Hz 

The nanocomposites with CNT loading of 2 wt% presented a very 
similar behavior to the samples with 1 wt% of CNT. However, the 
SEBS/CNT nanocomposite prepared by compression molding presented 
a frequency-independent behavior for all the frequency ranges analyzed. 

For the nanocomposites with 5 wt% of CNT, the AC conductivities 
were fairly frequency independent for the nanocomposites of SEBS/CNT 
and SEBS-MA/CNT prepared by compression molding, as well as for the 
sample of SEBS/CNT prepared by extrusion. These nanocomposites 
presented an AC of ≈ 6.10E-4 S.cm-1, 4.40E-4 S.cm-1, and 1.05E-5 S.cm-

1, respectively. However, the nanocomposite of SEBS-MA/CNT prepared 
by extrusion presented only a frequency-independent behavior between 
10-2 to 103 Hz, and an AC conductivity of ≈ 7.79E-7 S.cm-1 in this 
frequency range.  

Finally, all the nanocomposites with CNT loading of 8 wt% 
prepared by both molding techniques presented a frequency-independent 
behavior. Although the differences were small, the AC conductivities of 
the nanocomposites were ordered as follows: SEBS-MA/CNT prepared 
by extrusion (≈ 1.2E-4 S.cm-1) < SEBS/CNT prepared by extrusion 
(2.30E-4 S.cm-1) < SEBS-MA/CNT prepared by compression molding 
(3.40E-4 S.cm-1) < SEBS/CNT prepared by compression molding (1.03E-
3 S.cm-1). 

In order to facilitate the comparison and highlight the different 
electrical conductivity behavior, Figure 4.4 shows the AC conductivity as 
a function of CNT loading of the different nanocomposites at 100 Hz.  
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Figure 4.4 - AC conductivity of both the matrices and SEBS/CNT and SEBS-
MA/CNT nanocomposites prepared by extrusion molding and by compression 
molding as a function of CNT loading (at 100 Hz) 

0 1 2 3 4 5 6 7 8

1E-14

1E-12

1E-10

1E-8

1E-6

0.0001

0.01

A
C

 e
le

c
tr

ic
a
l 
c
o

n
d

u
c
ti

v
it

y
 (

S
.c

m
-1
)

CNT (wt%)

 Compression SEBS/CNT 
 Compression SEBS-MA/CNT 

 Extrusion SEBS/CNT
 Extrusion SEBS-MA/CNT 

 
Source: Developed by the author 

 
It can be seen from Figure 4 that the presence of MA affects the 

electrical conductivity only slightly; on the other hand, the molding 
process seems to have a tremendous effect on the electrical percolation 
threshold of the nanocomposites: the SEBS-CNT and SEBS-MA 
nanocomposites prepared by compression molding present an electrical 
percolation threshold at around 1 wt% of CNT loading,  in the case of the 
SEBS-CNT and SEBS-MA nanocomposites prepared by extrusion 
molding, there is no abrupt changes in their conductivities. The variation 
of the electrical conductivities of these nanocomposites was practically 
constant, and even with 3 wt% of CNT loading in the samples obtained 
by extrusion, the electrical conductivities were lower than the 
conductivity of the nanocomposites molded by compression with 1 wt% 
of CNT. 

The different behaviours regarding the electrical properties can be 
explained considering the effects of the processing methods on the 
morphologies of the nanocomposites. It is well known in the literature 
that some processing methods, such as extrusion, injection and roll 
milling, can induce an alignment of the carbon additives in polymer 
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composites, which strongly affects their electrical properties (Arjmand et 
al., 2012; Mahmoodi, Arjmand, Sundararaj, & Park, 2012; Theilmann et 
al., 2013). A schematic representation of the effect of random and aligned 
distributions of CNT on the formation of the conductive networks is 
shown in Figure 4.5. 

 
Figure 4.5 - Schematic representation of the effect of a) random and b) aligned 
distributions of the CNT on the formation of the conductive network of 
nanocomposites prepared by compression and extrusion molding, respectively 
 

 
 

Source: Developed by the author 
 

As schematically shown in Figure 4.5, for the nanocomposites 
prepared by compression molding, the formation of the electrically 
conductive network was favored by the random distribution of CNT 
throughout the material. Furthermore, due to the random distribution, 
with around 1 wt% of CNT loading, CNT-CNT connections were formed 
throughout the material. For the nanocomposites prepared by extrusion 
molding, these CNT-CNT connections were hindered by the alignment of 
the CNT inside the materials. In fact, the CNT do not really need to touch 
each other inside the matrix, but they however need to be close enough to 
permit the conduction of electricity upon the effect of hopping of 
electrons. As a consequence of the CNT alignment, many more CNT were 
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needed in order to get them close enough to one another to conduct 
electricity. 

