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Resumo

O presente trabalho tem como objetivo avaliar a degradacdo térmica e a cinética de
decomposicdo de diferentes fibras vegetais. Os modelos de Kissinger, Friedman e Flynn-
Wall-Ozawa foram utilizados para determinacdo dos pardmetros de Arrhenius. Os
mecanismos de degradacdo no estado sdlido foram determinados utilizando o método de
Criado. Os resultados indicaram que as energias de ativacdo aparentes podem estar mais
relacionadas com a dependéncia exponencial da taxa de reagcdes heterogéneas do que com a
energia necessdria para romper ligacdes, o qual € mais comumente utilizado. O fator de
frequéncia se mostrou independente da taxa de aquecimento utilizada. As curvas de Criado
indicaram dois diferentes mecanismos de degradagdo para todas as fibras: difusdo e nucleagio
randdémica. Ainda, algumas técnicas analiticas (XRD e FTIR) foram utilizadas visando
corroborar os resultados obtidos. O teor de cristalinidade como calculado por XRD e por
FTIR demonstraram ndo possuir uma correlacio com a estabilidade térmica. Ainda, o
comportamento térmico e o mecanismo de degradagdo ndo mostraram ser influenciados pelos
componentes lignoceluldsicos das fibras, com excecdo do buriti e do sisal. Por fim, as fibras
exibiram um efeito de compensacgdo, i.e. maiores valores de energia de ativacdo levaram a
maiores fatores de frequéncia. Por fim, uma das fibras estudadas (de sisal) foi utilizada em
um compdsito a fim de avaliar seu desempenho dindmico-mecénico. Os compdsitos
mostraram uma queda de propriedade em funcdo da temperatura, que foi menos acentuada
para compdsitos com maior teor de fibra. As curvas de tan delta se mostraram menores para
compdsitos com maiores teores de fibra, o que pode ser indicativo de menor dissipacdo de

energia devido a uma maior drea de interface polimero/fibra.
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Abstract

This study has the aim of evaluating thermal degradation and the decomposition kinetics of
different vegetal fibers. Kissinger, Friedman and Flynn-Wall-Ozawa models were used to
determine the Arrhenius parameters. The degradation mechanisms in solid state were
determined using Criado method. The results indicate that the apparent activation energies can
be more associated with the exponential dependence of the heterogeneous reaction rate than
with the energy necessary to break bonds, which is more commonly used. The frequency
factors showed to be independent of the heating rate used. Criado curves indicated two
different degradation mechanisms for all fibers: diffusion and random nucleation. Also, some
analytic techniques (XRD and FTIR) were used aiming to corroborate the results obtained.
The crystallinity content as calculated by XR and by FTIR showed no correlation with the
thermal stability. Moreover, the thermal behavior and the degradation mechanism were not
influenced by the lignocellulosic components of the fibers, i.e. higher activation energy values
lead to higher frequency factors. One of the studied fibers (sisal) was used in a polymeric
composite aiming to evaluate its dynamic mechanical behavior. The composites showed a
decrease in properties as a function of the temperature, which was less accentuated for
composites containing higher fiber content. Tan delta curves were lower for composites
containing higher fiber content, which can be indicative of lower energy dissipation due to a

greater area of polymer/fiber interface.

vii



Sumario

INTrOAUGAO. ... 1
1.1 INFOAUGED. ...t 1
1.2 Objetivos do trabalno. ..........coo i 2
1.3 Estrutura do trabalho..........coooiii e 2
Revisao bibliografica.................c.oooii 4
2.1 MateriaisS COMPOSITOS. . ....uuuiiiiiiiiiiiee e 4
2.1.1 Materiais compdsitos POlIMErICOS. .......ccuvreeeeiiiiiieee e 5
2.2 FiDras VegetaliS. .....couui et 7
2.3 Estabilidade termiCa..........cueeiiiiiiiieee e 8
2.3.1 Cinética de degradagao...........ccveeeriuieiie i 9
2.3.2 Mecanismo de reacao de degradagGao..........cccevrvrreeeeriiinieeeennne 13
2.4 Matrizes termorrigidas..........ueeeee i 17
2.4.1. Mecanismo de formag&o de miCrogeis.........ccccueuriurmreeniiireeenennns 18
2.4.2 Comportamento viscoelastico da rede tridimensional................. 22
2.5 Analise dinAmiCO-MECANICA. .......iiuueeeee e 22
2.5.1 Andlise dinamico-mecanica de compositos termorrigidos........... 24
2.6 Fragilidade din@miCa.........coccuuiiiiiiiiiee e 25
2.7 Materiais vitreos e a transiCao Vitrea..........occuveeeiiiieiii e, 27

Paper 1: Correlation of the thermal stability and the decomposition kinetics

of six different vegetal fibers................ 34
G T I 11 0T [T 1T o 35
3.2 Experimental. ... ... 38
B.2.1 MaterialS. ....coieieeeeeeeee e 38
3.2.2 Characterization. ...........cooeiiiiie e 38
3.2.2.1 X-ray diffraction (XRD)......cccorimmiiiiiiiii e 38
3.2.2.2 Fourier transformed infrared (FTIR) spectroscopy.........cc........ 38
3.2.2.3 Thermogravimetric analysis (TGA)......cccoouieiiiiiiieeeeeeiieeennn 38
3.2.2.3.1 Kinetic study... . PP PP UPPPPPRPPPPRRRREC 1)
3.2.2.3.2 Degradation reactlon mechanlsm ......................................... 40

3.3 Results and DiSCUSSION. ......coiiuiiiiiieiiiee et 41
3.3.1 X-ray diffraction (XRD)........coviiiiiiiieiie e 41
3.3.2 Fourier transformed infrared (FTIR) spectroscopy..........ccccceeennee 43
3.3.3 Thermogravimetric analysis (TGA)......cccooeiiiiiieeiirieee e 45
3.3.3.1 Flynn-Wall-Ozawa (FWO).......cccoiiiiiiiiiiiiiiii e 48
3.3.3.2 Degradation reaction mechanism..............cccocoiiiieneieennnn. 51

R O @0 Tod V1= o 1SR 53

3.5 REfEIrENCES. ... e 54

viii



Paper 2:Thermal behavior and the compensation effect

of vegetal fibers.............oooi i 59
4.1 INrOAUCTION. ..o 60
4.2 EXperimental..... ... 61

4.2.1 MaterialS. ..o 61
4.2.2 Characterization.......... .o 61
4.2.2.1 Moisture CoNteNnt.........ccooveiiiiiiii e 61
4.2.2.2 X-ray diffraction (XBD).......couiuiii 61
4.2.2.3 Fourier transformed infrared (FTIR) spectroscopy............... 62
4.2.2.4 Thermogravimetric analysis (TGA).......cocoeiiiiiiiiiiiiiiiens 62
4.3 Results and DiSCUSSION..........ccoviiiiiiiiiiiiieiie et s 63
4.3.1 Moisture CONteNt.......ccoiii e 63
4.3.2 X-ray diffraction (XBD)..... ..o 63
4.3.3 Fourier transformed infrared (FTIR) spectroscopy................. 66
4.3.4 Thermal behavior...........cooiii i, 70
4.3.5 Arrhenius parameters and the compensation effect............... 77
4.4 CONCIUSIONS. ...ttt e e e 82
4.5 RefEreNCEeS. ... . e 83

Paper 3:Dynamic mechanical properties and correlation with
dynamic fragility of sisal reinforced composites..............ccc.....ooen.nnennll .87

LT I 1 {0 Yo [V 1o 1o o TR 88
5.2 EXperimental.........o. e 91
5.3 Results and DiSCUSSION.....cueee e 92
oY 07T () [V o] 1= TR 99
SN R U1 =] [o1= - TR 100
Integraca@o dos artigos............oouiiiiiiiii e 102
CONCIUSOOES. . ..ot e e e 105

X



Lista de figuras

Figura 2.1 Representacdo da obtengéo das variaveis para o calculo IPDT........... 9
Figura 2.2 Esquematizacao da determinacdo do kinetic triplet utilizando métodos
o3 1= 11T =P ERRRR 16

Figura 2.3 Esquematizagdo mostrando todas as possiveis reacbées em uma
copolimerizagdo estireno-poliéster insaturado: |, reticulagdo intermolecular, E-(S)n-
E’(a) e E-E’(b); Il, ciclizag&o intramolecular, E--(S)n-E (c) e E-E (d); lll, crescimento
ramificado. E-(S)n (e); e IV, homopolimerizagdo do estireno, S-S (f).....cccccceevveerrnnn. 19
Figura 2.4 Formagé&o de particulas de microgel através do crescimento de radicais
livres: (a) crescimento dos radicais livres; (b) formacdo das particulas de
g ]TeTgoTe = PSPPSR PP 20

Figura 2.5 Estruturas da resina de poliéster baseadas na formagéo de microgel: (a)
estrutura tipo coral com formato de haltere e conexdo interparticula; (b) estrutura
floco e poro; e (c) estrutura tipo flOCO........uuiiiiiiee e 21
Figura 2.6 Variacdo das propriedades fisicas vs temperatura, usados para
determinar a transicao vitrea: (a) volume (V) ou entalpia (H); (b) coeficiente de
expansao (a) ou capacidade calorifica (cp); (c) modulo de armazenamento (E’); (d)
moédulo de perda (E”) e fator de amortecimento (tan &); (e) parte real da
permissividade do complexo dielétrico (¢); (f) parte imaginaria da permissividade

(ololaaT o] 1=y re= W [T =] (g or- W €0 PR 30
Figura 3.1 XRD diffractograms for the natural fibres studied................cccoiieeeee. 42
Figura 3.2 FTIR spectra for the fibers studied............cccccoriiiiiiis 44
Figura 3.3 FWO plots in the 0.2-0.8 conversion range for all fibers
STUAIEA. .. ———— 46
Figura 3.4 TGA curves for the fibers studied...........cccccoiii e, 49
Figura 3.5 Theoretical (a) and experimental (b,c) curves of the solid state
degradation mechanism for the studied fibers.........cccoveiiiiiiiiii s 52
Figura 4.1 X-ray diffractograms of the studied vegetal fibers...........ccccceeeviiiiieeenn. 64
Figura 4.2 a) Simulated cellulose | powder pattern for crystallites with 0.1°, b) 1.5°
and ¢) 3° peak width at half maximum iNtensity............ccccuvvvereeeeeeeieiieeeeeeeeeenns 65
Figura 4.3 FTIR spectra in the 4000-400 cmM™ region........c.ccovveceecreeeeeeeeeeeeeeans 68
Figura 4.4 Absorption bands referents to hemicellulose (a) and

Cl eStMALION (1) eeeeiieiee et 69
Figura 4.5 Thermal behavior of the vegetal fiber studied..............ccccceriiiiiniiens 70
Figura 4.6 Deconvoluted curve for kenaf fiber..........ccoooiiii i 72
Figura 4.7 Conversion in temperature.time function for the vegetal fiber
5] (1[0 [ =T o 74
Figura 4.8 Thermogravimetric, DTG and DTG curves for jute fiber...................... 76
Figura 4.9 Plot of E vs In A for the natural fibers (lozenge) studied and from the data
obtained in the literature (CIrCle)....... .o 79
Figura 4.10 Kinetic methods applied to the fibers. a) Friedman metho; b) Flynn-wall-
Ozawa;c) Kissinger method; d) Criado reduced method.........cccccceeeeeeiiiiiniinnnne. 81

X



Figura 5.1 Adapted Angell plot representing the fragile and strong behavior of some

SUDSTANCES. ... e D0
Figura 5.2 Storage modulus curves for the neat resin and the sisal composites with
different fiber CONtENt...... ... e 92

Figura 5.3 Tan delta (tan &) curves for the neat resin and the studied
[oTo]00] oo <71 (=1 T PP PP PRRRPPPR 95
Figura 5.4 Peak height vs fiber volume fraction curve for the studied
MALEIIAIS. ... e DO
Figura 5.5 Schematic representation used for determining different glass transition
temperatures for the studied materials (at 1 Hz).......ccccooeiiiiiii e, 97

Figura 5.6 Normalized dynamic mechanical spectra of the neat resin and the
composites (at 1 Hz): a) Storage modulus; b) loss modulus and c) tan &. (E'max,
E"max and tan dmax are the storage modulus at the glassy state, the maximum loss
modulus and the maximum tan d, respectively)).......coouiiiii e, 98

X1



Lista de tabelas

Tabela 2.1 Diferentes métodos cinéticos para avaliacdo da energia de

21772 Lo = Lo TP 13
Tabela 2.2 Métodos derivativos e integrais dos mecanismos de degradacao do
L2 =T (o T =Yoo [ TSSO 15
Tabela 2.3 Diferencas qualitativas e quantitativas entre os estados vitreo e
(=] P T (o] 0 0= o F PRSPPSO 29
Tabela 2.4 Tipos de modelos fisicos e seus dominios cientificos...........cccoeeeccinennneee. 31
Tabela 3.1 Chemical composition and mechanical and physical properties of the
fibers used in this study... s .36
Tabela 3.2 Determined Iateral order (LOI) and total crystallinity (TCI) mfrared
CryStallinity INAEXES. .. ..eeeiii e 44
Tabela 3.3 Apparent activaction energy (Eaiso) and the frequency factor (A) for the
11101 g (0T 1= 1P PPRPPRPRPR 50
Tabela 4.1 Parameters obtained from the XRD analysis for the studied natural
fiber.. .. ..66
Tabela 42 Apparent acharacterlstlcs of FTIR spectra related to ceIIquse
hemicellulose and lignin COMPONENTS.........ouiuieiiii e 67
Tabela 4.3 Hemicellulose/cellulose peak areas and heights for the studied natural
1110 7= S OO O RRUUPPUPRPRN 73
Tabela 4.4 Degradation temperatures obtained for the studied vegetal
L1 o7= PRIt 75
Tabela 4.5 Degradation temperatures calculated from the first and second derivatives
found for the studied material fiDers..........ueveeeeeeii 77
Tabela 4.6 Frequency factors for the natural fiber studied..........cccccoeeeiienrenn. 78
Tabela 4.7 Activation energy values for the studied natural fiber..........c.ccc............ 78
Tabela 5.1 Effectiveness coefficient reinforcement for the composites
5] (0 o [ PP 93
Tabela 5.2 Parameters obtained using three different glass transition temperatures for
the compPOoSItES STUIEM. ....c.coiiiieee s 97

Xii



1. Introducéao 1

Capitulo 1

Introducao

1.1 Introducao

Fibras lignoceluldsicas como curaud, rami e juta possuem o potencial de substituir,
pelo menos parcialmente, a fibra de vidro como reforco em materiais compdsitos. Isto ocorre
devido a algumas de suas propriedades, como baixa densidade, baixo custo e também por ser
considerada ambientalmente amigdvel. O amplo uso das fibras vegetais em materiais
compositos demanda um grande entendimento do processo de degradagdo destas fibras [1, 2].
A taxa de decomposicdo é normalmente considerada dependente somente da temperatura por
uma dada conversao, e nenhum modelo de reacdo é adotado nos estigios iniciais da andlise,
porque a cinética é complexa e multiplos passos ocorrem simultaneamente, levando a
inconsisténcias nos resultados.

Como mencionado por Yao [3], o estudo da decomposi¢do térmica de fibras vegetais
foi primeiramente motivada por aplicacdes como controle de propagagdo de fogo florestal.
Devido a complexidade das reagdes de decomposicao térmica envolvidas, extensas pesquisas
vém sendo feitas para determinar o comportamento dos principais componentes destas fibras.
Neste caso, um entendimento mais completo de sua estrutura quimica utilizando técnicas
complementares ajudariam esta caracterizacdo. Entre estas andlises, a difracdo de raio-X
(XRD) permite a comparagdo, por exemplo, da cristalinidade, que pode estar relacionada ao
comportamento térmico das fibras [4]. Outra técnica é a espectroscopia na regido do
infravermelho com transformada de Fourier (FTIR), que permite identificar as bandas de
absorcao tipicas dos principais componentes das fibras vegetais, como celulose, hemicelulose

e lignina [5].
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Em geral, uma visdo completa da cinética de decomposicao térmica pode ser obtida
com as médias dos valores de energia de ativagdo dos métodos de Friedman, Kissinger e
Flynn-Wall-Ozawa, a fun¢do cinética de Criado/Coats-Redfern e o fator pré-exponencial (A).
O método de Criado permite comparar os dados experimentais a curvas mestras tedricas,
enquanto o método de Coats-Redfern produz um ajuste linear para um dado modelo cinético
(mesmo que este método fornega somente uma descricdo discreta dos resultados) [6].

Nos ultimos anos, compdsitos reforcados com fibra vegetal t€ém recebido maior
aten¢do devido a algumas caracteristicas do refor¢o como baixo custo e renovabilidade. No
entanto, baixa molhabilidade e propriedades mecanicas, comparadas com fibras sintéticas
limitam sua aplicacdo [7]. O tipo de fibra e sua distribuicio demonstram influéncia
significativa nas propriedades mecanicas e dindmico-mecénicas dos compdsitos [8].

As propriedades dindmico-mecanicas de determinado material podem ser
correlacionadas em termos de fragilidade dinamica, i.e. movimentagdo molecular a partir de
uma temperatura de referéncia (normalmente a temperatura de transi¢do vitrea). No entanto,
diferentes interpretacdes podem ser dadas com relacdo a polimeros e materiais compdsitos
poliméricos. A fragilidade dindmica dos polimeros pode ser visualizada a partir de algumas
caracteristicas tipicas dos espectros dindmico-mecénicos e ser classificada como forte e fragil
[9]. Por exemplo, polimeros fortes dinamicamente exibem uma diminui¢io suave na regido de

transicdo vitrea e uma drea de relaxacdo mais larga em comparacdo aos mais frageis [10].

1.2 Objetivos do trabalho

O presente trabalho tem como objetivo correlacionar o comportamento térmico de
algumas das fibras mais utilizadas em materiais compositos com os pardmetros de Arrhenius.
Ainda, correlacionar o teor dos principais componentes lignocelulésicos com o
comportamento térmico das fibras e os mecanismos de cinética de decomposi¢do. Por fim,
verificar o comportamento dindmico-mecanico de umas das fibras estudadas em um

composito polimérico.

1.3 Estrutura do trabalho

O presente trabalho estd estruturado em 7 capitulos, conforme segue:



1. Introducéao 3

No capitulo 2 sera apresentada uma revisdo bibliografica. Serd abordada a cinética de

decomposic¢io de fibras vegetais.

No capitulo 3 € apresentado o primeiro artigo gerado por este trabalho: “Correlation of
the thermal stability and the decomposition kinetics of six different vegetal fibers”. Neste, foi
analisado o comportamento de degradagdo térmica de seis fibras vegetais utilizando diferentes
modelos cinéticos para determinacdo da energia aparente de ativacdo e o fator de frequéncia
das fibras. Ainda, os mecanismos de degradacdo do estado sdlido foram determinados
utilizando o modelo de Criado. Os resultados foram corroborados utilizando as técnicas de

difracdo de raios-X e espectroscopia na regiao do infravermelho.

No capitulo 4 ¢é apresentado o segundo artigo, com o titulo: “Thermal behavior and the
compensation effect of vegetal fibers”. Neste, foi analisada a degradacdo térmica de trés
diferentes fibras identificando os teores de celulose e hemicelulose usando modelos
independentes de primeira ordem. Ainda, foi demonstrado um efeito de compensacio, onde
maiores valores de energia de ativagdo levaram a maiores valores do fator pré-exponencial da
equacdo de Arrhenius. Por fim, o mecanismo de degradagdo no estado s6lido foi estudado, em
combinagdo com andlise do teor de umidade, difracdo de raios-X e espectroscopia na regidao

do infravermelho.

No capitulo 5 é apresentado o terceiro artigo, com o titulo: “Dynamic mechanical
properties and correlation with dynamic fragility of sisal reinforced composites”. Neste, 0o
efeito do teor de reforco em compdsitos poliéster/sisal foi avaliado com relagdo ao conceito
de fragilidade dinimica. Propriedades dindmico-mecénicas foram associadas com a
movimentacdo molecular e através das curvas elaboradas, desenvolveu-se uma alternativa

para facilitar o estudo do comportamento do material.
No capitulo 6 ¢ apresentada a integracdo dos artigos do trabalho.

No capitulo 7 sdo apresentadas as conclusdes gerais do trabalho.
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Capitulo 2

Revisao Bibliografica

2.1 Materiais compositos

Embora ndo exista uma defini¢do tnica de compdsitos, pode-se dizer que a principal
caracteristica dos compdsitos € combinar as propriedades de dois ou mais materiais, da
mesma classe ou ndo. Por exemplo: pode-se combinar a facilidade de conformagio de um
termopléstico com a dureza e resisténcia do vidro na forma de fibras, obtendo um material
mais resistente do que o polimero, menos fragil do que o vidro e com aplicacdes onde nenhum
dos dois seria adequado [11]. Conceitos relacionados a essa classe de materiais incluem o de
matriz e o de refor¢o [12]. A matriz € a fase continua e envolve a(s) outra(s) fase(s), chamada
frequentemente de fase(s) dispersa(s). Estas fases sdo combinadas quimica ou fisicamente
quando sujeitas a condi¢des especificas de tempo, temperatura, pressdao ou reagdo quimica, de
tal modo que propriedades particulares sdo desenvolvidas [13]. As propriedades mecénicas de
um composito dependem de diversos fatores, entre eles: propriedades dos materiais
constituintes (fibra e matriz), concentracdo e orientacdo das fibras, distribuicdo de fragdo
volumétrica das fases (razdo entre o volume ocupado por uma fase e o volume total do

composito) e geometria (forma e tamanho) [14-18], além da ades@o entre os componentes.

Algumas das combinagdes acima citadas ou somente uma delas podem ser utilizadas
em um compdsito. E importante notar que quando se faz referéncia a compésitos refor¢ados
com fibras, estas carregam grande parte da tensdo aplicada e sua resisténcia € maior ao longo
do eixo da fibra [19]. Portanto € importante saber qual propriedade se deseja para adquirir o

composito esperado.
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2.1.1 Materiais compdsitos poliméricos

Para a melhoria das propriedades finais de um material compdsito, existe a
necessidade de incorporar uma fibra resistente, com adesdo adequada entre a matriz e fibra
[20-22]. Baixo angulo de contato entre matriz e fibra, auséncia de trincas e poros na
superficie, coeficientes de expansdo térmica similares, superficie limpa e livre de sujidades e
energia superficial dos componentes sdo alguns fatores que podem levar a uma boa interagao

polimero-matriz [11, 23-25].

O comportamento mecanico do material ird refletir a interacdo entre as vérias fases.
Por exemplo, se ndo ha ligacdo entre os componentes, seja quimica ou fisica (travamento
mecanico), a resposta do material, para pequenas deformagdes, serd como se a matriz
incorporasse descontinuidades em tamanhos idénticos as dimensdes do reforco. Se houver
adesdo entre as fases, o refor¢o ird compartilhar a tensdo e, assim se comportar como um
agente de refor¢o [20]. Por outro lado, se a interface € muito rigida por causa da forte

interagdo, existe a possibilidade de deterioracdo de propriedades que requerem alguma

flexibilidade da interface, a fim de dissipar o excesso de energia, como a tenacidade a fratura.

Os compésitos poliméricos em aplicagdes de maior responsabilidade estrutural sdo
obtidos utilizando reforgos sintéticos [26-28]. Porém, como resultado da crescente demanda
por materiais ecologicamente corretos e o desejo de reduzir o custo de compdsitos reforgados
com fibras tradicionais (e.g. carbono, vidro e aramida), novos compdsitos vém sendo
desenvolvidos [12]. Nestes, derivados de recursos naturais e sustentdveis, especialmente
celuldsicos, estdo crescendo em importancia devido as suas vantagens [22]. Os diferentes
tipos de compdsitos apresentam caracteristicas bem diversas entre si, € 0S seus usos, em
diferentes aplicagdes, dependem de fatores, tais como desempenho estrutural, custo e

disponibilidade de matérias-primas, meios de fabricagdo, entre outros.

O uso das fibras como reforco em matrizes poliméricas € de grande valia. A fungéo da
matriz é de manter as fibras proximas, protegendo-as das intempéries e de danos no manuseio
além de transferir a tensdo as fibras. Embora as matrizes possuam propriedades mecanicas
modestas em comparagdo as fibras, a matriz influencia em muito as propriedades dos
compositos. Estas propriedades incluem médulo e resisténcia transversal, em cisalhamento,
em compressao, além da resisténcia ao cisalhamento interlaminar, o coeficiente de expansao

térmica, a resisténcia térmica e a resisténcia a fadiga [29].
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Alguns fatores influenciam a interface fibra-matriz. Ela determina o quio bem a matriz

ird transferir a tensdo ao reforco. Ligacdo quimica e mecédnica ou uma combinacdo destas,

podem formar a interface. Entre estes fenomenos, pode-se citar:

A ligacdo quimica formada entre a superficie da fibra e a matriz. Algumas fibras se
ligam naturalmente a matriz. Agentes de acoplamento sdo normalmente incorporados

para formar a ligacdo quimica adequada.

A rugosidade natural da superficie da fibra, que ocasiona um interlocking pode formar

uma ligacdo mecéanica entre a fibra e a matriz.

Se o coeficiente de expansdo térmica da matriz for maior que o da fibra, ou a
temperatura de fabricacdo for maior que a temperatura de operacdo, a matriz ird

contrair mais do que a fibra. Com isso, a matriz ird se comprimir ao redor da fibra.

Ligagdo de natureza reacional ocorre quando d4tomos ou moléculas da fibra e da matriz
se difundem entre si na interface. A interdifusdo normalmente cria uma camada
interfacial distinta, chamada de interfase, com propriedades diferenciadas da fibra ou
da matriz. Embora essa fina camada interfacial ajude a formar uma ligacdo, também
forma microfissuras na fibra, que podem reduzir sua resisténcia e, portanto do

composito.

Interfaces fracas ou danificadas podem causar falhas em compdsitos e reduzir as

propriedades influenciadas pela matriz. Elas também permitem que danos ambientais, tais

como gases quentes e umidade, ataquem as fibras [30].
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2.2 Fibras vegetais

O uso de fibras naturais em compdsitos de matriz polimérica vem crescendo
ultimamente devido principalmente ao apelo ambiental. Agricultores produzem cerca de 20
milhdes de toneladas ao ano [31] de fibras vegetais em especial nos paises desenvolvidos

[12].

A inclusdo de fibras de origem natural em um material compdsito ocasiona um ganho
ambiental considerdvel, uma vez que a fonte da qual advém este tipo de material é renovavel,

além de muitas vezes serem até mesmo descartadas, por serem de baixo valor agregado [32].

No século 20, o extraordindrio crescimento da aplicacdo de polimeros sintéticos em
aplicacdes téxteis devido a vantagens como estabilidade dimensional, limitou o uso de fibras
vegetais [33]. Porém, a grande disponibilidade mundial de fibras vegetais e o seu baixo custo
levaram a pesquisas para aplicacdes alternativas destas fibras além do tradicional uso na

industria téxtil, producdo de papel e combustivel [34, 35].

As fibras vegetais sdo classificadas como materiais lignoceluldsicos sendo
constituidos principalmente de celulose, hemicelulose e lignina. Hoje em dia, as fibras
vegetais sdo muito utilizadas para reforcar compoésitos de matriz polimérica [36-40]. Juta e

fibra de coco sdo dois exemplos dentre as fibras mais usadas [33, 34].

Fibras vegetais exibem muitas vantagens, como baixa densidade e boas propriedades
especificas. Estas fibras também oferecem vantagens significativas em relacdo ao custo e a
facilidade de processamento, além de ser um recurso renovavel, fazendo com que haja
reducdo no consumo de petréleo [38]. Recentes avangos em relacdo ao uso de diferentes
fibras vegetais em compoésitos vém sendo reportadas por diversos autores, permitindo sua

aplicagcdo nos mais diversos setores da industria [41-43].
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2.3 Estabilidade térmica

A temperatura de decomposi¢@o é um dos pardmetros mais comumente utilizados para
uma avaliagdo da estabilidade térmica de diferentes materiais e também indica a

decomposicdo de polimeros a varias temperaturas [44-46].

A degradacdo térmica de materiais lignoceluldsicos ndo é bem modelada por simples
leis cinéticas, vélidas em toda a gama de conversdao, embora pardmetros cinéticos
correspondendo a reacdes globais de primeira ordem sejam ocasionalmente publicados.
Portanto, a quantidade relativa dos componentes pode ser determinada e € possivel estabelecer

a composi¢do dos materiais sob pirdlise [25].

O método de decomposicdo integral de temperatura (IPDT) proposto por Doyle [12]
pode ser utilizado para correlacionar as partes voléteis de materiais poliméricos e utilizado
para estimar a estabilidade térmica inerente de materiais poliméricos. O cdlculo IPDT

modificado por Chiang [8] € calculado por:

IPDT(°C)=A"K " (T; —T)+T, (D
S, +S, + S, (2)

o SitS)
5 3)

onde: A" ¢ a razdo da drea da curva experimental total definida no termograma de TGA, T;¢é a
temperatura do inicio de degradacdo, T¢é a temperatura final de degradacio.

A Figura 2.1 mostra uma representagdo esquematica da obtengdo das varidveis para o

calculo IPDT.
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Figura 2.1: Representac@o da obtencdo das varidveis para o cdlculo IPDT [Adaptado da

referéncia 12].

2.3.1 Cinética de degradacao

O modelamento matemadtico pode ser aplicado para projeto e otimizagdo, porém a
validade das predicoes é altamente dependente de uma descricdo adequada dos processos
fisicos e quimicos, validacdo do modelo e correcio dos dados inseridos [47]. Numerosos
estudos que lidam com modelamento cinético das reacdes de pirdlise primaria utilizam
reacOes globais simples de um estigio, porém eles representam uma aproximacio muito
imediata. As aproximagcdes mais recentes aplicam dois tipos de modelos. No primeiro, reacdes
competitivas separadas sdo assumidas para descrever a distribui¢io do produto, com formagio
do produto ligado ou ndo. Nestes esquemas, a heterogeneidade quimica ndo é considerada. No
segundo modelo, a decomposi¢do do materials lignoceluldsicos é a soma da decomposi¢do de

seus componentes [48].

A cinética pode ser estabelecida em uma faixa ampla de temperatura de uma maneira

continua, sendo possivel obter muitas informagdes com uma amostra simples, eliminando o
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erro amostra-amostra. De acordo com a literatura, um material sob pirdlise apresenta trés
distintos picos devolatizados principais: celulose, hemicelulose e lignina [49], apesar de
alguns autores dividirem em quatro grupos. Neste caso, incluindo um primeiro pico atribuido

a umidade [50].

No entanto, modelos de reacdo independente de primeira ordem sdo a melhor opcao
pelo compromisso de simplificacdo (aproximacdo de reag¢do simples de primeira ordem) e
complexidade desnecessaria (modelo com pardmetros cinéticos distribuidos) [50]. Muitas
reacoes de decomposicao heterogéneas de materiais sélidos sdo descritas pelo modelo cinético

pseudo-homogéneo utilizando conversdes ao invés de concentracdes [48].

O grau de conversio a foi calculado utilizando a seguinte equagéo:

o=—"— 4

onde: m; € a massa atual no tempo t (ou temperatura T); m, € a massa inicial e m, € a massa
final no experimento. Consequentemente, a taxa de degradacdo do/dt depende da temperatura

e massa da amostra, como dado na Equacio (5):

42 _ ) f(@) )
dt

onde: k(T) € a constante da taxa de degradacgéo e f (o) € uma funcdo da conversdo. Esta € uma

equacdo fundamental utilizada em todos os estudos cinéticos [3].
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Se k(T)=A exp (-E, /RT) e fla) =(1-a)" onde A representa o fator pré-exponencial, E, €
a energia de ativacdo, R a constante dos gases (8.314 J.Kmol™), T a temperatura absoluta e n a

ordem da reacio.

A combinacdo das Equagdes (4) e (5) fornece a seguinte relagéo:

da
E =Aexp(-E,/RT)f(x) (6)

Para um processo dindmico de TGA, introduzindo a taxa de aquecimento £ = dT/dt, na

Equacdo (6) obtém-se:

‘ji—f = (Al B)exp(—E/RT) f () (7)

As Equacdes (6) e (7) sdo expressdes fundamentais de métodos analiticos para calcular
0s parametros cinéticos com base nos dados de TGA. O método integral isoconversional
Flynn-Wall-Ozawa (FWO) é o método integral que gera a —E, /R da inclinagdo da linha

determinada pelo ajuste de log § versus 1/T em qualquer taxa de conversdo (Equacgdo (8)).
log f=1og(AE,/ Rg(x))—2.315-0.4567E/ RT (8)

Onde g(a) € o modelo integral da reacdo. No método de Kissinger, assume-se que na
temperatura de méxima deflexdo na anélise térmica diferencial ocorre 0 miximo da reagdo. O

maximo ocorre quando a derivada da Equacao (9) é zero [8].
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da | Aexp(—=E/RT) AT

(1-a" B

€)

No método de Kissinger sdo consideradas as temperaturas méaximas da primeira
derivada das curvas de perda de massa. Portanto, a Equacdo (10) é diferenciada em relacdo a
temperatura e a expressdo resultante tende a zero. Com alguns arranjos e utilizando f=taxa de

aquecimento, a seguinte expressio € derivada:

dln(BITH] _~E,
d(/T?) R (10)

Portanto, a energia de ativagdo pode ser determinada do ajuste de In (5/7, w2) versus

UT,>. [8].

O método de Friedman é um método isoconversional, no qual obtém-se os valores de
(-E4/R) para um dado valor de a por ajustar o termo In(do/dT) versus 1/7. O método Coats-
Redfern modificado consiste na aplicacdo de taxa de multi aquecimento da equacdo de Coats-
Redfern. Ajustando o lado esquerdo para cada taxa de aquecimento versus 1/7, obtém-se uma
familia de linhas retas da inclinacdo de (-E/RT). A solugdo final é feita de maneira iterativa
por assumir um valor de energia de ativacdo e entdo recalculando o lado esquerdo até que a
convergéncia ocorra. Aqui, uma solu¢do rdpida, no entanto é também disponivel por deslocar
(1-2RT/E,) na intercepcdo e assumindo que é uma constante [3]. No entanto, este método
apresenta muitas inconsisténcias e os resultados somente sdo confidveis se os valores de

energia de ativagfo sdo conhecidos [6].

A Tabela 2.1 mostra os métodos cinéticos utilizados para avaliar a energia de ativacio

neste estudo.
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Tabela 2.1: Diferentes métodos cinéticos para avaliacdo da energia de ativagao.

Método Expressdo Ajustes
Kissinger In (B/Tw2) = In[AR/ E,] + (1/T,) (E, /R) In (B/T,>) versus 1/Ty,
Flynn‘(‘F’*’;}g?mwa log 8 =1og(AE, / Rg())—2.315—0.4567E, | RT log B versus 1/T
Friedman In (do/dt) = In[A f(a)] - E, /RT In (do/dt) versus 1/T

Coats-Redfern
(modificado)

In[B/(T*(1-2RT/E,))]=In(~AR/E, In(l—-@))]-E,/RT  In (B/T? versus /T

2.3.2 Mecanismo de reacao de degradacao

Mecanismos detalhados de reacdo, consistindo de vdrias etapas para cada um ou
alguns dos principais componentes e parametros cinéticos especificos para cada fibra, podem
ser necessarios para predigdes altamente confidveis. No entanto, para aplicagdes de
engenharia, ¢ suficiente levar em conta somente as caracteristicas bdsicas do processo de
degradagdo com um mecanismo simplificado baseado no mesmo conjunto de pardmetros

cinéticos [47].

O mecanismo de reacdo de degradagdo utilizado foi o método de Criado [56], o qual
pode determinar o mecanismo de reacdo em um processo no estado sélido definido por uma

funcdo do tipo Z(a):

(da/dT) _

Z(a)= T (11)

onde f é a taxa de aquecimento e x =E,/RT e n(x) é uma aproximacdo da integral de
temperatura que ndo pode ser expressa de uma maneira analitica simples. Paterson [57]

propds uma relacdo entre 7(x) e P(x)(equagao rotacional) como mostra a Equacdo (12):
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7T(x) = xe* P(x) (12)

Senum e Yang [58] propuseram uma expressdo rotacional de quarto grau de P(x):

_exp(—x) x° +18x +86x +96

: (13)
x x* +20x% +120x% +240x +120

onde para x > 20, o erro da equagdo acima ¢ menor do que 10 %. Combinando as Equacoes

(11), (12) e (13), obtém-se [59]:
Z(o) = f(a)g(a) (14)

Das Equacdes (13) e (14), a seguinte relacdo pode ser derivada:

da E
Z()=———¢eRTP (15)
() dTRe @9

onde E, é a energia de ativacdo e P(x) é a expressdo rotacional de quarto grau conforme

mostrado na equagdo 13 [59].

Comparando as curvas obtidas através da Equagéo (15) com as curvas tedricas, o tipo

de mecanismo envolvido na degradacio térmica pode ser identificado.