 
4.3.3 Mechanical properties 
 

Carbon additives such as carbon black and graphite are 
traditionally used for reinforcement of thermoplastics and elastomers. 
However, beyond a critical loading amount, notwithstanding any 
enhancement of the Young’s modulus that may be seen, other mechanical 
properties, such as the tensile strength and the elongation at break, can be 
severely decreased once the matrices become more brittle (Rath & Li, 
2011). Furthermore, the processing method used can also affect the 
mechanical properties of carbon-based composites (Erik & Tsu-Wei, 
2002; Panaitescu et al., 2014). 

Figure 4.6 shows the stress vs. strain behavior of neat SEBS and 
SEBS-MA matrices, as well as SEBS/CNT and SEBS-MA/CNT 
nanocomposites prepared by the different processing techniques. During 
mechanical testing, the strain was applied along the flow direction for the 
materials prepared by extrusion molding.  
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Figure 4.6 - Stress vs. strain curves for a) neat SEBS and SEBS/CNT 
nanocomposites, and b) neat SEBS-MA and SEBS-MA/CNT nanocomposites 
prepared by melt compounding followed by extrusion and by compression 
molding 
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As shown in Figure 4.6, for all the nanocomposites the addition of 
CNT resulted in an increase of the Young’s modulus and stress at 100%, 
whereas the tensile strength and the elongation at break decreased. These 
effects were enhanced as the loadings of CNT in the nanocomposites 
increased.  

For all the nanocomposites filled with 2 wt% of CNT the Young’s 
modulus and tensile strength were quite similar to those of the neat 
matrix, while the elongation at break decreased. For the SEBS/CNT filled 
with 5 wt% of CNT the nanocomposites presented quite similar behavior 
to the nanocomposites filled with 2 wt% of CNT. On the other hand, for 
the SEBS-MA/CNT nanocomposites the addition of 5 wt% of CNT had 
a greater effect on the mechanical properties, and the tensile strength and 
elongation at break suffered a fairly significant decrease.  For all the 
nanocomposites the addition of 8 wt% of CNT had a dramatic impact in 
the mechanical properties, the tensile strength decreased around 7 MPa, 
in average, and the elongation at break suffered a drastic decrease of more 
than 300% (to almost half of the elongation at break of the neat matrices). 

Unlike the strong effects of the amount of CNT on the mechanical 
behavior of the nanocomposites, only slight differences were observed in 
the mechanical properties of the matrices and nanocomposites related to 
the different processing methods used. However, despite these differences 
were minor, they followed a pattern, and all the samples prepared by 
extrusion presented higher Young’s modulus, tensile strength, stress at 
100%, and elongation at break values than the samples prepared by 
compression. Similarly, to what was observed with the AC conductivity 
results, the differences depending on the processing methods are related 
to the morphological orientation. According to the literature, when block 
copolymers such as SBS and SEBS are manufactured by melt methods 
such as extrusion, injection, and rolling molding, which induce 
deformation in one specific direction, the block copolymers’ 
nanodomains are oriented in the flow direction (Danilo J. Carastan et al., 
2013; Danilo Justino Carastan et al., 2008; Fang et al., 2009; Panaitescu 
et al., 2014). As a consequence, when stress is applied along the flow 
direction, the materials are stiffer because the applied force is parallel to 
the PS cylinders axes, and higher forces are needed for the same 
deformation as compared the case with non-oriented samples (Panaitescu 
et al., 2014). For the nanocomposites, an analogous effect is expected 
regarding the nanoparticles into the matrices. The melt flow in one 
direction induces the orientation of the nanoparticles, and consequently, 
increases the forces needed to deform the material in the same direction 
(Panaitescu et al., 2014). 
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Additionally, the presence of MA in the matrix also influenced the 
mechanical behavior of the samples, although the Raman spectroscopy 
analyses showed that the presence of MA did not improve interactions 
between the matrix and CNT. All the samples of MA-grafted SEBS 
presented lower Young’s modulus, tensile strength, stress at 100%, and 
elongation at break values. This behavior is understandable, given that the 
presence of MA makes the matrix more fluid, which consequently affects 
the distribution and alignment of CNT in the nanocomposites. These 
results are also in agreement with the rheological analyses. 
 
4.3.4 Electromagnetic shielding effectiveness  
 

For most commercial applications, the minimum electromagnetic 
shielding effectiveness (EMI-SE) required is 20 dB, which corresponds 
to an attenuation of 99.0% of the incident radiation (Jia et al., 2015; Maiti 
et al., 2013). The EMI-SE of the nanocomposites was experimentally 
established according to equations 4.1, 4.2, 4.3 and 4.4 (Saini & Arora, 
2012; Thomassin et al., 2013). 
 