A Tabela 2.2 mostra as expressdes algébricas para f (@) e g (o) para a maioria dos

mecanismos utilizados no processo do estado sélido.
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Tabela 2.2: Métodos derivativos e integrais dos mecanismos de degradagdo do estado

sélido.
Mecanismo — Processo do Estado Sélido fla) — modo de reag@o 8@ f_r;\ggjo de
A2 — Nucleagio e crescimento 2(1-a)[-In(1- oc)]”2 [-In (1—01)]”2
A3 - Nucleacio e crescimento 3(1-a)[-In(1- a)]2/3 [-In (1-0L)]”3
A4 - Nucleacido e crescimento 4(1-0)[-In(1-a))* [-In (1-o)]"*
R1 — Reacio controlada no contorno de fase (movimento de 1 A
uma dimensao)
R2 - Reagdo controlada no contorno de fase (drea contraida) 2(1-a)'”? [1-In (1-0))]'
R3 - Reagdo controlada no contorno de fase (volume e 13
contraido) 3(1-0) [1-In (1-0)]
D1 - Difusdo em uma dimenséo 12)ya o’
D2 — Difusdo em duas dimensdes (equacdo de Valensi) [-ln (1- a)]" (I-o) In(1-a) +
131-1
D3 — Difusdo em trés dimensdes (equagdo de Jander ) G211 - (1);/51 ) d-a [1-(1-0)"?
D4 - Difusdo em trés dimensdes (equacdo de Ginstling- 1/34-1 3
Brounshtein) @B2)[1-(1-a)"] [1-(2/3)a] - (1- o)
F1 — Nucleagdo randdmica com um nicleo de particulas
. 1-a -In (1- o)
individual
F2 — Nucleagio randonpcal clom (.iOIS nicleos de particulas (- (x)z 1(1- o)
individuais
F3 — Nucleacao randon.nca} gom Fres nicleos de particulas 1/2) (1 - (1)3 1/(1- a)2
individuais

As curvas de Criado podem ser apresentadas como reduzidas escolhendo a=0,5 como

referéncia:
Z(@) = z(a) :[ fla).g(@) j _ (T_ajz (d%T)“ 15
z(0.5) f(0.5).2(0.5) T Tos m "
5 JE

Portanto, o propdsito primdrio da andlise cinética é obter o conhecido “kinetic triplet”.
O mesmo se constitui da energia de ativacdo (E,), fator de frequéncia (A) e fungdo cinética

(f(a)). Um esquema mais detalhado segue na Figura (2.2):
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> — massa — @=—" — —Z=f(@)K()
termogravimétrica my—m, dt

‘ k(I') = Aexp(-E/RT)

a4 =Aexp(—L/RT).f(a)
dt

—— Friedman

da E, (1
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Figura 2.2: Esquematizacdo da determinac¢do do kinetic triplet utilizando métodos

cinéticos [Adaptado da referéncia 6].
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2.4 Matrizes termorrigidas

As resinas termorrigidas sdo a classe de resinas mais utilizadas na fabricagdo de
compositos poliméricos de maior responsabilidade estrutural. O amplo uso destas resinas se
deve ao seu relativo baixo custo, facilidade de processamento, excelente molhabilidade nos
reforcos, bom balango de propriedades e uma ampla variedade de grades disponiveis.

Resinas poliésteres, vinil-€steres e epoxis sdo alguns dos exemplos desta classe de
resina [12]. Estas s@o obtidas a partir de oligdmeros de baixa massa molar e normalmente se
apresentam na forma de um liquido de média viscosidade. A reacdo de reticulacdo se da
através da adicdo de um agente de cura (e.g. iniciador ou endurecedor) ou pelo aumento da
temperatura. O processo de pds-cura é geralmente recomenddvel para que se maximize suas
propriedades mecénicas. O sistema rigido resultante é uma rede macromolecular altamente
reticulada, infusivel e insoldvel, exibindo alta resisténcia/rigidez mecanica com um minimo
de tenacidade e alta estabilidade térmica [18].

Resinas comerciais de poliéster consistem de um poliéster insaturado parcialmente
linear, um monodmero vinilico, um iniciador de radical livre e inibidores para retardar a reacao
de reticulacdo até que a resina esteja apta a ser utilizada. O poliéster linear € tipicamente um
produto da condensacdo de um &cido bifuncional insaturado (normalmente anidrido maleico
ou acido fumadrico), um glicol (e.g. etileno, propileno, dietileno, ou dipropileno glicol), e um
acido saturado, normalmente aromatico, acido bifuncional (tais como anidrido ftalico ou acido
isoftalico). Vdrias razdes molares de dois tipos de acidos bifuncionais sdo usados para regular
a insaturacdo. O mondmero mais utilizado para promover a reticulagdo € o estireno que se
polimeriza facilmente com maleatos ou fumaratos. Um exemplo de retardantes convencionais
€ hidroquinona. As resinas basicas podem ser reticuladas com iniciadores de radicais livres,
normalmente um perdxido organico. Radicais livres podem ser formadas pela composicio
quimica do iniciador na temperatura ambiente (e.g. metil etil cetona ou acetil acetona), por
decomposic¢io térmica (e.g. perbenzoato de benzoila), ou ainda pela luz ultravioleta [51].

As resinas poliésteres insaturadas (UPRs) curadas com estireno sdo amplamente
utilizadas na drea automobilistica, ou para piscinas, tanques e banheiras, entre outros [52].
Elas sdo de baixo custo em comparacdo a resinas similares e podem facilmente acomodar
aplicagdes especificas por mudar a natureza da cadeia de poliéster ou a razdo

estireno/poliéster. O produto final € obtido ap6s a cura, que ocorre em uma dada temperatura
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e tempo, geralmente seguida de uma pds-cura a uma temperatura maior e, algumas vezes, de
uma segunda pds-cura a uma temperatura ainda maior. A primeira pds-cura tem o intuito de
evitar que alguma modificacdo quimica posterior ocorra em servico, enquanto a segunda pos-
cura visa eliminar tensdes mecanicas residuais [53].

A formagdo de uma rede de reticulagéo tridimensional resulta da competi¢do de varias
reacdoes como a co-polimerizagdo da resina poliéster insaturada (duplas liga¢des) com o
mondmero de estireno e a formacdo do poliestireno pela polimerizagdo do estireno. Uma rede
tridimensional é considerada um conjunto de vértices (representando centro de 4tomos)
ligados por fortes ligacdes de curta distancia (covalente) que existem em quaisquer dos dois
vértices [54]. O método de cura proposto por Grenet [55] consiste em realizar trés etapas de
cura:a) 24ha25°C,b)6 ha80°C, ec)2ha 120 °C. Este método possibilita um alto grau de
transformagdo — apesar de cerca de 5% do estireno inicial permanecer livre na resina. Devido
a sua natureza insaturada, ndo se consegue alcangar 100% da transformacgdo, e algumas
ligacdes insaturadas permanecerdo no produto final. Ainda, dependendo das condi¢des de
processo, alguns mondmeros individuais ou outras espécies moleculares podem permanecer
apods a cura. Esta insaturacdo residual pode ser a fonte para oxidacdo e degradacdo posterior,
que pode limitar a durabilidade do produto final, por isso a taxa de transformacdo tem que ser

controlada.

2.4.1 Mecanismo de formacao de microgeéis

Em uma resina poliéster insaturada, hd trés possibilidades de reacdes: estireno-
estireno, poliéster insaturado- estireno, e poliéster insaturado- poliéster insaturado. Estas
reacdes sdo classificadas em quatro tipos: (I) reticulagdo intermolecular com ou sem ligagdo
dos mondmeros de estireno; (II) reticulacdo intramolecular com ou sem ligacdo dos
mondmeros de estireno; (III) ramificacdo da molécula de poliéster por estireno; e (IV)
homopolimerizacdo do estireno. Entre as quatro, as reagdes resultam na (I) formacdo de uma
rede macroscOpica através da conexdo de moléculas de poliéster adjacentes; reacdo (II)
aumenta a densidade de ligacdes cruzadas e reduz o tamanho do poliéster coil, mas nio
contribui para a formacdo da rede macroscopica; reacdo (III) consome as unidades de

reticulacdo e podem aumentar levemente o tamanho do coil polimérico, mas possui pouco
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efeito na formacdo da rede; e (IV) forma um segmento polimérico solivel no qual ndo
participa da rede polimérica. Embora todas as reagdes afetem a cinética de cura, somente as

duas primeiras contribuirdo para a formacao do reticulo [60].

Figura 2.3: Esquematizacdo mostrando as possiveis reacdes em uma copolimerizagdo
estireno-poliéster insaturado: I, reticulagio intermolecular, E-(S),-E’(a) e E-E’(b); I,
ciclizagdo intramolecular, E--(S),-E (c) e E-E (d); III, crescimento ramificado. E-(S), (e); e

IV, homopolimerizacao do estireno, S-S (f) [Adaptado da referéncia 60].

Durante a formagdo da copolimerizagdo do estireno-poliéster insaturado, o iniciador
decompde e cria radicais livres no sistema. Os radicais livres crescem e formam longas
cadeias poliméricas através da conex@o dos mondmeros de estireno e moléculas de poliéster
por reagdes intra- e intermoleculares. Uma visualizagdo esquemadtica do crescimento dos
radicais livres estd apresentado na Figura 2.4 (a). Estas moléculas de cadeias largas tendem a
formar uma estrutura tipo esférica, como apresentado na Figura 2.4 (b), devido a reticulagio
intramolecular entre as ligacdes pendentes C=C das moléculas de poliéster. Em outras
palavras, a formacdo das particulas de microgéis € baseada nas cadeias poliméricas primadrias

através das reticulagdes intramoleculares.
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Figura 2.4: Formacdo de particulas de microgel através do crescimento de radicais
livres: (a) crescimento dos radicais livres; (b) formagao das particulas de microgel [Adaptado

da referéncia 60].

A Figura 2.4 (b) mostra que muitas ligacdes C=C pendentes sdo perdidas no nicleo
das particulas de microgéis. Estas ligacdes perdidas podem reagir com mondmeros de estireno
que se difundem através dos radicais livres, os quais podem aumentar a reticulacdo
intraparticula. Isto tende a reduzir o tamanho dos microgéis e torni-los mais compactos.
Finalmente, a compactagdo da particula de gel previne que o mondmero de estireno difunda
no nucleo da particula, e resulta em ligagdes C=C menos reagidas permanecendo na particula

de microgel.

A reticulacdo interparticula, formando uma estrutura macroscépica em rede, pode
ocorrer através das ligacdes C=C na/perto da superficie dos microgéis com os mondmeros de
estireno servindo como extensores de cadeia. Dependendo da concentracdo de monomeros de
estireno e microgéis, a morfologia das resinas reagidas pode ser bem diferente. A Figura 2.5
ilustra as possiveis microestruturas morfoldgicas formadas pelas resinas poliésteres
insaturadas reagidas. Em concentracdes muito altas de estireno, i.e. baixa concentracdo de
microgéis, as particulas de microgéis individuais podem ser facilmente observadas e o

tamanho do microgel € grande devido ao efeito do inchamento do estireno. As particulas s@o
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externamente conectadas pelas cadeias de estireno em formato de halteres com particulas nos
finais e cadeias de estireno no meio. A constru¢do de todo o reticulo neste formato parece

uma estrutura tipo coral ou tipo arvore (Figura 2.5 (a)).

No caso de baixa concentracdo de estireno ou de alto teor de microgel, os microgéis
sdo mais empacotados. Eles tendem a enredar e sobrepor uns aos outros, e entdo as particulas
individuais ou formato halter pode ser observado. A estrutura na superficie de fratura se

assemelha a um floco (Figura 2.5 (c)).

Diferente dos dois casos citados acima, a Figura 2.5 (b) mostra uma estrutura com uma
concentragdo média de microgel. Embora os microgeis tendam a se aglomerar e formar uma
estrutura do tipo floco, alguns poros permanecem na estrutura ji que ndo hd microgéis

suficientes para encher o espaco inteiro. O tamanho dos flocos € também menor neste caso.
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Figura 2.5: Estruturas da resina de poliéster baseadas na formacao de microgel: (a) estrutura
tipo coral com formato de haltere e conexdo interparticula; (b) estrutura floco e poro; e (c)

estrutura tipo floco [Adaptado da referéncia 60].
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2.4.2 Comportamento viscoelastico da rede tridimensional

Restri¢des moleculares reduzem as configuragdes disponiveis da rede tridimensional,
e, portanto podem contribuir com a energia eldstica e sua dependéncia da deformacdo.
Estudos prévios mostram que o aumento da densidade de ligacdo cruzada estd associado com
o aumento das restricdes intermoleculares na dindmica das junc¢des, o que implica em um
aumento da largura do espectro de relaxacdo [61]. Em qualquer sistema densamente
empacotado, as movimentacdes e configuracdes disponiveis de uma cadeia polimérica sdo
governadas por restricoes dindmicas originadas das interagdes intermoleculares com as

cadeias vizinhas e os segmentos da cadeia.

2.5 Analise dinamico-mecéanica

O modulo eldstico dependente da temperatura de um material polimérico € um dos
mais importantes pardmetros em andlises estruturais e de projeto, especialmente para aquelas
baseadas em rigidez. Portanto, a variacdo do mddulo com a temperatura é um parametro
importante a ser determinado usando métodos de medida confidveis. Ensaios mecanicos sdo
frequentemente realizados em diferentes temperaturas para determinar as propriedades
temperaturas-dependentes, porém tais aproximacgdes, embora confidveis e exatas, sio muito
caras tanto em consumo de material como tempo, e frequentemente limitadas a temperaturas

selecionaveis [62].

A andlise dindmico-mecanica é uma técnica muito versdtil que possibilita um sistema
de ensaios convenientes e sensivel para uma determinacdo rdpida das propriedades termo-
mecanicas dos polimeros e compodsitos em funcdo da frequencia, temperatura ou tempo,
utilizando uma pequena quantidade de material. Medidas utilizando o DMA podem ser
conduzidas tanto aplicando um pequeno deslocamento oscilatério para medir a forga
resultante ou aplicando uma carga periddica para medir a deformacio resultante ou ainda
aplicando uma carga constante (ou deslocamento) para obter dados de fluéncia (relaxagao).

7z

Normalmente, DMA pode também permitir uma rampa de carregamento que € similar a
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oferecida por uma mdiquina de ensaios mecanicos. Propriedades como temperatura de
transi¢do vitrea (T,), coeficiente de expansdo térmica e, mais frequentemente, propriedades
viscoeldsticas podem ser obtidas. Convencionalmente, DMA mede o mddulo eldstico
(armazenamento), médulo de perda e o fator de amortecimento (razdo entre o modulo de
perda e o de armazenamento). Dependendo do carregamento, o médulo obtido pode ser de
cisalhamento, tracdo ou flexdo. Embora os valores de T, medidos por DMA sejam bastante
reprodutiveis, os valores absolutos do modulo eldstico sdo conhecidos por mostrar grandes
discrepancias entre amostras e diferentes clamps com somente pequenas mudangas nas
condicdes experimentais. Particularmente, o mddulo eldstico medido por DMA ndo ajusta
bem com o obtido pelos ensaios mecéanicos, embora a principio eles devessem ser os mesmos.
Além disso, para medidas de DMA, além dos erros sistematicos devido ao design do
instrumento, complianga e avaliagdo dos dados medidos, 0 médulo também € influenciado
pela razdo span-espessura, drive amplitude, alinhamento da amostra, clamps e tensdo de
contato. Na maioria dos casos, o modulo eldstico medido por DMA pode ser utilizado
somente para controle de qualidade, pesquisa e desenvolvimento e para estabelecer condigdes

otimas de controle [69].

De acordo com Deng [62], o médulo de armazenamento varia com os parimetros de
carregamento, diminuindo a reprodutibilidade e a repetibilidade. Também, uma vez que os
dados dos testes mecanicos a temperatura ambiente sdo normalmente confidveis ou também
podem ser facilmente obtidos experimentalmente, corre¢des podem ser feitas baseadas
somente nos dados de ensaios mecanico disponiveis. O modo flexdo em trés pontos pode ser a
melhor op¢do, pois elimina os efeitos do dispositivo. Ainda, de acordo com o autor, o ensaio
de DMA trabalha da mesma maneira que uma mdquina de ensaio, com diferencas na escala de
carregamento, faixa de deformacdo e tamanho da amostra. Portanto, pode ser considerada
uma maquina de ensaios em miniatura. No entanto, para uma méquina de ensaios universal, a
rigidez do quadro de carregamento (garras) e o dispositivo bem como as dimensdes das garras
sd0 muito maiores do que as amostras a serem medidas. Estes fatores garantem que a maquina
de ensaios universal seja muito mais rigida que o material de teste, entdo a influéncia da

complianga do equipamento no teste é negligencidvel.

A andlise dindmico-mecanica (DMA) apresenta o0 médulo como fungdo do tempo e/ou

temperatura, podendo ser medido em ambas as fungdes desde que a outra seja
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mantida constante [70]. Também, tem como um dos objetivos principais correlacionar
propriedades macroscépicas, tais como propriedades mecénicas, com as relaxacdes
moleculares associadas a mudancas conformacionais e a deformagdes microscépicas geradas
a partir de rearranjos moleculares [12].

Segundo Lee-Sullivan [65] um dos fatores mais importantes para garantir
repetibilidade no médulo de armazenamento € o alinhamento da amostra porque quando isto
ocorre, o equilibrio acontece de maneira mais rdpida, mantendo um valor constante no
modulo, evitando o deslizamento da amostra. Também menores desvios padrdes foram
obtidos com amplitude de oscilacio de 100 pm e razdes span-thickness maior que 17 se
tornam muito sensiveis a mudangas de amplitude. Se consegue maior repetibilidade no tan
delta que no modulo de armazenamento. Algumas dicas como pré-tensionar a amostra antes
de realizar o ensaio (para evitar deslizamento) e utilizar um grande span (minimizar tensio de
cisalhamento e compressdo nos pontos de carregamento). A tensdo de contato §é
negligenciavel quando a forca aplicada é préxima do limite Maximo e a compliangca do

equipamento afeta a rigidez em carregamento estaticos maiores que 4 N [66].