R = [ER/EI]2 = |S11|2 = |S22|2                                                                   (4.1)  
 
T = [ET/EI]2 = |S12|2 = |S21|2                                                                   (4.2)  

 
I = 1 = R + A + T                                                                                    (4.3) 
 

EMI SE = SE� + SE� = 10log
�

���
+ 10log

���

�
=  10log

�

�
                  (4.4) 

 
where the S-parameters, S11 (or S22) and S12 (or S21), are correlated with 
the reflected (R) and the transmitted (T) power. In these analyses, when 
the electromagnetic radiation insides (I) the shielding material, the 
absorbed (A), reflected (R), and transmitted (T) power amount to 1 (Saini 
& Arora, 2012; Thomassin et al., 2013). The total EMI-SE is the sum of 
the shielding mechanisms by reflection (SER) and absorption (SEA) (Saini 
& Arora, 2012; Thomassin et al., 2013), and a third mechanism related to 
multiple reflections (SEM) may also occur. However, SEM can be 
neglected if the SEA is greater than 10 dB (Al-Saleh et al., 2013; Jia et al., 
2015; Saini & Arora, 2012; Udmale V, 2013). 

Figure 4.7 presents the EMI-SE of SEBS/CNT and SEBS-
MA/CNT nanocomposites prepared by extrusion and by compression 
molding at 5 and 8 wt% of CNT in the 8.2- 12.4 GHz frequency range. 
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Figure 4.7 - Shielding effectiveness versus frequency of SEBS/CNT and SEBS-
MA/CNT nanocomposites prepared by extrusion molding and by compression 
molding with 5 and 8 wt% of CNT 
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As can be seen in Figure 4.7, the SEBS/CNT and SEBS-MA/CNT 

nanocomposites prepared by compression molding and the SEBS/CNT 
prepared by extrusion with 5 wt% of CNT loading presented the EMI-SE 
required for commercial applications. Besides, all the nanocomposites 
with 8 wt% of CNT presented results much higher than the required 
shielding effectiveness. The EMI-SE for the SEBS/CNT and SEBS-
MA/CNT nanocomposites with 8 wt% of CNT prepared by extrusion was 
46.52 dB and 31.09 dB, and for the SEBS/CNT and SEBS-MA/CNT 
prepared by compression molding, it was 56.73 dB and 46.38 dB, 
respectively. For all the nanocomposites with 8 wt% of CNT loading, 
more than 99.9% of the incident electromagnetic radiation was 
attenuated. 

In a previous work, we studied nanocomposites of SEBS/CNT for 
EMI shielding using a highly viscous commercial grade of SEBS (melt 
index <1 g/10 min (230°C, 5kg)) prepared by melt compounding followed 
by compression molding. In that work, the high viscosity of the matrix 
impaired the dispersion and distribution of the conductive additives and 
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the maximum EMI-SE was 30.07 dB achieved with 15 wt% of CNT 
(Kuester et al., 2016).  

Figure 4.8 shows the power balance of the incident, reflected, 
absorbed, and transmitted electromagnetic radiation for the SEBS/CNT 
nanocomposites prepared by a) extrusion and b) compression molding, 
and SEBS-MA/CNT prepared by c) extrusion and d) compression 
molding at different CNT weight fractions in the 8.2-12.4 GHz frequency 
range. 
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Figure 4.8 - Power balance of the incident (I), reflected (R), absorbed (A), and 
transmitted (T) electromagnetic radiation for the SEBS/CNT nanocomposites 
prepared by a) extrusion and b) compression molding, and for the SEBS-
MA/CNT prepared by c) extrusion and d) compression molding at different CNT 
weight fractions 
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As shown in Figure 4.8, the transmission of most of the incident 

radiation, as an absolute value, is blocked by reflection. Furthermore, at 

c) 

d) 
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this point, it is worth highlighting the difference between the concepts of 
shielding mechanisms and power loss. Although effective carbon-based 
nanocomposites generally present an SEA higher than the SER mechanism 
and the misunderstanding in some works in the literature, in fact only a 
small amount of radiation is absorbed by the material. This happens 
because reflection obviously occurs before absorption, and so by the time 
the electromagnetic radiation hits the material, most of the energy is 
readily reflected, and less energy is left to be absorbed or transmitted (Al-
Saleh et al., 2013; Thomassin et al., 2013). 