2.5.1 Analise dinamico-mecéanica de compdsitos termorrigidos

Embora o uso de polimeros reforcados com fibras vegetais esteja crescendo
continuamente, certos aspectos de seu comportamento ainda ndo sdo totalmente
compreendidos. Um exemplo € sua viscoelasticidade, viscoplasticidade ou comportamento
tempo-dependente devido a fluéncia ou fadiga. Em se tratando de compdsitos reforcados com

apenas um tipo de fibra existem alguns fatores que influenciam o damping do material [36]:
1. A natureza viscoelastica da matriz e da fibra;
2. O damping termoelastico;
3. A fric¢@o de Coulomb devido ao deslizamento entre regides da fibra-matriz;

4. Dissipacdo de energia ocorrendo nas delaminacdes ou fissuras.
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Existem alguns estudos na literatura focados em andlise dindmico-mecanica de
compdsitos contendo fibras naturais [67-70]. Por exemplo, de Paiva et al. [67] estudaram o
comportamento dindmico-mecanico de fibras de sisal modificadas e ndo modificadas como
reforco em compdsitos com matriz fendlica e lignoceluldsica. Os autores notaram um
aumento na adesdo interfacial fibra/matriz quando fibras mercerizadas e esterificadas foram
utilizadas em comparagdo as fibras tratadas com ar ionizado. Uma maior interagio
fibra/matriz foi verificada quando a matriz lignoceluldsica foi utilizada, deslocando a
temperatura de transicdo vitrea para maiores valores em comparagdo com a matriz fendlica
ndo-reforcada. Ha também poucos estudos focando na andlise dindmico-mecénica de
compdsitos hibridos contendo fibras naturais [8, 70-72]. Por exemplo, Idicula et al. [73]
estudaram compdsitos de resina poliéster reforcada com fibras de banana/sisal orientadas
aleatoriamente e observaram altera¢des nas propriedades dindmicas com a fracdo volumétrica

total da fibra e a fracdo volumétrica relativa entre as fibras.

2.6 Fragilidade dinamica

Perto da regido de transicdo vitrea, o tempo de relaxagdo (viscosidade) se torna muito
dependente da temperatura. Alguns materiais exibem um comportamento descrito pela
equacdo de Arrhenius, enquanto outros exibem uma diminui¢do muito mais pronunciada da
viscosidade perto da temperatura de transicdo vitrea que é representada pela equagdo de
Vogel-Fulcher-Tamman (VFT) — Equacdo (17). O entendimento desta diminuigdo
significativa do processo de relaxacdo € um dos principais desafios da fisica dos materiais

vitreos [74].

k

Onde A e B sdo constantes independentes da temperatura. A constante B, que estd

relacionada com a relaxag@o estrutural, é obtida quando o excesso de entropia por relaxagéo



2. Revisao Bibliografica 26

molecular alcanca o estado de equilibrio termodinamico [75]. Por outro lado, a constante A

estd relacionada com o tempo necessario para mover uma molécula em um espaco livre [76].

Angell prop6s uma classificacdo (inicialmente para liquidos) em uma escala definida
como forte (e.g. rigidos sistemas de redes tridimensionais) e fragil (e.g. materiais poliméricos
de cadeia linear) [77]. No primeiro, o tempo de relaxacdo possui um comportamento baseado
em Arrhenius, enquanto que os materiais frageis mostram desvios de Arrhenius com variagdes
mais abruptas do tempo de relaxagdo vs T /T. Os valores de fragilidade (m) presentes na
literatura exibem valores na faixa de 16 — 250, de materiais fortes para fracos,

respectivamente [78].

Polimeros fortes dinamicamente tendem a formar ligacdes intermoleculares fortes e
diretas, exibindo comportamento de Arrhenius com uma energia de ativacio constante em
uma faixa de temperatura experimental. Por outro lado, polimeros frigeis tendem a formar
ligacdes intermoleculares ndo-direcionais fracas exibindo um comportamento de VFT (Vogel-
Fucher-Tammann). A energia de ativacdo associada com os tempos de relaxacdo aumenta
abruptamente com o decréscimo da temperatura. Além disso, polimeros fortes relaxam em
decorréncia de uma maior cooperacdo, o que ndo ocorre com polimeros frageis. Também
pode-se dizer que a forca estd associada as propriedades dindmicas em altas temperaturas e a

fragilidade as propriedades dinamicas em baixas temperaturas.

Assim como existe uma medida direta e simples entre a termodindmica (entropia-
forca) e a dindmica (energia de ativacdo-fragilidade) através do modelo de Adam-Gibbs, ha
uma correlacdo similar entre a fragilidade e a ndo-exponencialidade da relaxacdo. Uma
observacdo importante € que, independentemente se o material é fragil ou forte
dinamicamente, o valor do tempo de relaxa¢do na T, tende a ser constante, mesmo com
variagOes da temperatura de transi¢do vitrea que depende da estrutura do material polimérico

[79].

Deste modo, as equagdes podem ser modificadas utilizando pardmetros provenientes
de outras equacdes. Por exemplo, C, da equacdo de WLF log;g a; = (-C; (T-To)/C, + T- Ty) €
uma medida da “for¢a” do material quase tdo diretamente quanto o pardmetro D da equagéo 1
=Ty eXp [D Trer / (T — Trer )]. Similarmente, polimeros contendo altos valores de C, tendem a
ser mais frageis dinamicamente. Assim, a fragilidade Angell (m) pode ser obtida de acordo

com os parametros de VFT utilizando a Equacéo (18):
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B -2 18
ﬁg 1_Tk ( )

onde m € a fragilidade dindmica, T, € a temperatura de transi¢do vitrea e Ty € a temperatura

Kauzmann.

A dependéncia da temperatura com o tempo de relaxacdo para diferentes amostras
foram calculadas e obtidas por Saiter [77]. Teoricamente, os valores de C; sdao 16 para
medidas de tempo de relaxacdo e 17 para medidas referentes a viscosidade [76]. Ainda, Rault
[80] menciona que estes valores (das constantes) sdo obtidos na frequéncia de 107 Hz para a
maioria dos polimeros amorfos. Uma interpretagido destes valores pode ser dada em termos da
fracdo de volume livre que é aproximadamente constante na T,. Entretanto, a universalidade
das constantes C; (e portanto B) e C, é somente aproximada, a defini¢do de volume livre ndo é
isenta de criticas e também ndo ha explicacdo sobre o dominio da aplicacdo destas leis. Em

polimeros, sabe-se que as relagdes acima nio se aplicam acima de T, +100 °C [81].

2.7 Materiais vitreos e a transicao vitrea

Sélidos vitreos formam uma importante classe de material do estado sélido, sendo um
destes membros, a silica, indispensédvel para a tecnologia de comunicacio dos dias presentes
enquanto outros, conhecidos como “pldsticos”, dominam a cena dos materiais de engenharia.
Apesar da importancia dos sé6lidos vitreos, a descricdo de como a rigidez é adquirida por uma
montagem aleatéria de moléculas durante o resfriamento é incompleta. Como resultado, a
transicdo vitrea € largamente difundida como um dos problemas nédo-resolvidos da fisica da

matéria condensada [82,83].

Um vidro (glass) pode ser caracterizado como um sélido monolitico ndo-cristalino,
embora frequentemente algumas qualificagdes adicionais restritivas, como a habilidade de

exibir a transicdo vitrea, sdo apresentadas [82, 83].
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Glass & popularmente pensado como um produto sélido de um resfriamento de um
liquido ndo-cristalizante. Porém ainda ndo se sabe com clareza. Para muitos fisicos nem
mesmo o estado liquido poderia estar envolvido. O termo transi¢do vitrea tem se tornado
generalizado para cobrir qualquer sistema que passa de um estado de equilibrio interno para
um no qual as movimentagdes de particulas sdo tdo lentas que um estado independente do
tempo ndo pode mais ser alcangado. Consequentemente, o fendmeno de interesse geral é a
“quebra de ergodicidade” (i.e. quebra do equilibrio), e o desafio € encontrar as ferramentas

comuns entre os muitos exemplos deste fendmeno [82, 83].

Do ponto de vista pritico, a transi¢do vitrea € uma propriedade chave que corresponde
a uma faixa de temperatura acima da qual hd um “amolecimento” catastr6fico do material.
Para polimeros amorfos em geral, e, portanto termorrigidos, podemos considerar que a
temperatura de transi¢do vitrea, T,, estd relacionada com a temperatura de deflexdo térmica
convencional (HDT) (normalmente, HDT é 10-15 °C abaixo da T, dependendo da tensdo

aplicada e do critério selecionado para definir a T,) [82, 83].

A transicdo vitrea é normalmente caracterizada como uma transi¢do termodinamica de
segunda ordem. Ela corresponde a uma descontinuidade na primeira derivada de uma fungédo
termodindmica como entalpia (dH/dT) ou volume (dV/dT) (uma transi¢ao termodindmica de
primeira ordem, como fusdo, envolve descontinuidade de uma fun¢ao termodindmica (como
H ou V). No entanto, T, ndo pode ser considerada como uma transi¢do termodindmica
verdadeira, pois o estado vitreo estd fora de equilibrio, mas pode ser considerada a superficie
de contorno em um espago tridimensional definido por temperatura, tempo e tensoes,

separando os dominios vitreo e elastomérico (ou liquido) [82, 83].

Algumas importantes diferencas qualitativas e quantitativas entre os estados vitreo e

elastomérico estio listadas na Tabela 2.3.
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Tabela 2.3: Diferencas qualitativas e quantitativas entre os estados vitreo e

elastomérico [Adaptado da referéncia 84].

Propriedade Vitreo Elastomérico
Equilibrio termodinadmico Nao Sim
Mobilidade molecular Local Cooperativo
Influéncia da densidade de
ligacdes cruzadas nas Baixo Alto
propriedades
Efeito da temperatura nas Arrhenius WLE
propriedades
Energia de atlr\I/la;%?l()) aparente (kJ. <150 > 500
Coeficiente de expansio (K™ 1.5%x 10" -3.5% 10™ 4%x10*-8x10"
Capacidade calorifica (kJ kg’ K™) 1-1.6 1.6-2.2
Médulo de Young (GPa) 1-5 107 -10"
Coeficiente de Poisson 0.30-0.46 0.49-0.50

A maioria das propriedades fisicas do polimero (capacidade calorifica, coeficiente de
expansdo térmica, médulo de armazenamento, permeabilidade a gis, indice de refragdo, etc.)
promove uma variagdo do perfil de descontinuidade da transicdo vitrea. Os métodos mais
comuns para determinar T, sdo calorimetria exploratéria diferencial (DSC), andlise
termodindmica (TMA) e andlise dindmico-mecénica. Mas outras técnicas também podem ser
empregadas, tais como medidas de permissividade dielétrica complexa em fungdo da
temperatura. O formato da variagdo das propriedades correspondentes estd apresentado na

Figura 2.6 abaixo:



2. Revisao Bibliografica 30

(@) VouH (b) aouC, E (c)

0 e_

((1) E” e) g e (f)

tan o

Figura 2.6: Variacdo das propriedades fisicas vs temperatura, usados para determinar

a transi¢éo vitrea: (a) volume (V) ou entalpia (H); (b) coeficiente de expansao térmica (o) ou
capacidade calorifica (C,); (¢) médulo de armazenamento (E’); (d) médulo de perda (E”) e
fator de amortecimento (tan 6); (e) parte real da permissividade complexa dielétrica (g’); (f)

parte imagindria da permissividade complexa dielétrica (¢”) [Adaptado da referéncia 84].

A partir da Figura 2.6, pode-se concluir que a vitrificagdo (quando resfriado) ou
devitrificacdo (quando aquecido) atua em uma faixa de temperatura, tornando-se necessario
indicar como a T, foi obtida. Por exemplo: A Figura 2.6(b) representa uma determinagdo
tipica da T, de um termograma de DSC. T, pode ser definida como uma valor de inicio da
mudanga da linha base com o aumento da temperatura a uma taxa de aquecimento constante
(ponto M), ou na temperatura correspondente a metade da linha base (ponto N) ou no final da
mudanga (ponto O). A definicdo ¢é arbitrdria, porém deve sempre ser mencionada

explicitamente. Inicio e meio s@o os mais frequentemente utilizados [84].

Outro fator importante relacionado com a determinacdo da T, € que o valor

experimental depende da taxa de variacdo da temperatura. Mais importante ainda é a maneira
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na qual a determinacdo da T, € realizada; seja por aquecimento ou resfriamento. Como o glass
¢ intrinsecamente um estado de ndo-equilibrio da matéria, suas propriedades fisicas sdo
dependentes do tempo. Entdo, em uma taxa de aquecimento qualquer ndo ha uma defini¢do
inequivoca do material de largada e, rigorosamente falando, o valor da T, pode exibir uma
dependéncia ndo somente da taxa de aquecimento, mas também da histéria tempo-

temperatura do material [84].

No caso de polimeros termorrigidos, as propriedades fisicas no estado elastomérico
variam continuamente devido a reacdo de polimerizagdo. Somente quando um grau de
conversdo completo € alcancado, o estado de equilibrio pode ser obtido. Entdo, a transi¢cdo
vitrea de polimeros termorrigidos parcialmente reagidos € obtida utilizando testes de
aquecimento. Uma possivel maneira de fazer a determinacdo experimental independente do
estado inicial do material é “zerar” a histéria térmica/tempo por aquecimento a uma
temperatura além da T,, resfriamento rdpido em uma taxa constante até a temperatura inicial e

nova andalise [84].

As mudangas de capacidade calorifica e o coeficiente de expansado térmica na transicdo
vitrea diminuem com a densidade de ligacdes cruzadas. Entdo, a determinacio experimental
da T, por DSC ou TMA podem nido ser possiveis para termorrigidos altamente reticulados,
devido a falta de sensitividade adequada. DMTA € particularmente util para determinar a T,
de compdsitos contendo uma baixa fracdo volumétrica de polimero termorrigido. De um
ponto de vista mais fundamental, o fendmeno de transicio vitrea pode ser explicado

utilizando diferentes tipos de modelos fisicos, como mostrado na Tabela 2.4.

Tabela 2.4: Tipos de modelos fisicos e seus dominios cientificos.

Aproximacao fisica da transicdo

. Dominio cientifico Autor principal
vitrea
Volume livre Termodinamica convencional Fox et al (1955)
Entropia configuracional Termodinamica estatistica Di Marzio (1964)

Modelo de acoplamento Dinamica molecular Ngai et al. (1986)
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A aproximagdo mais popular é baseada na variacdo da fracdo de volume livre e
entropia configuracional com a temperatura. Ambos os pardmetros estdo “congelados” na T, e
se tornam zero em uma temperatura extrapolada T.. Ambas teorias predizem que o material
deve obedecer ao principio de equivaléncia tempo-temperatura equivalente ao expresso pela

equacdo de WLF, porém diferem em algumas predicdes quantitativas [84].
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Abstract

The thermal degradation behavior of six different vegetal fibers was studied using
thermogravimetry under nitrogen atmosphere at four different heating rates (5, 10, 20 and 40
“C.min™"). The degradation models Kissinger, Friedman and Flynn-Wall-Ozawa methods were
used to determine the apparent activation energy and the frequency factor of these fibers.
Furthermore, the solid state degradation mechanisms were determined using Criado’s method.
Additionally, X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy
were analyzed to corroborate the obtained results. The results indicated that the apparent
calculated activation energies can be more closely related to the exponential dependence of
the rate of heterogeneous reactions than to the, necessary “energy”, which is commonly used.
The Criado’s master curves indicated two different degradation mechanisms for the fibers:
diffusion followed by random nucleation. The results also indicated that the crystallinity
index as calculated by X-ray diffraction and determinated by FTIR does not necessarily
represent higher thermal stability as noted by the TGA curves. The thermal behavior and the
degradation mechanism did not show to be influenced by the lignocellulosic components of
the fibers, exception for buriti and sisal. This behavior was attributed to higher extractive
content.

Keywords: Natural fibers; decomposition kinetics; crystallinity; thermal stability
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3.1. Introduction

Lignocellulosic fibers such as curaua (Borsoi et al. 2012; Ornaghi Jr. et al. 2011)
ramie (Romanzini et al. 2012), jute (Alves et al. 2010), kenaf (Chin and Yousif 2009), buriti
(Santos et al. 2010) and sisal (Ornaghi Jr. et al. 2010) have the potential to replace, at least
partially, glass as reinforcement for composites (Sgriccia et al. 2008, Almeida et al. 2012).
This is due to some attractive properties, such as reduced tool wear, low cost and
environmental friendliness (Ornaghi Jr. et al. 2010).

Because natural fibers are covered with pectin and waxy substances, the hydroxyl
groups that could interact with the matrix of polar thermosetting polymers are hidden. On the
other hand, in non-polar thermoplastic matrices, adhesion is achieved mostly by mechanical
interlocking (Mwaikambo and Ansell 2002).

Table 3.1 shows composition of the fibers used in this study as well their mechanical

and physical properties.
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Table 3.1: Chemical composition and mechanical and physical properties of the fibers used in

this study obtained from literature [Adapted from (Mwaikambo et al. 2002), (Faruk et al.

2012), (Li et. al. 2007), (Bledzki et al. 1999), (Cordeiro et al. 2011), (Khalil et al. 2012), (Zah
et al. 2007), (Satyanarayana et al., 2007), (Jawaid et al. 2012), (Xanthos & Clemons 2010),

(Ku et al. 2011)].

. . .. Cellulose Hemicellulose Lignin . Humidity Waxes .
Fiber Species Origin (Wt%) (Wt%) (Wt%) Pectin content (Wt%) extractives
Kenaf ~ liviscus stem 31-72 20.3-23 9-19 35 - - 25
cannabinus
Jute  Corchorus stem 45-71 13.6-21 12226 02-10  125-137 0.5 2
capsularis
Buriti Mauritia ) ) ) ) ) ) ) )
flexuosa
Sisal Agave leaf 65-67 12 9.9 2-10 1.2 0.3-2 0.8-2
sisilana
Ramie  Bochmeria 68.6-91 5-16.7 0.6-07 192 7.5-17 0.3 6
nivea
Curaua Ananas leaf 71-74 9.9-21 7.5-11 - - 0.79-0.9 2.5-2.8
erectifolius
Tensile
Fiber Density Young’s modulus Specific strength Water strength Elongation at
(g.cm-3) (GPa) (MPa/g.cm-3) absorption (%) break (%)
(MPa)
Kenaf 1.45 53 - - 930 1.6
Jute 1.3-1.46 10-30 280-610 12 393-800 1.5-1.8
Buriti - - - - - -
Sisal 1.33-1.5 9.0-38 320-530 11 400-700 2.0-14
Ramie 1.5 24.5-128 270 - 620 12-17 220-938 2.0-3.8
Curaua 14 11.8 360 - 820 - 500 - 1150 3.7-43
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These properties are mainly influenced by composition, mainly cellulose,
hemicellulose and lignin (Orfio et al. 1999; Jiang et al. 2010; Teng and Wei 1998). As an
example, higher tensile strength is obtained for fibers that contain more crystalline cellulose
(John and Thomas 2008). Hemicellulose is responsible for most of the thermal degradation
behavior (Beg and Pickering 2008) and the moisture content (Methacanos et al. 2010). As
another example, fibers containing high hemicellulose content should absorb more moisture
and degrade at lower temperatures. Thus, the degradation characteristics of natural fibers may
be estimated (at least as a first guess) based on their chemical composition.

Knowledge of the degradation process of vegetal fibers allows the prediction of the
temperature range that they can be used. Wu (Wu et al. 2013) studied an isoconversional
method to model the rice straw degradation process below 265 °C. Above this temperature,
the model did not fit well due to predegradation during instrument setting period.

Many techniques can be employed to characterize fiber structure such as X-ray
diffraction, Fourier transform infrared spectroscopy (FTIR) and thermogravimetric analysis
(TGA). Some methods such as the Friedman, FWO and Kissinger can be applied to describe
the kinetics of the degradation reaction (Poletto et al. 2011; Yao et al. 2008; Badia et al.
2010). In addition, the method proposed by Criado (Tiptipakorn et al. 2007) may be used to
determine the solid state degradation mechanism. Even though the use of such methods is
well-established in the literature, the mechanisms that govern these degradation processes are
still not fully understood. Also, the integral procedure decomposition temperature (IPDT) as
first formulated by Doyle (Doyle, 1961) and the apparent activation energy as currently
employed are not completely analogous according to the XRD and FTIR results obtained. On
this context, the motivation of this study is to correlate the content of the main lignocellulosic
fiber components with the fiber thermal behavior and the kinetics decomposition mechanism.
Also, to try to establish correlations among the different techniques used and the thermal

degradation behavior.
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3.2. Experimental

3.2.1. Materials

The fibers used in this study were: kenaf, jute, sisal, curaua, ramie and buriti. Kenaf,
jute and sisal fibers were supplied by Tapetes Sdo Carlos Technology (from Sdo Carlos, SP,
Brazil) as sheets. Curaua fiber was obtained from CEAPAC (support center for community
action projects) in Santarem/PA, Brazil. Ramie roving was purchased from Sisalsul Fibras
Naturais (Sao Paulo, SP, Brazil), and buriti fiber was obtained from Sisalsul Fibras Naturais

(Caxias do Sul, RS, Brazil).

3.2.2 Characterization

3.2.2.1 X-ray diffraction (XRD)

X-ray diffractograms were collected using a sample holder mounted on a Shimadzu
diffractometer (XRD-6000) with monochromatic CuKo radiation (A = 0.15418 nm). The
generator was utilized at 40 kV and 30 mA, and the intensities were measured in the range of

5 <260 < 30° typically with scan steps of 0.05° at 2 s/step (1.5° min™).

3.2.2.2 Fourier transformed infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR-Nicolet IS10-Thermo Scientific) spectroscopy
analysis was carried out using 32 scans, in the range of 4000 cm™ to 400 cm™ at a resolution
of 4 cm™ using KBr pellets (5 mg of sample for 100 mg of KBr). Three different

measurements were evaluated and the average value was considered.

3.2.2.3 Thermogravimetric analysis (TGA)
Thermogravimetric analysis was performed using a TA instrument model TGA-50
Shimadzu under a N, atmosphere. The analyses (approx. 10 mg samples) were conducted

from 25 to 900°C at four different heating rates (5, 10, 20 and 40 °C.min'1).
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3.2.2.3.1 Kinetic Study

The degree of conversion a, was calculated using a= (m,-m)/(m,-my,), where m is the
actual weight at time ¢ (or at temperature T), m, is the initial weight, and m is the weight at
the end of the isothermal or non-isothermal experiments. Consequently, the rate of
degradation da/dt, depends on the temperature and the weight of sample, as shown by

Equation (1):

do
—=k(M) f() )]
dt
where k(7) is the rate constant, and f{a) is a function of the conversion. The equation
above is the fundamental rate equation used in all kinetic studies (Yao et al. 2008), if k&(7) = A
exp (-E/RT) and fla) = (1-0))", where A represents the pre-exponential (frequency) factor, E,

is the activation energy, R is the gas constant (8.314 J.Kmol™), T is the absolute temperature,

and 7 is the reaction order.

Combination of Equation (1) with the term described above gives

da
—=Aexp(=E/RT) f ()
dt 2)
For a dynamic TGA process, introduction of the heating rate, f = dT/dt, into Equation
(2), yields:

(;—C; =(A/ B)exp(—E/RT) f (&) (3)

Equations 2 and 3 are the fundamental expressions of the analytical methods used to
calculate the kinetic parameters based on TGA data. In this work, three different kinetic
methods were used for the calculation of the apparent activation energy and the frequency
factor. The first method was the integral isoconversional Flynn-Wall-Ozawa method

(Equation 4):
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log B =log(AE, / Rg(a)) —2.315-0.4567E, / RT (4)

where the slope of the curve, represented by (—E./R), is determined by plotting log S

against 1/T at any given conversion rate.

The second method was the isoconversional Friedman’s method (Equation 5), which

lead to (-E,/R) for a given value of a by plotting In (do/dt) against 1/T.
In(da/dt) =In[Af (@)]-E,/RT ()

The third method was the Kissinger’s method, shown in Equation 6. For that, In
(B/sz) was plotted against 1/Ty, for a series of experiments at different heating rates with the

peak temperature, T,, obtained from DTG curve.
In(8/T?)=In(AR/E,)+(1/T,)(~E, /R) (6)

3.2.2.3.2 Degradation reaction mechanism

The degradation reaction mechanism was studied using the Criado method (Criado et

al. 1989), defined by Z(a)) (Equation 7):

E

a

doa E
Z(a)=——2ek' P
(@) T R e P(y) o

where P(x) is a rotational expression (using the fourth rational expression) (Poletto et

al. 2011). By comparing the curves obtained with this equation with theoretical curves



Capitulo 3 41

calculated according to Equation (8), the type of mechanism involved in the thermal

degradation can be identified.

Z(a) = f(o)g(a) ®)

The algebraic expressions for fla) and g(a) are the most commonly used mechanisms
of solid-state processes, being easily found in literature (Poletto et al. 2011; Criado et al.

1989).

3.3. Results and Discussion

3.3.1. X-ray diffraction (XRD)

There are two naturally occurring types of cellulose: cellulose I, and Ig Only the Ig
crystalline plane was considered in this analysis because it is found in higher plants, whereas
I, is rather rare and found in bacterial and alga celluloses (Poletto et al. 2011; Kim et al.
2010). Cellulose I consists of parallel chains forming hydrogen-bonded sheets that stack with
an alternating shear parallel to the axis of the chain stabilized by van der Waals interactions

(Kim et al. 2010).

The crystalline index of the fibers was calculated from Figure 3.1. The peaks shown
refer to the following crystalline planes: peak 1 (1-10), peak 2 (110), peak 3 (200) and peak 4
(004). It is important to mention that the contribution of the (004) peak is almost irrelevant in
comparison with the other three (French 2013a). The crystalline planes refer to the Ig —
monoclinic crystalline form, and the (1-10) and (110) peaks are most likely overlapping (Hult
et al. 2003) for higher plant cellulose such as curaua and cotton (French and Santiago Cintrén

2013b).
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Figure 3.1: XRD diffractograms for the natural fibers studied.

As an initial evaluation, the first and the second intensity peaks can be analyzed and
considered indicative of the cellulose content. It can be observed that those peaks are more
pronounced for curaua than for buriti, for example, and this indicates a higher cellulose
ordered form for curaua (Poletto et al. 2011). The crystallinity index of the fibers was
determined by calculating Area 1 (20 = 15) + Area 2 (20 = 22) + Area 3 (20 = 35) and
dividing them by the whole integral curve. According to this method, the order of the
crystalline cellulose fraction of the fibers followed: curaua (60.92%) > ramie (55.90%) > jute
(52.76%) > kenaf (50.48%) > sisal (45.20%) > buriti (44.55%). The crystallinity index can
also be calculated by other methods such as that formulated by Segal which only takes into
account the crystalline plane (200) intensity and the intensity of the amorphous region

between the two major peaks (French and Santiago Cintrén 2013b).
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In theory, higher crystallinity index means higher thermal stability (Poletto et al.
2012). Thus, according to the above results, the fibers can be divided into four distinct groups:
curaua, ramie, jute/kenaf and sisal/buriti. This indicates that a coherent crystalline structure
requires more energy to begin degradation due to less liable thermal regions. However, for
vegetal fibers, this relationship becomes complex as a result of differences in the higher order
structural form, i.e. the fibers can have similar crystallinity indexes but the crystallites are

ordered differently.

3.3.2. Fourier transformed infrared (FTIR) spectroscopy

The absorption bands for characteristic chemical groups of the lignocellulosic fiber
(cellulose, hemicellulose and lignin) can be observed in Figure 3.2. The broad and intense
region around 3340 cm is characteristic of the hydroxyl groups present in cellulose, water
and lignin. The peaks at 2920 and 2850 cm™ (the latter is only observed for buriti fiber) are
related to the C-H stretching vibration present in cellulose and hemicellulose. The band at
1238 cm™ is related to the (C-O) vibrations of esters, ethers and phenolic groups and can be

attributed to the presence of wax on the fiber surface (Romanzini et al. 2012).
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Figure 3.2: FTIR spectra for the fibers studied.

Additionally, this study determined the lateral order index (LOI) and the total
crystallinity index (TCI) as proposed in a study by Carrillo (Carillo et al. 2004). These

parameters were then obtained by the 1375/2900 and 1420/893 height absorbance ratios,
respectively (see Table 3.2).

Table 3.2: Determined lateral order (LOI) and total crystallinity (TCI) infrared crystallinity

indexes.

Fibers LOI (1420/893 cm™) TCI (1375/2900 cm™)

Curaua 1.07 £ 0.01 1.30 £ 0.01
Jute 0.99 +0.01 1.15+0.03
Kenaf 0.93£0.02 1.19 £ 0.01
Ramie 1.05+0.01 1.24 £ 0.01
Sisal 0.97 £0.03 1.15+0.02
Buriti 0.78 £ 0.05 1.15+0.02
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The TCI and LOI followed: curaua > ramie > kenaf > jute > sisal > buriti. However,
the present authors opted for analyzing the LOI parameter because evaluation of the TCI
refers to the 2900 band which may also be associated with hydrocarbonate linear chain
extractives. Indeed, fibers with higher extractive content can show higher values in this
specific band, decreasing the calculated total crystallinity value. Besides, the 8§98 cm™ band is
associated with amorphous cellulose, so a higher intensity in this band indicates more

amorphous content.

These results did not fully corroborate the previous XRD findings, even though the
same trend was observed for curaua, sisal and buriti fibers. Higher LOI for a fiber can be a
consequence of closer packing of cellulose chains and consequently a lower amorphous
content since the amorphous phase is situated between the cellulose chains. Thus, higher TCI

does not necessarily indicate higher LOI because the extractives can influence this parameter.

3.3.3. Thermal Stability (TGA)

The fibers can be dried (Ornaghi Jr. et al. 2010) to eliminate water and increase
thermal stability. In this work, thermal stability of the fibers was analyzed after drying them at
105 °C for 1 h. Approximately 2-4% of the fiber weight was lost at approximately 100 'C for
all fibers, due to release of moisture and low molecular mass compounds such as extractives
(Figure 3.3). It is also observed that buriti and sisal start to degrade at relatively lower
temperatures. This may be associated with the respective extractives content, since they can
volatilize at relative low temperatures. Additionally, drying of the fiber increase the apparent
thermal stability to approximately 250 °C for curaua, ramie, jute and kenaf. In this temperature
range, degradation associated with hemicellulose, pectin and the cleavage of glycosidic
linkages between cellulose and some parts of lignin may occur. The last stage is associated
with a-cellulose and lignin. According to Romanzini et al. (2012), the lignin decomposes
slowly throughout this temperature range. However, the most pronounced decomposition is in
the third degradation stage (cellulose). And because the chemical structure of the fibers are

arranged differently, they decompose at different temperatures (Reddy et al. 2009).
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Figure 3.3: TGA curves for the fibers studied.

In the case of sisal/buriti fibers, greater degree of surface defects and impurities
associated with extractives, that may degrade at low temperatures, can induce faster reaction
and produce a “film” covering the reactant surface allowing the reaction to reach steady state
earlier. Due to condensation energy transfer to the reactant in this zone, the decomposition

proceeds more rapidly (L’vov 2001).

The thermal stability of the fibers can be predicted according to the IPDT (Doyle
1961; Chiang et al. 2007) and correlated with the volatility of the fibers, enabling estimation

of their inherent thermal stability. The IPDT is calculated from:

IPDT (C)=A"K'(T;-T) + T

800
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A = S1+S52
S1+S52+83 (10)
11
K*:Sl+52 (1T)
S1

where T; and T; are the final and initial experimental temperatures, respectively.

In theory, higher thermal stability leads to higher IPDT values. Buriti fiber (342.33 °C)
showed the highest values, followed by kenaf (336.02 °C), sisal (335.36 °C), curaua (332.09
°C), jute (324.08 °C) and ramie (318.83 °C). These results did not agree with the thermal
stability behavior perhaps because this parameter is more closely related to apparent

activation energies than to the other parameters.

3.3.3.1. Flynn-Wall-Ozawa (FWO)

Figure 3.4 shows the FWO plots of log B versus 1/T for each value of o, which display
excellent linear behavior for conversions up to 0.6 for all vegetal fibers. It is possible to
calculate the activation energy from the slopes of the curves using: E,= -slope.R/0.457. Up to
the 0.6 conversion (in some cases, unsatisfactory fitting was observed in the conversion range

of a =0.7-0.8), the fitted lines were nearly parallel.
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Figure 3.4: FWO plots in the 0.2-0.8 conversion range for all fibers studied.
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There were similar activation energies at different conversions; suggesting a single
reaction mechanism (or unified multiple reaction mechanisms). The non-linear trend obtained
for up to 0.6 conversion (for some fibers) can be attributed to a change from single reaction
mechanism (in the low conversion region) to another mechanism at higher conversions
(normally 0.7 or higher) (Yao et al., 2008). Additionally, the conversion range of 0.7 - 0.8
may be associated with degradation occurring in a narrow and accelerated range of

degradation compared to other natural fibers.

It can be noted that, comparing the curaua and buriti fibers (for example), the former
has better fitted curves in the a = 0.2-0.6 conversion range, i.e. the difference between first
and second apparent activation energy values is small. This suggests that the curaua fiber has
a more ordered structural form than buriti, and the degradation process is similar in all studied
ranges. This more ordered structure could result from the type of packing between cellulose
chains in which the linear cellulose molecules can be linked laterally by hydrogen bonds to

produce linear bundles, leading to a crystalline structure (Poletto et al. 2011).

The change in reaction mechanism at higher conversion rates may be caused by
complex reactions during decomposition of the main fiber components. This change adds
complexity to the modeling of the fiber decomposition process. Within the 215-310 °C range
of, the main thermal decomposition fraction of 60% is more meaningful for polymer
composites, and the decomposition mechanism might change over the conversion range o =
0.1-0.6. This modified model, which uses a single decomposition method for the entire
process, may offer a simplified and more meaningful method for modeling thermal
decomposition of natural fibers. The decomposition conversion thereafter is less meaningful
for polymer composites due to the excessively high temperatures and weight loss involved

(Yao et al. 2008).

According to Badia (Badia et al. 2010) a complete analysis must account for the
kinetic triplet, defined as the conversion function f (a), the apparent activation energy (E,) and
the pre-exponential factor A. The conversion function f (o) was verified by the Criado method,
and the apparent activation energy was based on the average (E, iso) of the Friedman, Flynn-
Wall-Ozawa and Kissinger methods. The frequency factor A was calculated according to

Jiang (Jiang et al. 2010) and was obtained by the mean among 4 heating rates for each kinetic
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method. According to the author, this parameter is a reflection of the frequency of collisions
between the reacting molecules and a higher value represents lower number of free radicals
and higher number of collisions. This means that samples containing higher crystalline
content should present lower frequency factor because there is less free space. However,
according to Galwey (Galwey 2003), any increase in the magnitude of the frequency factor is
compensated for by an appropriate increase in the activation energy. The author calls this the
compensation effect, which is not supposed to have chemical significance, being inherent of

the mathematical procedure used”.

According to Table 3.3, the A values are higher for buriti and sisal fiber, showing that,
in principle, the reaction rate is higher for these two fibers. The same trend was observed for
IPDT and E parameters. These two fibers have lower thermal stability, as can be seen in
Figure 3.3. This might be associated with the extractives content, since extractives are
compounds of lower molecular mass compared to cellulose and can promote ignitability of
the fiber at lower temperatures as a result of their higher volatility, accelerating degradation
(Poletto et al. 2012). This way, degradation of one component may accelerate degradation of
the other main fiber component as a result of more collisions between molecules, which

probably increase A values.

Table 3.3: Apparent activation energy media (E, i5,) and the frequency factor (A) for the

fibers studied.

Fiber E. iso In A (min™)
Kenaf 204.48 + 19.05 38.91 +5.05
Jute 193.28 +1.730 35.85 +2.65
Buriti 256.04 +26.27 49.05 + 5.06
Sisal 235.10 + 44.45 40.84 +3.22
Ramie 186.36 + 15.75 34.65 £3.19

Curaua 193.17 £1.730 35.99 £0.33
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Cellulose is known to have higher apparent activation energy than hemicellulose and
lignin, due to the crystallinity of the components. However, according to Kim (Kim et al.
2010), the apparent activation energy is more closely associated with the thermal
decomposition of the cellulose Ig than to the crystallite size. Thus, while higher crystalline
size indicates higher crystallinity index, higher crystalline index does not necessarily mean
higher thermal stability. The apparent activation energy is not affected by the crystallinity
index or size even if the thermal degradation temperature is altered. L’vov (L’vov 2001)
mentioned that the activation energy as currently calculated does not reflect the Arrhenius
original hypothesis that only an ‘active part’ of all reactant molecules which, according to the
Maxwell-Boltzmann distribution law, is an exponential function of temperature. According to
the author, the kinetic parameter £ as currently used refers to the apparent exponential
dependence of rate on temperature. This is essentially because the activation energy must
have a constant value and not an average, as currently assumed. Furthermore, the apparent
activation energies obtained in this study are not in agreement with the XRD and FTIR

results, which can be corroborated with the L’vov hypothesis.

3.3.3.2. Degradation reaction mechanism

Figure 3.5 shows the theoretical Criado curves obtained through algebraic expressions
for this study. Determination of the Z(a) experimental values was done using a heating rate of
10 'C.min"", and the E, values were obtained by applying the FWO method, being later used to

calculate Z(a) in Equation (8).
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Figure 3.5: Theoretical (a) and experimental (b, c) curves of the solid state

degradation mechanism for the studied fibers.