Table 4.2 summarizes the shielding behavior of the 
nanocomposites at different CNT weight fractions by presenting the EMI-
SE (dB), the total radiation attenuated (%), the intrinsic shielding 
properties related to the mechanisms of reflection (SER) and absorption 
(SEA), and the reflected (R), absorbed (A) and transmitted (T) power. 
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As presented in Table 4.2, the electromagnetic shielding behavior 
of the different nanocomposites proved to be dependent on the presence 
of MA in the matrix and on the molding technique used. However, the 
molding method, and the consequent CNT alignment inside the matrix, 
provided a more significant effect on the results. Much like the AC 
conductivity results, the EMI-SE increased according to the following 
order: SEBS-MA/CNT prepared by extrusion < SEBS/CNT prepared by 
extrusion < SEBS-MA/CNT prepared by compression molding < 
SEBS/CNT prepared by compression molding. The maximum 
effectiveness achieved by the SEBS/CNT nanocomposite prepared by 
compression molding was 56.73 dB, which represents an attenuation of 
99.9996% of the incident radiation. 
 
4.3.5 Electromagnetic shielding effectiveness vs. mechanical 
properties 
 

The nanocomposites of SEBS/CNT prepared by extrusion and 
compression molding, and SEBS-MA/CNT prepared by compression 
molding with 5 wt% of CNT, as well as all nanocomposites with 8 wt% 
of CNT loading, presented a suitable EMI-SE (> 20 dB). However, for an 
elastomeric material to be used commercially, other parameters, such as 
the mechanical properties, must also be considered. Figure 4.9 shows a 
comparison of the EMI-SE and the tensile strength at break of the 
different nanocomposites. 
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Figure 4.9 - Comparison of the EMI-SE and the tensile strength at break of the a) 
SEBS/CNT nanocomposites prepared by extrusion and compression molding, 
and b) SEBS-MA/CNT prepared by extrusion and compression molding at 
different CNT weight fractions 
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As presented in Figure 4.9, although all the nanocomposites with 
8 wt% of CNT loading exhibited a very high EMI-SE, the tensile strength 
at break decreased substantially.  However, for the SEBS/CNT 
nanocomposites with 5 wt% of CNT loading prepared by both molding 
techniques, the decreases in tensile strength (Figure 9-a), as well as the 
elongation at break (section 4.3.3), were much less significant, while the 
EMI-SE remained higher than 20 dB.  

In our approach, results showed excellent balances between EMI-
SE, mechanical properties and processability as compared to other 
carbon-based flexible EMI shielding materials presented in the literature. 
Tanrattanakul and coworkers (2007) prepared composites of natural 
rubber (NR), epoxidized natural rubber (ENR), and chlorosulfonated 
polyethylene (CSM) filled with CB in a two-roll mill followed by the 
vulcanization process in a hot press. The EMI-SE of the ECEs filled with 
50 phr of CB reached 18–28 dB in the 8-12 GHz frequency range. 
However, despite the suitable EMI-SE, results showed that the 
mechanical properties of the composites suffered a dramatic decrease as 
compared to the neat rubbers, due to the large amount of additive used. 
The tensile strength ranged between ≈ 15-19 MPa, and materials were 
stretchable ≈ 2-4 times their original length before breaking 
(Tanrattanakul & Bunchuay, 2007). In another work, Yuto Kato et al. 
(2017) prepared thin films (0.2 mm) of fluorinated rubber and “super-
growth” CNTs (SG-CNTs) by solution casting. Results showed that the 
material presented suitable EMI-SE for commercial applications (>20 dB, 
attenuation of 90% of the incident radiation) at the 5.5-10 GHz frequency 
range with SG-CNT loading of 1 wt%. Furthermore, the tensile strength 
at break was 6.4 MPa and the material was flexible and stretchable to 
double its original length without cracking. According to the authors, their 
material presented a higher mechanical strength and stretchability than 
commercialized generic rubbers for EMI shielding (Kato et al., 2017). 

In the present work, the SEBS/CNT nanocomposite with 5 wt% of 
CNT loading (2 mm thick) prepared by melt compounding followed by 
extrusion molding presented an EMI-SE of ≈ 30 dB (≈ attenuation of 99.9 
% of the incident radiation) at the 8-12 GHz frequency range, a tensile 
strength at break of 16.7 MPa, and were stretchable to more than 5 times 
its original length without cracking. Therefore, this nanocomposite can be 
successfully used as a flexible EMI shielding material in applications such 
as gaskets and device coatings. 
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4.4. CONCLUSIONS 
 