According to Figure 3.5, it can be observed that the samples follow D degradation

mechanism in the beginning of the process and F1 after some conversion degree, which

agrees with the observations of Yao (Yao et al. 2008). Samples containing higher crystallinity

content (curaua, jute, kenaf and ramie) present similar degradation mechanisms, differently

from lower crystallinity content fibers (sisal and buriti). For the fibers containing higher

crystallinity content, heat transferring diffusion may be occurring across the sample until a
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conversion of approximately 0.5 for jute, kenaf and ramie fibers, followed by random
nucleation on individual particles thereafter. For the fibers containing lower crystallinity
content, it can only occur as a diffusion mechanism. The samples containing similar
crystallinity degrees can have distinct ordered types. As mentioned by Sanchez-Jiménez
(Sanchez-Jiménez et al. 2009), deviations from ideal models may occur due to factors such as
heterogeneous distribution of particle size, particle shapes, etc, and vegetal fibers are very

heterogeneous and may not follow a single type of model, but a general trend.

3.4 Conclusions

Six different types of fibers were evaluated using TGA, XRD and FTIR techniques.
XRD analysis demonstrated that the samples containing higher content of crystalline cellulose
show higher intensity peaks while the other samples show less pronounced peaks, especially
for the first and second peaks. The lateral order index calculated for all fibers followed a
similar trend of the XRD results, meaning that there was more packing of the cellulose chains

for the samples containing higher crystalline content.

The apparent activation energies calculated from the FWO, Friedman and Kissinger
methods showed similar results for all studied fibers and coincided with the IPDT calculus.
However, the values obtained did no correlate with the crystalline content, as previously

reported in the literature.

Though the FWO method resulted in apparent activation energies, the Criado method
was employed and indicated a D type degradation mechanism in the beginning of the
degradation process (for a conversion ratio of up to 0.5) followed by F1 type degradation
mechanism for the curaua, jute, ramie and kenaf samples. The sisal and buriti fibers followed
the D degradation mechanism, but with faster degradation in comparison to the other fibers,
which was attributed to the higher extractive content of buriti and sisal. For this reason,
conversion in the 0.7-0.8 range does not show a parallel fit as observed for the other fibers.

The results of the activation energies corroborated with the calculated frequency factor.
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The XRD and FTIR results showed similar trends. However, the results of kinetic
degradation did not fully agree with the previous results, which could indicate that E and A
kinetic parameters have a different meaning for vegetable fibers than what is usually

presented in the literature.

Finally, information of the individual main cellulosic components only was not
sufficient to elucidate the thermal behavior degradation and the kinetic degradation
mechanism of the studied fibers. In spite of the differences observed using the various
techniques, thermal behavior becomes similar in the fall drop of the onset degradation
process. Distinct behavior was observed in the main degradation process at around 100 °C —
associated with water volatilization, although low molecular mass components like extractives
may degrade at temperatures around 200 °C and promote a more prominent degradation of the

vegetal fiber.
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Abstract

The thermal degradation behavior and the Arrhenius parameter of curaua, kenaf and jute
vegetal fibers were studied using X-ray diffraction (XRD), Fourier Transformed Infrared
(FTIR) spectroscopy and thermogravimetry analysis. XRD showed that the crystallite sizes in
the (200) plane followed: curaua < jute < kenaf, but similar results were obtained for basal
spacing. FTIR spectroscopy corroborated the obtained XRD results. Thermal behavior of the
fibers was analyzed by identifying the cellulose and hemicellulose content using independent
parallel first-order models. The results were not much consistent with the kinetic degradation
models of Kissinger, Friedman and Flynn-Wall-Ozawa (taking into account the standard
errors), which were used to determine apparent activation energy of the fibers. In addition, the
frequency factor (pre-exponential parameter) was observed to be independent of the heating
rate used. The fibers exhibited a compensation effect, i.e. higher apparent activation energies
led to higher frequency factors. Finally, the solid state degradation mechanism of all fibers
was found to be comprised of diffusion and random nucleation followed by instantaneous
growth of nuclei.

Keywords: Vegetal fibers; crystallinity; thermal stability; kinetic models; compensation

effect



Capitulo 4 60

4.1 Introduction

The more widespread use of natural fibers in composite materials demands a more
comprehensive understanding of the whole degradation process of these fibers. The
decomposition rate is usually considered to be dependent on the temperature only, for a
constant extent of conversion, and no conversion model is adopted at the initial stages of the
analysis because the macroscopic kinetics is complex, and multiple steps occur

simultaneously, leading to inconsistencies (Gr¢nli et al., 2002).

As mentioned by Yao (Yao et al., 2008), study of the thermal decomposition of natural
fibers was primarily motivated by applications such as renewable biomass energy/natural
fuels and forest fire propagation control. Due to the complexity of the thermal decomposition
reactions involved, extensive research has been carried out in determining the particular
behavior of the main components of these fibers. In this case, a more complete understanding
of their chemical structure using complementary techniques would help in their
characterization. Among these analyses, the X- ray diffraction (XRD) allows determination
of, for instance, crystallite size, interplanar distance and crystallinity index (Kim et al., 2010),
which can be associated with the thermal behavior of the fibers. Another helpful technique is
the Fourier-transform infrared spectroscopy (FTIR), that allows identification of different
absorptions bands related to specific groups of elements that represent the main components

of vegetal fibers (Dai et al., 2011).

In general, a complete picture of the thermal decomposition kinetics may be obtained
from E, ;s (Friedman, Kissinger and Flynn-Wall-Ozawa activation energy media methods),
the Criado/Coats-Redfern kinetic function and the frequency pre-exponential factor (A). The
Criado method enables comparison of the experimental data with theoretical reduced master
curves, and the Coats-Redfern method produces a linear fitting for a given kinetic model
function, even though it only gives limited discrimination of the obtained results (Ebrahimi-
Kahrizangi et al., 2008). With these three parameters, the so-called kinetic triplet may be

obtained, which is related to the physical decomposition mechanism (Badia et al., 2010).

Thus, the aim of this study is to correlate the thermal behavior of various vegetal fibers

with the Arrhenius parameters obtained by different analytical techniques.
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4.2. Experimental
4.2.1. Materials

The fibers used in this study were kenaf, jute and curaua. Kenaf (Hibiscus cannabinus)
and jute (Corchorus Capsularis) fibers were supplied by Tapetes Sdo Carlos Technology as
sheets. Curaua fiber (Ananas Erectifolius) was obtained from CEAPAC (a support center for

community action projects) in Santarem/PA, Brazil.

4.2.2 Characterization

4.2.2.1 Moisture content

The moisture content of the fibers was estimated according to ASTM D2654, using an

oven prior to use (2 hat 105 = 1 °C).

4.2.2.2 X-ray diffraction (XRD)

X-ray diffractograms were collected using a Shimadzu diffractometer (XRD-6000)
with monochromatic Cu Ka radiation (A = 0.1542 nm) operating at 40 kV and 30 mA.
Intensities were measured in the 5 < 20 < 35  range, typically with 0.05" scan steps (2 s/step).
Peak separations were carried out using Lorentzian deconvolution to allow calculation of the
various parameters (Badia et al., 2010). The d-spacing was calculated using Bragg’s equation

and the crystallite size was calculated using the Scherrer equation (Eq. (1)):

L=(0.941)/(H cos0) (1

where L is the crystallite size perpendicular to the plane, A4 is the X-ray wavelength

(0.1542 nm), H is the full-width at half-maximum in radians, and @ is the Bragg angle.
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The proportion of crystallite chains is calculated according to Eq. (2):

X =(L-2h)* I(I?) 2)

where L is the apparent crystallite size for the reflection of plane (200), and /& = 0.57

nm is the layer thickness of the surface chain.
The Segal crystallinity index (/) was determined according to Eq. (3):
3)

_ 1 002 — 1 amorphous

c

1 002

where Iy is the height of the highest diffraction peak, and Luuorpnous 1 the height of the

minimum intensity between the major peaks (French et al., 2013).

4.2.2.3 Fourier transformed infrared (FTIR) spectroscopy

The Fourier transformed infrared spectroscopy analysis was carried out in FTIR-
Nicolet IS10-Thermo Scientific equipment using 32 scans, in the range of 4000-400 cm™ at a
resolution of 4 cm™ using KBr pellets (5 mg of sample for 100 mg of KBr). The samples were

oven-dried in vacuum at 105 °C for 24 h prior to use and the tests were realized in triplicate.

4.2.2.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) (with c.a. 10 mg samples) was performed using a
Shimadzu TGA-50 equipment under N, atmosphere, from 25 to 900 °C, at different heating
rates (5, 10, 20 and 40 °C.min™"). The Flynn-Wall-Ozawa (FWO), Friedman and Kissinger
methods (Kim et al., 2010; Poletto et al., 2011) were used, and the frequency factor A (Badia

et al., 2010) was determined from the curves.
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4. 3. Results and discussion
4.3.1. Moisture content

The major chemical constituents (cellulose, hemicellulose and lignin) of vegetal fibers
contain hydroxyl and other oxygen containing groups that attract moisture through hydrogen
bonding (Clemons et al., 2005). These hydroxyl groups are formed mainly from cellulose
(three in each repeating unit) and hemicellulose (that is strongly attached to the cellulose
fibrils by hydrogen bonds) (Spinacé et al., 2009). The moisture content obtained was: 7.9 +
0.3 for jute, 7.7 + 0.2 for curaua and 7.2 £ 0.2 for kenaf, i.e. jute and curaua fibers showed

similar results, both superior to kenaf.

4.3.2. X-ray diffraction (XRD)

The Segal Crystallinity Index (CI) method was used for determining the crystallinity
content of the vegetal fibers. According to French and Cintrén (2013), Segal CI is suitable for
crystallinity studies since it involves directly the crystals and it is easily implemented and
readily understood in comparison with other available methods (Argawal et al., 2010;

Driemeier et al., 2011).

Figure 4.1 shows the X-ray diffractograms of vegetal fibers used in this study. In each
profile, two main crystalline peaks were observed. Aiming to avoid arbitrary choices of
contributing peaks for the deconvolution process and the peaks which would be considered
during deconvolution, the Mercury 3.0 software was used, which may be downloaded from
the supplementary material of French’s study (French, 2013). In this program, it is necessary
to input the unit cell dimensions and the fractional atomic coordinates of the asymmetric unit
to instantly produce a powder pattern. The unit cell dimensions used in this study were: a =

7.784 A, b=8.201 A, ¢ = 10.380 A and y = 96.55° (French 2013).
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Figure 4.1: X-ray diffractograms of the studied vegetal fibers.

Figure 4.2 shows the simulated cellulose Ig powder pattern with 0.1°, 1.5° and 3° peak
widths at half maximum intensity. It can be observed that the main contributors of intensity
are three main peaks that have Miller indices of (1-10), (110) and (200). Also, as the full
width at half maximum height (pwhm) increases, the patterns changes from very narrow well-

resolved peaks to a broader peak, found for most of the crystalline practical higher plant

cellulose such as cotton and curaua (French 2013).
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Figure 4.2: a) Simulated cellulose Ig powder pattern for crystallites with 0.1°, b) 1.5°

and ¢) 3° peak width at half maximum intensity.

The following parameters were calculated: d-spacing, crystallite size, crystallite

interior chains and crystallinity index. It is important to mention that only the crystalline plane

(200) was considered to obtain the results presented in Table 1, because Segal CI only

considers the highest intensity peak, corresponding to the Miller index [(200)].
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The calculated d-spacing was the same for all studied vegetal fibers (see Table 4.1).
However, higher absorption area was found for curaua, which means higher crystallinity
content (referred to cellulose) in these fibers (Poletto et al., 2012). Table 4.1 also shows the
crystallite sizes (L) of the fibers and the values followed curaua > jute > kenaf. This indicates
higher rigidity of cellulose fibers and a decreasing of the crystallites surface corresponding to
the amorphous phase (Poletto et al., 2012; Kim et al., 2010; Poletto et al., 2011). However, it
is important to mention that the crystallite size as calculated in most publications cannot give
much information on the structural aspects of the vegetal fibers. This occurs due to the non-
linear relationship of the Segal crystallinity with the crystallite sizes for a given polymorph
(French and Cintrén 2013). Also, effects of disorder or amorphous scattering that can also
have substantial effects on the diffraction pattern are not included in the model. The content
of crystallite interior chains, X, followed the previous trend. This may indicate that there is a
more organized structure inside the cellulose crystallite, which contributes for higher
hydrogen bond intensity, resulting in a more packed cellulose structure (Poletto et al., 2012).
Finally, the calculated crystallinity indexes using Segal Crystallinity method were: curaua

(71.97%) > kenaf (63.67%) > jute (63.49%).

Table 4.1: Parameters obtained from the XRD analysis for the studied natural fibers

(related to the Miller indice (200)).

Fiber 20 d (nm) L (nm) X
Curaua 22.04 0.40 3.42 0.44

Jute 22.06 0.40 2.94 0.37
Kenaf 21.95 0.40 2.71 0.34

4.3.3. Fourier Transformed Infrared (FTIR) Spectroscopy

FTIR study was performed aiming to correlate the cellulose and hemicellulose content
with the results from moisture content and XRD analysis. The main absorption bands for

cellulose, hemicellulose and lignin components are presented in Table 4.2.
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Table 4.2: Bands related to cellulose, hemicellulose and lignin components [Adapted from

Dai et al. (2011), Schwanninger et al. (2004) and Carrillo et al. (2004)].

Peak (cm'l) Assignment Peak (cm'l) Assignment
3580-3550 Free O¢-H & O;-H, weakly 1325-1327 S ring str'etc'hlng from
absorbed water lignin
0,-H -- --O¢ CH; rocking at C6 in
3460-3405 Intramolecular H-bond 1314 cellulose
0O3-H -- --O5 G ring stretching from
3375-3340 Intramolecular H-bond 1259-1271 lignin
O¢-H -- --03 C-C plus C-O plus C=0
3310-3230 Intramolecular H-bond 1245 stretch
3175 -OH stretch .mtramolecular 1232 COH bending at C6 in
bond in cellulose 11 cellulose
_ ) CH, deformation
1738-1655 C=0 stretch in 1200-1500  vibrations and COH in-
hemicellulose . .
plane bending motions
1650-1640 Water associated with 1205-1200 OH in-plane bending in
cellulose cellulose I & II
. Skeletal stretching
1368-1363  nplane CH bending from (s 1169 (ipations including C-

hemicellulose or cellulose O-C bridge stretching

Figure 4.3 shows the absorption spectra of the studied vegetal fibers. A broad
absorption band at =3300 cm™ can be observed, which is related to —OH bond stretching. This
type of bond is known to be stronger and more directional than van der Waals forces.
However, a variety of hydrogen bonds exist, varying in energy and structural features.
Separation of the hydroxyl bands can be done by mathematical methods such as
differentiation or deconvolution, as described by Dai (Dai et al., 2011), who separated the —

OH stretching region in four different bands by deconvolution.
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The molecular vibration of the O(3)---O(5) hydrogen bond (at 3346 cm) could
promote stronger intramolecular hydrogen bonding in cellulose that would induce an increase
in tensile strength of vegetal fibers (Dai et al., 2011). The absorption bands in this region
followed the trend: curaua > jute > kenaf, thus ratifying the observations of moisture content.
But, it is important to mention that this band can be associated with hydroxyls contained in
water (in this case, intrinsic water) or in cellulose. The latter can be corroborated by higher X

parameter (which means higher hydrogen bond intensity) and crystallinity index calculated by

XRD.

Kenaf fiber

Jute fiber

Curaua fiber

T y T J T J T J
4000 3000 2000 1000 0

Wavenumber (cm'1)

Figure 4.3: FTIR spectra in the 4000-400 cm™ region.

The areas of some of the cellulose absorbance bands (at c.a. 662, 895, 1368, 1423 and
2883 cm'l) were obtained and, for all of them, the following trend was observed: curaua > jute
> kenaf. Also, the bands related to cellulose (at 3400-3200 cm™ and 1270 cm'l, for -OH and

C-0O-C groups, respectively) were more intense following: curaua > jute > kenaf. Thus, an
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overall similar trend can be noted for the vegetal fibers, as previously observed by XRD

analysis.

There are some bands associated with hemicellulose at 3327, 2883, 1724, 1368-1363,
1204, 1152, 1046, 1020 and 994 cm™. These bands also refer to cellulose (except the 1724
cm’™, associated with pectin and waxes). FTIR spectra that do not show an absorption band, or
a decrease, at =1740 cm’! suggest the removal/inexistence of hemicellulose (Dai et al., 2011).
Since hemicellulose can link cellulose microfibrils and lignin, they allow an effective transfer
of stress between them. Also, hemicellulose can produce lignin-carbohydrate complex with
lignin via other bonds, so their removal may cause a decrease in stress transfer under loading,
the same happens for the loss of lignin (Dai et al., 2011). Another indicative of hemicellulose
is the absorption band at 1350-1370 cm™, shown in Figure 4.4a. Higher absorption was found
for curaua, jute and kenaf, respectively, which can also be associated with the moisture

content results.

Finally, the crystallinity index (CI) can be estimated using FTIR by association of the
A368/Agsr absorption bands (Dai et al., 2011), as depicted in Figure 4.4b. The results found
for FTIR were consistent with those found by XRD analysis.

a) Region 1 Region 2 Kenaf fiber

Jute fiber

Curaua fiber

A RTINS

T T T T T 1 T T T T T 1
1400 1200 1000 800 600 400 1400 1200 1000 800 600 400

Wavenumber (cm™) Wavenumber (cm™)

Figure 4.4: Absorption bands associated with hemicellulose (a) and CI estimation (b).
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4.3.4. Thermal behavior

Thermal analysis of the lignocellulosic fibers is shown in Figure 4.5. The thermal
behavior can be divided into three main regions. In the first one, for all fibers, the weight loss
(region 1) is due to the release of moisture (at =100 °C), being 1.2, 1.6 and 2.4% for curaua,
jute and kenaf fiber, respectively. Almeida Jr et al., (2012) found 4.6% for curaua fiber and
this difference can be attributed to factors like: atmospheric conditions, variety of fiber and

plant age (Spinacé et al., 2009).
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Figure 4.5: Thermal behavior of the studied vegetal fibers.

An important feature is that thermal stability depends not only on the cellulose content
but also on lignin (Satyanarayana et al., 2013; Orfio et al., 1998). According to the literature
(Yao et al., 2008), higher lignin values were found for jute (12-26%), kenaf (9-19%) and
curaua (7.5-11%), respectively. Although differences in the composition of the lignocellulosic

fibers were noted by XRD and FTIR, all fibers show a similar trend in Region “2” of Figure
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5. It is important to mention that not only cellulose and hemicellulose (in spite of their higher
activation energies values in comparison with lignin - Yao et al., 2008), but also lignin play a
major role in these fibers. Lignin is an amorphous material containing mainly aromatic
polymers with three types of benzene-propane units heavily cross-linked and with very high
molecular weight, and its thermal decomposition demands higher temperatures when
compared with cellulose and hemicellulose (Spinacé et al., 2009; Poletto et al., 2012). Since,
some fibers are more crystalline than others, they eventually balance out (region 2) and the
main weight loss occurs at the same temperature range for all fibers. A similar trend was

found by Yao (Yao et al., 2008).