Nanocomposites of SEBS/CNT and SEBS-MA presented different 
morphologies and properties depending on the presence of MA, the 
molding technique used, and the CNT loading amount. The presence of 
MA makes the matrix more fluid, which somewhat affects the dispersion 
and distribution of CNT. However, no MA-CNT interactions were 
observed, and, consequently, the effect of MA on the properties of the 
nanocomposites was small. On the other hand, in general, the molding 
process and the CNT loading amount presented significant results. The 
set of results from different characterization techniques clearly showed 
that the extrusion process induced an alignment of CNT inside the 
matrices. For all the nanocomposites, the AC electrical conductivity 
increased as the CNT loading increased. However, for the samples 
prepared by extrusion, the CNT-CNT connections were hindered due to 
the alignment of CNT and, consequently, higher loadings were necessary 
to get the CNT close enough to conduct electricity as compared to the 
samples with random orientation prepared by compression molding. 
Consequently, samples with 1wt% of CNT prepared by compression 
molding presented a higher electrical conductivity than nanocomposites 
prepared by extrusion with 3 times this CNT loading amount. For all the 
nanocomposites, the addition of CNT increased the Young’s modulus and 
stress at 100%, whereas they decreased the tensile strength and the 
elongation at break. The amount of CNT had a greater influence on the 
mechanical behavior of the nanocomposites than the processing methods. 
Decreases in the tensile strength and in the elongation at break were 
notably dramatic for the samples with 8 wt% of CNT, once the matrices 
became more brittle. Concerning the shielding properties, the SEBS/CNT 
nanocomposite with 8 wt% of CNT loading prepared by compression 
molding achieved a very high EMI-SE of 56.73 dB, which represents an 
attenuation of 99.9996% of the incident radiation. However, the 
combination of different results plainly demonstrated that the SEBS/CNT 
nanocomposite with 5 wt% of CNT loading prepared by melt 
compounding followed by extrusion presented an outstanding balance 
between shielding effectiveness, mechanical properties and 
processability. Therefore, it can be concluded that the latter can be 
successfully used as a flexible high performance EMI shielding material. 
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CHAPTER 5 
 

DISCUSSION 
 

This chapter summarizes the main findings of each article exposed 
in chapters 2 to 4. Some observations are also presented.  
 
5.1 SUMMARY OF THE MAIN RESULTS  
 

This thesis investigated the relationship between structure, 
properties, processing, and performance of carbon-based thermoplastic 
elastomer nanocomposites prepared by different compounding 
techniques for the development an efficient flexible EMI shielding 
material. Besides the two different carbon nanoadditives, CNT and GnP, 
and the two post-processing, extrusion and compression molding, three 
different commercial grades of SEBS with styrene/rubber ratio of 30/70 
were used in this study. The SEBS matrices were SEBS Kraton G1650 
(melt index <1 g/10 min (230°C, 5kg)) used in the first and second phases 
of the project, and SEBS Kraton G1652 (melt index 5 g/10 min (230°C, 
5kg)) and SEBS-MA Kraton FG1901 (melt index 22 g/10 min (230°C, 
5kg)) used in the third phase of the project.  The differences on melt index 
are related to the molecular weight of the three matrices, and the presence 
of MA. Results showed that all the different aspects involved in this work 
affected the final morphology, properties and performance of the 
nanocomposites.  

 
i) In the first phase (chapter 2), nanocomposites were prepared by 

melt compounding followed by compression molding. CNT were 
properly dispersed into the SEBS matrix without significantly 
damaging their structure. SEBS/CNT nanocomposites exhibited 
non-covalent π-π interactions between CNT and the aromatic 
rings of the matrix. SEBS/CNT presented a low electrical 
percolation threshold of around 1 wt. % of CNT. The maximum 
electrical conductivity, reached for the sample with 8 wt% of 
CNT, was around 1 S.cm-1, which was 17 orders of magnitude 
higher than the conductivity of the neat SEBS. For samples with 
higher CNT loading amounts the electrical conductivity leveled 
off. Regarding the EMI shielding performance, experimental 
results showed to be higher than the theoretical predicted values. 
For the sample with 15 wt% of CNT, EMI-SE was 30.07dB, 
which corresponded to a reduction of 99.9% of the incident 
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radiation in the frequency range of 8-12 GHz. In this frequency 
range, real and imaginary permittivity increased as the CNT 
weight fractions were enhanced. For the nanocomposites with 15 
wt% of CNT, ε” was higher than ε’, which indicated that from 
this point, mobile charge dissipation was more efficient because 
of the higher number of conductive paths formed throughout the 
sample.  

 
ii) In the second part of the project (chapter 3), SEBS/GnP and 

hybrid SEBS/GnP/CNT nanocomposites were prepared using the 
same processing techniques as the ones employed in the first part. 
Morphologies, properties and shielding performances of the 
different nanocomposites were compared among themselves and 
the shielding properties were also compared to the results 
obtained by the SEBS/CNT nanocomposites prepared in the first 
phase of this work. The morphological characterization showed 
that GnP was non-homogeneous, showing to be a mixture of 
multi-walled graphene and expanded graphite. SEBS/GnP 
nanocomposites did not exhibit non-covalent interactions 
between GnP and the SEBS. GnP presented decent distribution 
throughout the matrix, however it was not possible to properly 
disperse the GnP particles into the matrix by melt compounding 
with the processing parameters used in this work. For the 
SEBS/GnP nanocomposites, the maximum electrical 
conductivity achieved with 15 wt.% of GnP was 2.6E-7 S.cm-1. 
For SEBS/GnP/CNT samples with 2/8 wt.% of GnP/CNT (with 
a total of 10 wt.% of carbon nanoadditives) the electrical 
conductivity was 1.4 S.cm-1. For the hybrid nanocomposites with 
CNT loading equal to or higher than 8 wt.%, the conductivity 
leveled off. Concerning the shielding properties, the maximum 
EMI-SE for SEBS/GnP nanocomposites was 8.63 dB reached by 
the sample with 15 wt% of GNP. For all SEBS/GnP samples ε’ 
were higher than ε”. For the hybrid SEBS/GnP/CNT 
nanocomposite at the absolute loading fraction of 15 wt.% of 
carbon nanoadditives, in a portion of 5/10 wt.% of GnP/CNT, the 
EMI-SE was 36.47dB, which represents an attenuation of 
99.98% of the incident radiation. For the sample with 7/3 wt.% 
of GnP/CNT (with a total of 10 wt.% of carbon nanoadditives), 
ε’ > ε”; for the 5/5 wt.% (with a total of 10 wt.% of carbon 
nanoadditives), ε’ ≈ ε”; and for the nanocomposites with higher 
CNT loading, ε’ < ε”. These results pointed out that for samples 
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with CNT loading amounts higher than 8 wt% a higher number 
of paths was formed in the conductive network, which resulted 
in an increase in energy dissipation. These results are in 
agreement to the results of electrical conductivity, and justified 
the higher EMI-SE of the hybrid nanocomposites compared to 
the SEBS/GnP nanocomposites. Comparing the properties of 
SEBS/GnP, SEBS/GnP/CNT, and SEBS/CNT (from the first part 
of the project), results indicated synergic effects between CNT 
and GnP regarding shielding effectiveness for the 
nanocomposites where CNT >> GnP. The synergism was 
evidenced by the fact that the EMI-SE of the hybrid 
nanocomposites of SEBS/GnP/CNT were higher than the sum of 
the EMI-SE of the single nanocomposites of SEBS/GnP and 
SEBS/CNT with the same total amount of conducting additive.  

 
iii) In the last phase (chapter 4), nanocomposites of SEBS/CNT and 

SEBS-MA/CNT were prepared by melt compounding followed 
by two different post-processing, extrusion and compression 
molding. The nanocomposites presented different morphologies 
and properties depending on the amount of CNT, presence of 
MA, and the molding technique used. Regarding the samples of 
SEBS grafted maleic anhydride, no MA-CNT interactions were 
observed, and, consequently, the effect of MA on the properties 
of the nanocomposites was small. However, the presence of MA 
makes the matrix more fluid, which somewhat affects the 
dispersion and distribution of CNT. For all the nanocomposites 
AC electrical conductivity increased as the CNT loading 
increased. The presence of MA affected the electrical properties 
of the nanocomposites slightly. On the other hand, the effect of 
the molding technique in the conductivity of the nanocomposites 
were very strong. Nanocomposites prepared by compression 
molding presented much higher AC electrical conductivity, as 
well as lower electrical percolation threshold. The different 
behaviours regarding the processing methods can be explained 
considering that the extrusion process induced an alignment of 
the CNT along the flow direction. Whereas, for the 
nanocomposites prepared by compression molding the CNT 
were randomly distributed. Due to this random distribution, the 
formation of CNT-CNT connections throughout the material was 
favored with lower CNT loading amount. As a consequence, 
nanocomposites with 1wt% of CNT prepared by compression 
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molding presented higher electrical conductivity than samples 
prepared by extrusion with 3 times this CNT loading amount. For 
nanocomposites with 8 wt% of CNT the values levelled off, 
suggesting a saturation of the system related to the AC electrical 
conductivity. Regarding the mechanical properties, the effect of 
the molding technique used was not substantial. The presence of 
MA modifies the flow index which, consequently, affected the 
distribution and alignment of CNT in the nanocomposites, and 
all the SEBS-MA/CNT nanocomposites presented lower 
Young`s modulus, stress at 100%, tensile strength, and 
elongation at break than the SEBS/CNT nanocomposites. The 
effect of CNT loading amount was very strong, and for all the 
nanocomposites the addition of CNT increased the Young`s 
modulus and stress at 100%, whereas decreased the tensile 
strength and elongation at break. The decreases on the tensile 
strength and elongation at break were notably dramatic for the 
samples with 8 wt% of CNT, once the matrices became more 
brittle. In respect to shielding properties, the EMI-SE of the 
nanocomposites presented similar behaviour to the AC electrical 
conductivity and the higher effectiveness followed the order: 
SEBS-MA/CNT prepared by extrusion < SEBS/CNT prepared 
by extrusion < SEBS-MA/CNT prepared by compression 
molding < SEBS/CNT prepared by compression molding. The 
higher EMI-SE, achieved by the SEBS/CNT prepared by 
compression molding with 8 wt% of CNT, was very remarkable, 
reaching 56.73 dB that represents an attenuation of 99.9996% of 
the incident radiation. However, as a final point, the combination 
of the different results demonstrated that the SEBS/CNT with 5 
wt% of CNT loading prepared by melt compounding followed 
by extrusion presented an outstanding balance between shielding 
effectiveness, mechanical properties and processability. 
Therefore, the latter can be successfully used as a flexible high 
performance EMI shielding material. 
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CONCLUSION AND RECOMENDATIONS 
 