In the final thermal decomposition stage (Region 3 of Figure 4.5), a similar trend is
observed for all fibers. A lower weight loss seen for jute in the beginning of this region may
be indicative of higher lignin content (Yao et al., 2008). Lignin starts to decompose at low
temperature and extends over the entire temperature range studied. However, pyrolysis of
lignin only occurs within a broad temperature range at relatively low rates. Because of that,
lignin is the main contributor to the char produced in the pyrolysis of lignocellulosic
materials. Cellulose and hemicellulose curves cross at some point due to the close reactivity

of these components.

According to Teng et al. (1997), the hemicellulose and cellulose peak areas and
heights can be obtained from the thermogravimetric curves by integrating the main curve and
deconvoluting the first derivative, as illustrated in Figure 4.6. This model is particularly
interesting due to its compromise between oversimplification and unnecessary complexity.
The peak areas and heights are important parameters to indicate the thermal stability of the
fibers and, according to this model; each component can be divided into an independent

parallel first-order reaction (Teng et al., 1998).
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Figure 4.6: Deconvoluted curves for kenaf fiber.

Although the degradation process is not a simple function of each contributing fraction
due to interactions between these fractions, their basic identity is maintained (Spinacé et al.,
2009). So, it becomes possible to deconvoluted the first derivative curve of the thermogram
and separate the three main peaks referring to cellulose, hemicellulose and lignin. Table 4.3
lists the cited parameters for the studied fibers (heating rate of 10 °C.min"). Higher cellulose
and hemicellulose content was obtained for curaua, followed by jute and kenaf. For the
cellulose area, the results are in agreement with the calculated XRD parameters whereas, for
the hemicellulose area, the results agree with the higher absorption band in the 1730-1740 cm’

" region of the FTIR spectra.
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Table 4.3: Hemicellulose/cellulose peak areas and heights for the studied fibers.

Fiber Hemicellulose Hemicellulose  Cellulose peak  Cellulose peak

peak area peak height area height
Curaua 337.8 0.39 369.7 1.40
Jute 321.9 0.37 363.1 1.29
Kenaf 315.7 0.39 361.8 1.36

In general, cellulose usually implies higher thermal stability. Hemicellulose is the
main responsible for moisture absorption, even though amorphous cellulose and lignin also
contribute to that (Aquino et al., 2007). Lignin has the lowest water absorption of the three
major components. So, perhaps comparison of thermal stability of vegetal fibers only by
evaluating the three main components is not adequate, because their structure are not similar

and there are variations in the relative content of these components.

In addition, no correlation between FTIR and XRD parameters with the thermal
stability behavior of the fibers could be achieved. Although differences can be noted based on
these techniques, the thermal behavior does not seem to vary significantly for all
lignocellulosic materials. Nevertheless, investigation of the thermal behavior of these
materials as a function of time is important because it gives insight into their structural

degradation as a function of the conversion fraction.

Figure 4.7 depicts conversion as a function of time for the studied fibers. It can be
noted that, up to 1000 s (equivalent to 200 °C), the samples are able to maintain their structure
almost intact. In addition, all fibers exhibited similar thermal decomposition behavior. This
type of information is important for their use as reinforcement in composites, for example

(Romanzini et al., 2012).



Capitulo 4 74

1.0 4 ""
0.8
—o— Curaua
0.6 —— Jute
—o— Kenaf
3
0.4 -
0.2
0.0
T T T B T i T L T i T
0 1000 2000 3000 4000 5000
Time (s)

Figure 4.7: Conversion in time function for the vegetal fibers studied.

Table 4.4 lists the degradation temperatures found for the studied fibers, which
represent the thermal stability over a wide range. The initial degradation temperature for
curaua and jute are similar. After 25% degradation, all fibers show close values, and this trend
continues until 75% degradation. An interesting feature is that the interval for the 5-75%
degradation (see Table 4.4) follows: kenaf > jute > curaua, i.e. the degradation process is
more concentrated on a narrow range for curaua fiber, for example. These results can be
associated with a larger cellulose area (see Table 3), and corroborate with the moisture
content at 100 °C, presented earlier. So, the fiber with more moisture (water) degrades at a
broader range due to lower molecular compounds that start degrading earlier. Lower moisture

content translates into lower weight loss (at least in the first 25% of degradation).
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Table 4.4: Degradation temperatures obtained for the studied vegetal fibers.

Degradation Degradation Degradation Degradation
Fiber temperature at  temperature at  temperature at temperature at
5% (°C) 25% (°C) 50% (°C) 75% (°C)
Curaua 2717.3 337.2 356.2 372.8
Jute 275.9 337.4 361.0 382.5
Kenaf 269.9 333.9 358.6 375.8

The fibers were also characterized based on the study of Yao (Yao et al., 2008), where
thermal decomposition parameters (see Table 4.5) are obtained from thermogravimetric
curves, and their first and second derivatives (DTG and DZTG, respectively), shown in Figure
8. The onset of the decomposition temperature (Topset (he)) Was obtained by extrapolating the
DTG curve slope at the maximum of the DTG curve to zero on the DTG axis. The peak
temperature (Tpea) 1s identified as the temperature associated with the DTG peak, where
maximum decomposition occurs. The mass loss corresponding to Ty was identified as
WL,c.x. The tale region of the curve represents the final cellulose decomposition. Subsequent

reactions continue the decomposition of lignin, being tar one of the main final components.
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Figure 4.8: Thermogravimetric, DTG and D*TG curves for jute fiber.

The offset temperature Toset (c) is defined by extrapolating the slope of the DTG curve
corresponding to the minimum of the D*TG curve in this region extended to zero on the DTG
axis. The weight loss corresponding to Togrset () 1S defined as WLoser and the residue content is
read at 800 °C. The parameter Topset (ney and the associated mass loss in this range (WLgpser)
was around 223.8 + 13.2 °C and 2.13 * 0.7%, respectively, for all fibers. The Ty parameter
was 358.8 + 2.9 °C and the respective weight loss, indicated by WL,c., was inferior to 60%
for all fibers. Finally, XRD and FTIR results were not found to correlate with the thermal

behavior observed for the fibers.
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Table 4.5: Degradation temperatures calculated from the first and second derivatives

of the TGA curves.

Parameters Curaua Jute Kenaf
Tonset (he) (°C) 208.7 229.5 233.3
Tshoutder (°C) 297.8 302.9 307.6
Tpeak (°C) 355.5 360.0 362.0
Toftset () (°C) 420.1 442.0 442.2
Tshoulder'Tonset (he) (OC) 89.0 73.3 74.2
Tottset - Tpeak (°C) 64.6 81.9 80.2
WL nset (%) 1.71 1.71 2.96
WLghoutder (%) 11.40 12.98 15.48
WL peak (%) 49.02 50.56 55.80
WL ttset (%) 99.81 78.88 81.96
Tg00 (%) 89.83 88.17 89.51

4.3.5. Arrhenius parameters and the compensation effect

The Arrhenius equation is well-established in the thermoanalytical field and used to
determine two main parameters, A (the frequency factor) and E, (the apparent activation
energy). To obtain these parameters, the conversion fraction as a function of the temperature
must be known (Galwey 2004). Isoconversional methods, such as Friedman, Flynn-Wall-
Ozawa and the model free kinetic method established by Kissinger, are also widely employed
by many authors for comparison.

The frequency factors calculated with the Arrhenius equation are displayed in Table
4.6. Two features can be observed: (i) the frequency factors are nearly independent of the
heating rate used; (ii) considering the standard errors, no clear trend can be identified, making

it difficult to correlate with previous results.
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Table 4.6: Frequency factors for the studied fibers.

Friedman In A In A In A In A
method 5°.min™ 10°.min™ 20°.min™! 40°.min™!
Curaua 36.2+2.6 36.2+2.3 36.2+2.3 359+25

Jute 35.6+6.6 35.6 +6.5 35.6+6.6 35.6 +6.8
Kenaf 384+74 384+7.6 383+7.7 382+7.7

Kissinger In A In A In A In A
method 5°.min"! 10°.min! 20°.min™! 40°.min™!
Curaua 36.3 36.3 36.2 35.8

Jute 334 33.3 33.3 33.0

Kenaf 34.3 343 34.0 33.9

In A In A In A In A
FWO method 5°.min" 10°.min"’! 20°.min’! 40°.min’"
Curaua 35612 35612 35.6+1.1 355+09
Jute 38.7+3.5 38.6+3.5 38.5+3.6 38.5+39
Kenaf 417 +3.7 41.8+4.0 41.6 +4.1 41.5+42

Table 4.7 shows the calculated activation energies for all fibers. The activation energy,
as originally described by Arrhenius, is constant. However, due to the complexity of the
mechanisms involved in the overall fiber degradation process, one can determine an
“apparent” activation energy that represents the energy required to begin or continue the
degradation process at each conversion point. As pointed out by Galwey (1997), this value
does not represent the pure activation energy due to the heterogeneity of the system,
representing instead a “composite” parameter, which is widely used for comparing literature

results.

Table 4.7: Activation energy values for the studied natural fibers.

Fiber activation

Friedman Kissinger @FWO Mean
energy (E)
Curaua 193.3 194.8 191.3 193.1+£1.7
Jute 191.6 180.9 207.2 193.2 £13.2
Kenaf 205.4 184.9 223.0 204.0 £ 19.0
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The E values followed the same similar trend observed for the frequency factor, what
suggests a possible compensation effect (CE) (Galwey 1997). The CE is the interdependence
of apparent magnitudes of Arrhenius parameters for a set of related rate processes, as in
heterogeneous reactions (Galwey 1997; L’vov et al., 2001). The CE can be better understood
as an increase in E, partially or completely offset by an increase in A, which follows an
approximately linear equation (Teng et al., 1997). Regardless of the reliability of the A and E

values obtained, they can express levels of reactivity and enable comparisons of kinetics.

The CE is valid for substances/materials of similar reactivity, and systematic

variations of effective fiber area or composition will affect the activation energies.

Because of the compensation effect, a linear correlation between E and In A can be
used to test this possibility, as illustrated in Figure 4.9. Two different groups of data were
fitted: nickel-metal-catalyzed cracking-type processes and the vegetal fibers of this study.

Data from different groups but with similar reactivity can be compared.
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Figure 4 9: Plot of E vs. In A for the natural fibers (¢ rhombus) studied and for data
obtained in the literature (% star) (Galwey 2004).
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Simplifying assumptions were made when considering the relationship between A and
E, including: (i) a compensation-type of effect with In (A) being a linear function of E; (ii) a
single common value of A and a continuous distribution of activation energies; and (iii) a
single common value of E and a continuous distribution of pre-exponential factors. In this
study, the second model appeared more suitable and most of the A and E values were close to

the fitting curve of the compensation plot.

According to the Polanyi-Wigner theory, the A factor has a preferred value of 10" 57,
In an earlier study by Galwey (1994), reliability of the A values was considered superior than
of the E values because of the significant deviation from the theoretical values of the latter.
The activation energy values are more meaningful also considering that, in the used method,
uncertainties in E negatively affect the determination of A values. As mentioned earlier, £
value can be regarded as a composite function, being comprised of contributions from several
parameters, including deviations from equilibrium and thermal gradients (Galwey 1997). For
heterogeneous systems, such as vegetal fibers, study of these parameters is even more
complex due to a set of concurrent reactions, each with its characteristic pre-exponential

factor and activation energy.

With the activation energy values calculated by Kissinger, Friedman and FWO
methods, it is possible to estimate the degradation mechanisms in the solid state (Criado
reduced method) by comparing theoretical and experimental curves. Thus, a set of curves
have been performed assuming identical heating conditions as those used in the analyses and
the kinetic parameters were obtained from the combined kinetic analysis. The simulations
have been performed using Eq. (3) and the equations that define the heating conditions, i.e

linear heating or constant rate.

%:m/ Bexp(~E/RT) f (@) @

where R is the gas constant, a is the reacted fraction, 7 is the process temperature and
flo) (algebraic model) accounts for the reaction rate dependence on a. The kinetic model f(a)

is usually associated with physical models that describe the kinetics of the solid state reaction.
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Figure 4.10 shows the kinetic methods applied to the fibers with the Criado reduced
master plots. The experimental curves followed a diffusion mechanism in the beginning of the
degradation process, and random nucleation (D degradation mechanism) followed by
instantaneous growth of nuclei (F1 degradation mechanism). Since vegetal fibers are very
heterogeneous materials, deviations from ideal models are expected due to factors like
heterogeneous distribution in particle size among others (Sidnchez-Jiménez et al., 2010).
Furthermore, it can be noted that the activation energy values obtained with XRD analysis,
are not affected by the crystallite size or other calculated parameters. A similar study was

reported by Kim (Kim et al., 2010).
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Figure 4.10: Kinetic methods applied to the fibers: a) Friedman method; b) Flynn-
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As mentioned by Yao et al. (2008), despite the fact that thermal decomposition of the
main components of natural fibers may follow some decomposition reaction rules with certain
activation energies, it may be difficult to distinguish and model their thermal decomposition
due to the complex natural origin of these fibers which causes large variations in component,
crystal structure or chemical composition. Also, it should be noted that the activation energy
alone does not enable full prediction or modeling of the thermal decomposition process. A
suitable model must contain at least the whole set of activation energy, pre-exponential factor

and reaction model.

4.4 Conclusions

In this study, vegetable fibers were studied using X-ray diffraction, Fourier
transformed infrared spectroscopy and thermogravimetry analysis. Higher crystallinity was
found for curaua, kenaf and jute, respectively. The frequency factor of the fibers and the
apparent activation energy were observed to be nearly independent of the heating rate used.
The compensation effect relationship was determined and vegetal fibers containing higher
activation energies also showed higher frequency factor values. This may have occured due to
their similar reactivity. Finally, the Criado reduced method showed that all fibers followed the
D (diffusion) and F1 (random nucleation followed by instantaneous growth of nuclei)
degradation mechanism. The conducted study of the decomposition activation energy
contributes to the understanding of thermal decomposition stability of natural fibers used for

polymer composites.
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Abstract

In this study, the reinforcement effect in sisal/polyester composites containing distinct
reinforcement content was studied ranging from fragile to strong classification. The results
indicate that the reduced storage modulus changes steadily, and the loss modulus and the tand
peak are broader for composites containing more fiber (dynamically strong composites). As
more fiber was incorporated in the resin, lower peak height for the tan delta curve was
obtained, which may be indicative of lower energy dissipation due to a greater relative
amount of interface. Also, the use of reduced dynamic mechanical curves (similar to dynamic
fragility) is an alternative to facilitate the study of the material behavior.

Key-Words: Composite materials; polymer composites; dynamic mechanical analysis.
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5.1. Introduction

Composites reinforced with natural fiber have received greater attention in recent
years due to their unique characteristics as well lower cost and fiber renewability [1-3].
However, several drawbacks, such as low wetability and poor mechanical properties
compared to synthetic fibers have limited their application [4, 5].

The dynamic mechanical analysis is a powerful tool that can be used to understand the
macroscopic properties as flexural and impacts strengths [6] with molecular relaxations
associated to conformational changes and microscopic deformations occasionate from
molecular rearrangements [7, 8], Also, it is of direct relevance to the vibration isolation or the
dissipation of the vibration energy in engineering parts, such as cars and buses, for example
[8]. Variations in storage modulus of the composite (mechanical response) are sometimes
interpreted based on the characteristics of the bulk polymer phase and the fiber/matrix
interphase. Also, fiber type and distribution show significant influence on these properties [5].

The dynamic mechanical properties of some materials can be correlated in terms of
dynamic fragility; i.e. the molecular motion from the glass transition temperature [9]. Fragility
(Angell’s empirical classification) [10-12] is related to the manner in which temperature
affects the kinetic or thermodynamic properties of such material. So, it has both relaxational
(manifested from different levels of departure from Arrhenius kinetics) and thermodynamic
(manifested by the different rates at which the excess entropy of the liquid relative to crystal
diminishes) manifestations [12]. However, different interpretations must be given for
polymers and polymer composite materials. The dynamic fragility of polymers can be
visualized from typical features of the dynamic mechanical spectra. For example, strong
polymers exhibit a smoothly descending process in the glass transition region and a narrow
relaxation area in comparison to fragile ones [13]. For composite materials, it is known that
the fiber/matrix interphase restraints molecular motion of the matrix, dissipating a lower
amount of energy, leading to smaller relaxation area of the tan delta (tan d) peak. So, it could
be expected that the fragility index may be inferred from the fundamental dynamic
mechanical curves, i.e. storage, loss and tan d curves.

The dynamic fragility can be calculated according to Angell’s concept:
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= dlogt
d(T, /T)TzTg (1)

where m is the fragility index, t is the relaxation time and 7, is the glass transition
temperature (calculated from isochronal experiments). According to the equation above, a
higher m value refers to higher dynamic fragility.

Also, by using normalized plots, the properties of a variety of substances (from ionic
and molecular substances to polymers) can be viewed in a single diagram for improvements
in comprehensibility result [14, 15]. There are many examples in the literature of these plots,
including the cooperativity T,-normalized plot (using Equation 1) which may be used to
observe the degree of departure of the temperature-dependent relaxation time from the
Arrhenius behavior for a particular material [16,17]. The degree of departure can be related
with how the properties of determined material are affected by temperature. Different
properties, such as entropy [16], relaxation time [17] and heat capacity [18], can be similarly
studied aiming to facilitate interpretation of the results. Figure 5.1 shows an adapted Angell
plot [adapted from references 10, 19 and 20]. According to the Figure, the fragility behavior
can be associated with the potential energy and molecular coordinates of determinated
substance (landscape). Also, the extent to which the viscosity/relaxation times deviates from
the Arrhenius behavior (degree of departure) constitutes the basis of the classification of
substances as either strong or fragile. For a substance often considered as the prototypical
strong glass-former, the activation energy is almost constant as the temperature increases.
This constancy indicates that the underlying mechanism, presumably breaking and
reformation of Si-O bonds, applies throughout the entire landscape. On the other hand, the
relaxation times/viscosity of O-therphenyl OTP — the canonical fragile glass-former — deviates
markedly from Arrhenius behavior. This means that the OTP’s landscape is very
heterogeneous [14, 15]. Generally, a strong glass-former glass former liquid exhibits a low
ACp value (lower than 0.1 J.g K™ while a fragile glass former liquid exhibits a high ACp

value (higher than 0.3 J.g 'K™") [10]. It is important to mention that the behavior mentioned
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above is a general statement. A low value of m (more fragile material) does not necessarily fit

a low value of ACp and vice-versa [10].
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Figure 5.1: Adapted Angell plot representing the fragile and strong behavior of some

substances.