This chapter presents the general conclusion and some 
recommendations for future work. 
 
6.1 CONCLUSIONS  
 

In this work carbon-based thermoplastic elastomer 
nanocomposites were obtained and studied regarding the correlation 
between their structures, properties, melt processing methods, and 
performances for EMI shielding applications. The nanocomposites 
presented different morphologies and properties depending on the type 
and amount of conducting additive, presence of MA, and the processing 
conditions used. The dispersion and distribution of the conducting 
additives in the polymeric matrix, as well as the additive-matrix 
interactions strongly influenced the formation of the electrically 
conducting network and the EMI shielding properties of the 
nanocomposites. It was found that hybrid nanocomposites of different 
carbon nanoparticles resulted in synergic effects regarding EMI shielding. 
Results pointed out that special attention must be given to the loading 
amount of carbon additives, once from a certain amount of carbon 
additives in the polymer matrices, the mechanical properties of the 
nanocomposites suffered a drastic decrease. Over the course of the 
development of the project, different aspects combined showed that it was 
possible to obtain materials with outstanding balances between shielding 
effectiveness, mechanical properties, and processability. Therefore, it can 
be concluded that some nanocomposites prepared in this work have great 
potential as high performance flexible EMI shielding materials. 

 
6.2 RECOMMENDATIONS 

 
In order to extend the findings of this work, and consolidate and 

expand the range of applications of the flexible EMI shielding materials 
prepared, many additional studies might be worth investigation. 
Suggestions for further research procedures are listed bellow. 

 
i) Evaluate the molecular weight of the different commercial grades 

of SEBS by Gel Permeation Chromatography (GPC) and 
characterize the microstructure of the neat matrices and 
nanocomposites by Transmission Electron Microscope (TEM) 
and Small Angle X-ray scattering (SAXS) in order to deeper 
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understand the influence of the morphology of these materials in 
their key properties for EMI shielding applications. 

 
ii) Characterize the mechanical properties concerning compression 

set, resilience, tear resistance, abrasion resistance, adhesion peel, 
and hardness, and investigate the aging effects on the properties 
of the nanocomposites, for better estimate potential applications 
of the nanocomposites as EMI shielding coating and EMI 
shielding gaskets. 

 
iii) Investigate the properties of carbon-filled nanocomposites based 

on SEBS with different PS/rubber ratios for preparing an ample 
class of EMI shielding materials with the suitable properties to 
satisfy a wider range of applications. 

 
iv) Characterize the EMI shielding properties at different frequency 

bands in order to analyse the possibility of using the 
nanocomposites in a wide frequency range. 

 
v) Prepare SEBS/CNT and SEBS/GnP multi-layer nanocomposites 

with a gradient morphology by an additive manufacturing 
technique as an attempt for better controlling and tailoring the 
morphology and the critical properties for EMI shielding 
materials. 
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APPENDIX A 
 

LIST OF SOME COMPANIES THAT PRODUCE AND 
COMMERCIALIZE MATERIALS FOR EMI SHIELDING 

 
 3M 

http://www.3m.com 
 

 Chomerics  
https://www.chomerics.com 
 

 Comtest engineering B.V.  
http://www.comtest.eu/products/anechoic-

chambers/absorbers.html 
 

 Creavac-creative Vakuumbeschichtung GmbH  
http://www.creavac.de 
 

 DEM Manufacturing 
http://www.dem-uk.com 
 

 ERA Technology LTD.  
www.era.co.uk 
 

 ETS-Lindgren  
http://www.ets-lindgren.com 
 

 HEICO Corporation 
http://www.heico.com 
 
 

 HITEK Electronic Materials Ltd 
https://www.hitek-ltd.co.uk 
 

 Kemtron Ltd 
http://www.kemtron.co.uk 
 

 KITAGAWA Industries Co., LTD (KG) 
http://kgs-ind.com/products/emc 
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 Laird Plc.  
http://www.laird-plc.com 
 

 Leader Tech 
https://leadertechinc.com 
 

 Marktek Inc.  
http://www.marktek-inc.com 
 

 NTD Shielding Services Ltd 
http://www.ntdshielding.co.uk 
 

 Omega Shielding Products  
http://www.omegashielding.com 
 

 RTP Company 
https://www.rtpcompany.com 
 

 Schaffner Group 
https://www.schaffner.com 
 

 Schlegel Electronic Materials 
http://www.schlegelemi.com/en/index.php 
 

 Tech-Etch, Inc. 
http://www.tech-etch.com 
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APPENDIX B 
 

VITA 
 
EDUCATION 
 
 Dual-degree Doctorate - Doctor in Materials Science and 

Engineering from Federal University of Santa Catarina (UFSC), 
Florianopolis, BR, and Doctor of Philosophy from École de 
technologie supérieure (ÉTS), Montreal, CA. Supervisors: Prof. 
Guilherme Mariz de Oliveira Barra (UFSC) and Prof. Nicole 
Raymonde Demarquette (ÉTS). From July 2013 to December 
2017.                                                          

                                                                                     
 Master in Materials Science and Engineering –Federal 

University of Santa Catarina (UFSC), Florianopolis, BR. 
Supervisor: Prof. Guilherme Mariz de Oliveira Barra. From 
July 2011 to July 2013. 

                                                                                                        
 Specialist in Science Education (Graduate Certificate Program) 

– Federal Institute of Santa Catarina (IFSC), Florianopolis, BR. 
Supervisor: Prof. Andreia de Bem Machado. From July 2010 to 
December 2011. 

 
 Bachelor in Industrial Chemistry – University 

of Southern Santa Catarina (UNISUL), Tubarao, BR. From 
January 2004 to December 2008. 

 
SCHOLARSHIPS AND AWARDS 
 

 Conference travel award – Coordination for Improvement of 
Higher Education Staff (Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior - CAPES)/UFSC, BR, 2017. 

 
 Scholarship from National Counsel of Technological and 

Scientific Development (Conselho Nacional de 
Desenvolvimento Científico e Tecnológico – CNPq), BR. 
From February 2013 to June 2017.                        
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 Conference travel award – École de Technologie Supérieure 
(ÉTS), CA, 2016. 

 
 Conference travel award – Society of Plastics Engineers 

(SPE), CA, 2016. 
 

 Internal scholarship from ÉTS, CA, 2016 
 

 Scholarship from Science Without Borders Program – CNPq. 
Internship at École de technologie supérieure, CA. From 
January 2005 to December 2015. 

 
 Scholarship from CAPES, BR. From July 2013 to February 

2013. 
   

 Scholarship from CAPES, BR. From July 2011 to June 2013. 
 

 Scholarship from Unisul Program of Scientific Initiation 
(Programa Unisul de Iniciação Científica – PUIC), BR. From 
July 2005 to June 2006.      

                                                                                                
TEACHING AND ADVISING EXPERIENCE  
 

 Teaching Assistant – École de technologie supérieure – 
Structure and properties of polymers, Fall Term 2015.                                                     

 
 Undergraduate dissertation co-advisor – Federal University of 

Santa Catarina (UFSC), Florianopolis, BR. Obtaining and 
characterization of electricity conducting composites of poly 
(styrene-b-(ethylene-co-butylene)-b-styrene and carbon 
nanotubes for electromagnetic shielding, José Carlos Ferreira 
Júnior, 2015 

 
 Member of undergraduate dissertation examining committee – 

Federal University of Santa Catarina (UFSC), Florianopolis, 
BR. Synthesis of polypyrrole in the presence of different 
surfactants and their use as a thermoplastic polyurethane 
matrix additive, Adriana Silveira, 2014. 
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