For composite materials there is a lack in literature in relation to dynamic fragility
studies [21]. For measurement of the dynamic fragility, usually it is used mechanical-

statistical models [16, 22]. Aiming to oversimplify and directly correlated this parameter there



Capitulo 5 91

is the possibility to afford us an alternative way to choose damping materials according to the
strong-fragility scale [13]. The objective of this study is to analyze the reinforcement effect of
sisal fibers based on dynamic mechanical properties of their composites with respect to the
structural modifications. Also, to correlate fundamental dynamic mechanical data with the
dynamic fragility by the reduced storage and loss moduli and tan delta peak. This is due the

reduced plot has a similar shape to the Angell plot.

5.2. Experimental

Commercial unsaturated polyester resin Uceflex UC 5530 (supplied by Elekeiroz) was
used to prepare the composites. Acetyl acetone peroxide (AAP) and dimethyl aniline, both
supplied by Disfibra, were also used. Sisal vegetal fiber (aerial density: 500 g.m?) was
supplied by Sao Carlos Technology.

Composites were prepared using the resin transfer molding (RTM) technique. Mold-
releasing agent (PVA) was applied to the mold before molding. Ortophthalic polyester resin
(100mL) was mixed with 1 mL of MEK peroxide (curing agent) and 0.3 mL dimethylaniline
(catalyst). In the RTM process, the resin mixture was injected into the closed mold under a
positive pressure of 0.5 kg.cm'2 and allowed to cure in situ for 1 h and rest for 24 h at room
temperature. Furthermore, a first post-curing at 80 °C for 6h (to ensure that no further
chemical modification occurs) and a second post-curing at 120 °C for 2h (aiming to
eliminates mechanical residual stress) were performed [23]. Composite sheets were prepared
varying the number of natural fiber sheets used (1, 2 or 3 sheets) for the same composite
thickness, i.e. the fiber content varied (c.a. 23%, 29% and 38%, respectively). The mats were
dried in an oven with air circulation at 105 °C for 30 min just prior to molding and hot
compressed in the following conditions: 10 min, 10 ton and 80 °C. The composites containing
1, 2 and 3 sheets of vegetal fibers were named S1, S2 and S3, respectively. The viscoelastic
properties of rectangular specimens (dimensions: 55 mm x 10 mm x 4 mm) were evaluated
using a Q800 TA analyzer setup. Tests were performed in a dual cantilever clamp, from room
temperature to 180°C, at a heating rate of 3°C.min"". An oscillation amplitude of 15 ym was

used for all samples. DMA testes were based on ASTM 7028-07 standard test.
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More detailed of the experimental approach to compare dynamic fragility with

dynamic mechanical properties can be visualized on Wu’s study [13].

5.3. Results and discussion

Figure 5.2 shows the storage modulus as a function of the temperature for the neat
resin and the sisal composites. A higher storage modulus was obtained for the matrix in the
glassy state, indicating limited influence of the fiber on the stiffness of the composites at low
temperatures. With increasing temperature, a clear trend is observed, that is, composites
containing higher reinforcement content exhibited a less significant drop in modulus and a
higher rubbery modulus [24] since rigidity of the fiber and the fiber/matrix interface are less
affected by the temperature than the rigidity of the bulk matrix [5], leading to a decrease in

resin mobility at the fiber/matrix interface.
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Figure 5.2: Storage modulus curves for the neat resin and the sisal composites with

different fiber content.
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In all cases, modulus decreases with temperature (as expected). However, the variation
in moduli in the glassy and in the elastomeric region for the composites is lower in
comparison to the resin. This difference can be attributed to a combination of hydrodynamic
effects (viscosity, turbulence and surface tension) of the fibers immersed in a viscoelastic
medium and to mechanical restrictions introduced by the reinforcement. As a result, there is a
reduction in mobility and flexibility of the matrix [25]. Besides, for unfilled systems (e.g. neat
polyester resin), stiffness at high temperatures is determined by the amorphous regions which
are responsible for increasing chain mobility. And, with fiber incorporation, there is a relative
reduction in the overall amorphous area. Also, there is an increase in interfacial area that is
responsible for the stress transferring [5].

The effectiveness of the reinforcement caused by fiber incorporation is better
evaluated by the “C” coefficient [26], shown in Table 5.1. The dynamic fragility of the system
(the variation in rigidity as a function of temperature) can be directly related to this
coefficient. A higher drop is seen for the material without reinforcement (neat resin) because
the rigidity at higher temperatures is determined by the amorphous regions, as mentioned
earlier. Also, the drop in modulus is comparatively lower for the composites containing lower

fiber content.

Table 5.1: Effectiveness coefficient reinforcement for the composites studied.

Sample C(25/50)° C(25/75) C(25/100) C(25/125) C(25/150)
S1 1.009 1.017 0.846 0.423 0.290
S2 1.128 1.174 0.737 0.226 0.140
S3 1.044 0.974 0.519 0.155 0.109

*the numbers in parentheses represents the temperature values at which the storage

modulus was taken.
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Fiber incorporation does not necessarily result in significant changes in the average
relaxation time. Figure 5.3 shows that damping of the composites is lower in comparison to
the neat matrix, and this is because the fibers retain a significant amount of the applied
deformational energy, allowing only a small part of it to be dissipated by the interface. Thus,
energy dissipation occurs through the interfaces and results in lower dissipation energy for
stronger interfaces [4].

Of particular interest is the fact that higher overall properties can be obtained without
significant alterations in T, (108.6, 109.2 and 112.9°C for the S1, S2 and S3 composites,
respectively). This means that the glass transition temperature may not provide enough
information for classifying the temperature dependence of dynamics in polymer composites

[27].
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Figure 5.3: Tan delta (tan 9) curves for the neat resin and the studied composites.

Figure 5.4 shows the plot of peak height of the tan & curves vs volume fiber fraction.
In composite materials, this parameter can bring important information about the structure and
properties of determined material. It can be noted that the peak height shows a regular
decrease with the increase in fiber content. This means that there is greater molecular
restriction at the interface and, consequently, the transition from the glassy to the rubbery
state occurs slower in comparison to the neat resin. This is indicative of possible suitability to

impact applications, for example.
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Figure 5.4: Peak height vs fiber volume fraction curve for the studied materials.

For quantitative discussion, three glass transition temperatures, denoted as T, Tg»
and Ty 3 were determined, from the storage modulus (E'), the loss modulus (E") and the tan &

curves, respectively [26] (displayed in Figure 5.5). Also, the following parameters were

defined AT2 = T,y 3-T,» and AT3= T, 3-T, ;, shown in Table 5.2.
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Figure 5.5: Schematic representation used for determining different glass transition

temperatures for the studied materials (at 1 Hz).

Table 5.2: Parameters obtained using three different glass transition temperatures for

the composites studied.

Sample T, AT2 AT3
Neat resin 80.69 24.23 32.46
S1 78.02 20.29 31.40
S2 75.12 36.32 34.36
S3 77.16 39.58 35.94

For polymeric materials [13], AT2 and AT3 decrease from the strong side to the fragile
one. For the studied composites, it seems that T, ; parameter decreases as fiber is incorporated
in the neat resin. This may be explained considering that T,; is obtained from the slope

intercept where there is greater influence of the chain packing and intermolecular forces. The
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AT?2 and AT3 parameters show smaller values for more fragile systems. Overall, these values

tend to increase as fibers are incorporated in the neat resin, which could mean more

dynamically fragile systems [9].

Figure 5.6 exhibits normalized dynamic mechanical properties for the neat resin and

the composites obtained at 1 Hz. In this figure, the storage modulus (Figure 6a), the loss

modulus (Figure 6b) and the tan & (Figure 6¢) are normalized using the storage modulus at the

glassy state, the maximum loss modulus and the maximum tan §, respectively.
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Figure 5.6: Normalized dynamic mechanical spectra of the neat resin and the

composites (at 1Hz): a) Storage modulus; b) loss modulus and ¢) tan 6. (E’Inax ,E”max and tan

Omax are the storage modulus at the glassy state, the maximum loss modulus and the maximum

tan J, respectively).
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Strong glass-liquids forming display a slow descending profile in their storage
modulus when passing from the glassy to the liquid state. With the increase in fragility, the
storage modulus curve becomes gradually steeper around the glass transition region. The loss
modulus and the tan 8 peak are very wide for strong liquids and quite sharp for fragile liquids.
Also, the dynamic mechanical properties of strong liquids are expected to change slowly with
temperature, which leads to wide glass transition regions [28]. Differently from polymers, in
composite materials the descent process (shown in Figure 6a) is governed by the
reinforcement effect (polymer/matrix interface) rather than by cohesive energy or molecular
interactions. For polymeric materials, there is no relation between Ty ; and the fragility index.

In Figure 6b, greater differences are found in the elastomeric state — differently from
the normalized tan J curves. In Figure 6¢, greater differences are observed from the maximum
dissipation energy in the vitreous state compared to the elastomeric state (which was not
expected). Also, greater relaxation areas represent higher dynamic fragility. Since the
normalized tan O curves show a similar trend for the studied materials from the glass
transition temperature, the dynamic fragility index (m) values (not calculated in this study) are
not expected to vary significantly since the tan & curves are commonly used to calculate this

index.

5.4. Conclusions

The higher glassy storage modulus and tan & values observed for the neat resin may be
due to a more reticulated polymeric system, i.e. a higher crosslinking degree. The glassy state
is more influenced by intermolecular forces and the way the chains are packed. Nevertheless,
the reinforcement effect can be noted in the glassy-rubber transition by observing the
dissipation energy (tan &) and the mechanical constraints (elastomeric modulus). The
distinguishable overall properties of the composites can be obtained without significant
alterations in Ty, as demonstrated in this study. The normalized curves (dynamic fragility)
may help materials selection when long-term life is required, and the use of the strong-fragile

scale may be an alternative way to choose damping materials.
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Integracao dos artigos

O teor de umidade das fibras vegetais é dependente dos principais constituintes
quimicos das fibras (principalmente hemicelulose) (Artigo 2). Esta propriedade deveria
refletir diretamente na absorcdo de dgua das fibras e na perda de massa correspondente a 4gua
(= 100 °C), através da técnica de TGA (Artigo 1 e 2). Por outro lado, a cristalinidade das
fibras é determinante (em teoria) para a estabilidade térmica das mesmas e pode ser obtida
diretamente através da técnica de difracdo de raio-X ou indiretamente através de outras

técnicas como TGA e FTIR (Artigo 2).

De acordo com o Artigo 1, calculou-se o teor de cristalinidade através da integracdo
dos picos de DRX. No Artigo 2, verificou-se a contribuicdo efetiva de cada pico para os
célculos de cristalinidade. Isto € importante por causa dos cédlculos de distincia interplanar,
tamanho dos cristalitos entre outros pardmetros quando existe a necessidade de fazer um
processo de deconvolucdo para separar os picos. No entanto, como uma avaliacdo visual
inicial, o método do Artigo 1 que consiste na comparagdo dos primeiro (20 = 15) e segundo
(26 = 22) picos pode ser considerado como indicativo do teor de celulose cristalina.
Usualmente, picos mais pronunciados sdo obtidos para amostras com maiores teores de
celulose cristalina. Mas quando se necessita um rigor cientifico maior, o método utilizado no

Artigo 2 € mais adequado.

Conforme citado no Artigo 1, maior cristalinidade significa maior estabilidade térmica
(em teoria). No entanto, esta relagdo parece ndo ser tdo simples em se tratando de fibras
vegetais. As fibras podem possuir cristalinidades similares, porém cristalitos ordenados de
maneira diferente. Entdo, no Artigo 2 calculou-se alguns parimetros adicionais para tentar
corroborar os resultados obtidos. Neste caso, utilizou-se o método de Segal. Trés pardmetros
foram calculados: distincia interplanar (d), tamanho dos cristalitos (L) e quantidade de
cristalinidade dentro das cadeias (X). O tamanho dos cristalitos mostrou uma tendéncia.

Porém, isto ndo fornece muitas informacdes dos aspectos estruturais uma vez que existe uma
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ndo linearidade entre o tamanho dos cristalitos e o grau de cristalinidade calculado pelo
método de Segal (Artigo 2). O teor de cristalinidade no interior das cadeias seguiu a mesma
tendéncia do tamanho dos cristalitos. Isto pode ser indicativo de uma estrutura mais
organizada dentro dos cristalitos da celulose, o que contribui para uma maior intensidade de

pontes de hidrogénio, resultando em uma estrutura celulésica mais empacotada (Artigo 2).

Conforme descrito no Artigo 2, o FTIR foi realizado para correlacionar o teor de
celulose e hemicelulose com os resultados de umidade e XRD, uma vez que podemos associar
bandas caracteristicas de absorcdo dos principais componentes das fibras. Observou-se que a
banda da regido de 3346 cm™ pode estar associada com hidroxilas contidas na dgua ou na
celulose. Uma maior intensidade de ligagdes de hidrogénio parece estar associada com maior

cristalinidade no interior das cadeias e o grau de cristalinidade com XRD.

O indice de cristalinidade lateral (LOI) — calculado conforme Artigo 1, pode ser
consequéncia de um maior empacotamento das cadeias celuldsicas uma vez que a fase amorfa
esta situada entre as cadeias de celulose. Finalmente, o teor de cristalinidade calculado
conforme as bandas de absor¢do Ajses/Ags, corroboraram os resultados obtidos por XRD

(Artigo 2).

Os resultados obtidos podem ser associados com a estabilidade térmica. Apesar de
diferengas obtidas na composicao das fibras por XRD e FTIR, todas as fibras mostraram uma
regido de decomposi¢do térmica maxima similar (Artigo 2). As quantidades de celulose e
hemicelulose podem ser separadas em modelos independentes através da deconvolugdo dos
principais componentes individuais. Este modelo € interessante por causa do compromisso de
simplificacdo e complexidade desnecessaria (Artigo 2). Embora o processo de degradacio
ndo seja simplesmente uma fungdo de cada fragdo contribuinte devido as interacdes entre
estas fracOes, suas identidades bdsicas sdo mantidas. Entdo, torna-se possivel fazer a
deconvolugdo da primeira derivada do termograma e separar os trés picos principais
referentes a celulose, hemicelulose e lignina. Para a 4rea de celulose, os resultados estdo
conforme os pardmetros calculados de XRD, enquanto os resultados da drea de hemicelulose
estdo corroborando os resultados de absorcao referentes a banda na regido 1730-1740 cm™ do

espectro de FTIR (Artigo 2).

No Artigo 1, a aparente energia de ativagdo, o fator pré-exponencial e o mecanismo de

degradacgéo foram estudados. Observou-se que todas as fibras seguiram a tendéncia de difusdo
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seguida de nucleagcdo randdmica. Os valores de energia de ativagdo seguiram a tendéncia dos
célculos de IPDT (conforme proposto inicialmente por Doyle), porém parece nio ter muita
relacio com XRD e FTIR. No Artigo 2 um efeito de compensacdo entre o fator pré-
exponencial das fibras e a energia de ativagdo aparente foi observado. Em suma, nenhuma
relacdo do FTIR e XRD com o comportamento térmico foi observado, embora diferencas nos

componentes lignocelulésicos tenham sido notadas.

Finalmente, uma das fibras do Artigo 1 foi escolhida para a fabricacdo dos compositos
poliméricos com resina poliéster (Artigo 3). Em particular, as propriedades dinadmico-
mecanicas foram analisadas. Notou-se que houve um aumento do médulo de armazenamento,
principalmente na regido de transicdo vitrea (onde uma queda menos abrupta foi observada
para os compdsitos com mais refor¢o) e na regido elastomérica. As temperaturas de transi¢ao
vitrea foram obtidas através dos moédulos de armazenamento, perda e tan delta para
correlacionar com a fragilidade dindmica dos compdsitos. Isto foi obtido através de relacdes
das diferencas destas temperaturas. Ainda, as curvas normalizadas foram criadas para
comparag¢do da fragilidade dindmica (pela semelhanca com os graficos de Angell). As curvas
normalizadas parecem ser uma alternativa para escolha do material quando trabalho de longo-

prazo é necessario (Artigo 3).
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Conclusoes

As fibras vegetais foram estudadas usando as técnicas de XRD, FTIR e TGA. Nos
resultados de XRD, as amostras contendo maior celulose cristalina mostraram maiores
intensidades nos picos enquanto as outras amostras tiveram picos menos pronunciados. O
indice de ordem lateral (LOI) seguiu a mesma tendéncia dos resultados de XRD, o que
significa que hd um maior empacotamento das cadeias de celulose para as amostras contendo

maior cristalinidade.

As energias de ativacdo aparentes calculados por FWO, Friedman e Kissinger
mostraram resultados similares para todas as fibras estudadas e coincidiram com os célculos
de IPDT. No entanto, os valores obtidos ndo mostraram correlacdo com a cristalinidade, como
previamente reportado na literatura. O fator de frequéncia se mostrou independente da taxa de
aquecimento utilizada. Uma relagdo de efeito de compensacdo foi determinada e as fibras
vegetais contendo maiores valores de energia de ativacdo também demonstraram maiores
fatores de frequéncia. Isto ocorreu devido a similar reatividade. O método de criado reduzido
mostrou um mecanismo de degradagdo tipo D (para uma conversdo ate 0.5) seguido de um

mecanismo de degrada¢do do tipo F1.

Finalmente, informagdes dos principais componentes individuais das fibras ndo sio
suficientes para elucidar o comportamento de degradacdo térmica e os mecanismos de
degradacgdo cinética para as fibras estudadas. Apesar das diferencas observadas utilizando
varias técnicas, o comportamento térmico se torna similar no inicio do processo de
degradag@o. Comportamento distinto foi observado por volta dos 100°C — associado com a
volatilizagdo da dgua, embora componentes de baixa massa molar como extrativos possam
degradar em temperaturas por volta dos 200 °C e promover uma degrada¢do mais

proeminente das fibras vegetais.

Em relacdo aos compdsitos com fibra de sisal, maiores valores de mddulo de

armazenamento na regido vitrea foram observados para a resina pura devido a um sistema
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mais reticulado, ou seja, com um maior grau de ligacdes cruzadas. O estado vitreo é mais
influenciado por forgas intermoleculares e a maneira que as cadeias estdo empacotadas. O
efeito do refor¢o pode ser notado na transi¢do do estado vitreo para o estado elastomérico pela
dissipacdo de energia (tan delta) e por restricdes mecanicas (mddulo elastomérico). De um
modo geral, um aumento das propriedades dos compdsitos pode ser obtido sem alteracdes
significativas na T,. As curvas normalizadas parecem ser uma alternativa para escolha do
material onde um trabalho de longo termo € necessdrio. Tem-se assim uma alternativa para

escolher os materiais de acordo com a escala de fragilidade dinamica.
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