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CAPITULO 5

A THERMODYNAMIC APPROACH FOR
MICROSTRUCTURES WITHIN CARBON FIBERS
PRECURSORY MESOPHASE PITCH BASED ON

THE MULLER-LIU PROCEDURE

Data de aceite: 01/03/2022
Data da submissdo: 20/01/2022

Caio Cesar Ferreira Florindo

Professor Adjunto no departamento de
Quimica, Centro de Estudos Superiores de
Tefé, Universidade do Estado do Amazonas —
UEA,
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http://lattes.cnpq.br/5188604740015151

ABSTRACT: In the present work, a continuum
thermodynamics approach based onthe Miller-Liu
mathematical procedure is employed to describe
the thermodynamic behavior of microdomains.
This investigation is primarily designed to
analyze how the microdomains orientation
affect the basic thermodynamic properties of
the mesophase pitch mixture. The orientation of
the microdomain is assumed to agree with its
particle’s average orientation. A director balance
equation is included in the entropy inequality
exploration and new generalized thermodynamic
relations are deduced. The restrictions on
constitutive functions imposed by the second law
of thermodynamics are derived by the method
of Liu. Possible extensions of this model can be
used to describe the mechanical and rheological
properties of the carbon fibers.

KEYWORDS: Mesoscopic theory, Thermodyna-
mics, Microdomains, Mesophase pitch, Carbon
fibers.

DESCRICAO TERMODINAMICA PARA
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MICROESTRUTURAS DENTRO DE
FIBRAS DE CARBONO DE PICHE
MESOFASICO POR MEIO DO
PROCEDIMENTO DE MULLER-LIU

RESUMO: Neste trabalho, a termodinamica
mesoscopica do continuo baseada no
procedimento matematico de Muller-Liu é
empregada para descrever o comportamento
termodindmico de  microestruturas.  Esta
investigagdo é primeiramente  designada
para analisar como os a orientacdo das
microestruturas, chamadas micro dominios,
afetam as propriedades termodinamicas bésicas
de uma mistura de piche mesofasico. Aorientacéo
do micro dominio é assumida concordar com a
orientacdo média de particulas que o constitui.
Uma equacédo de balanco do diretor é incluida
na exploracdo da desigualdade de entropia de
Muller e novas relagdes termodindmicas séo
deduzidas. As restricdes impostas pela segunda
lei da termodinamica séo derivadas pelo método
de Liu. Possiveis extensbes deste modelo podem
ser usadas para descrever as propriedades
mecanicas e reologicas das fibras de carbono.
PALAVRAS-CHAVE: Teoria  mesoscopica,
Termodinamica, Micro dominios, Piche
mesofasico, Fibras de carbono.

11 INTRODUGAO

Continuum thermodynamics is built on
two main grounds: (1) basic fields, which obey
balance laws valid for all bodies regardless of
their constitution and (2) specific equations for
each body named constitutive laws. Usually,
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in thermodynamics one considers only the basic fields mass, linear momentum, angular
momentum, energy and entropy, but in special situations, for example, when microscopic
characteristics of the system particles are taken into account, other basic fields need to be
added. In this case, for materials with a more complicated internal structure than simple
materials, other variables need to be added for their unique description. Some examples
of such complex materials are steel, shape memory alloys, micro-cracks, liquid crystals,
polymer melts, solutions, and others (BLENK, 1991).

In principle, there are two possibilities to include additional quantities into the
continuum thermodynamics description: the first one is to introduce additional fields and
their balance equations defined on space-time . This approach has a long history in
continuum mechanics, starting with the cosserat brothers in the early twentieth century and
extending to current days. A second possibility is to introduce the concept of mesoscopic
space, which historically stems from the theory of liquid crystals by taking into account the
orientation distribution function of the molecules. In this approach, the additional quantities
(also called mesoscopic variables) extend space-time to the so-called mesoscopic space.
As a result, all other fields along with their respective balance equations are redefined in
this new space. Despite that, the balance equations can be easily written down on the
mesoscopic space because only the number of dimensions change, in comparison with the
usual balances on space-time

In the present work, a continuum thermodynamics approach based on the muller-liu
procedure (liu, 1972; maller, 1985) is employed to describe the thermodynamic behavior
of the microdomains (edie,1989). Basically, this procedure involves incorporating lagrange
multipliers to the entropy inequality, in order to take into account all balance equations in the
inequality exploitation. That is, all thermodynamic processes for the microdomains obtained
as solutions of the balance laws and constitutive model must be consistent with the second

law of thermodynamics.

21 THERMODYNAMICS FOUNDATIONS

2.1 Basic balance laws

In order to describe the balance laws, one introduce the following quantities: P is
the density,  the velocity vector, the stress tensor, the momentum supply density
by external forces, the strain-rate tensor, ¢ the internal energy, the heat current, r the
energy supply. The balance laws of mass, momentum and internal energy referred to an

inertial frame, are

O papel fundamental da quimica entre as ciéncias naturais 2 Capitulo 5 “



These equations are simple balance laws valid for simple systems. However, in the
treatment of complex materials (materials that have a more complicated internal structure
than simple ones) other variables need to be added for their unique description. For the
mesophase pitch mixture, for example, it is necessary to consider internal variables as well
as news balance equations. Some of these variables and their respective balance equations

will be discussed in detail in the following sections.

2.2 Miller entropy principle

The material behavior of a system must obey the second law of thermodynamics.
Thus, all thermodynamic processes obtained as solutions of the balance laws and constitutive
model must be consistent with the entropy principle (TRUESDELL,1984). In macroscopic

continuum mechanics, the entropy balance equation for a mixture have the general form

4

where s the specific entropy, the entropy flux, the specific entropy supply and
the specific entropy production. As a consequence of the second law of thermodynamics
the inequality

®)

must hold for all thermodynamic processes. The generality of Eq. (4) is quite remarkable
because it encompasses many entropy inequalities found in the literature of non-relativistic
continua mechanics, with few exceptions.

Inthe endeavor of softening these assumptions, Ingo Miiller (1985) proposed a weaker
formulation of the entropy inequality in which the entropy flux and supply are considered
unspecified constitutive quantities, and the constitutive properties of the material do not
depend on external supplies. In fact, Miller approach satisfies all necessary requirements

of an irreversibility statement and reads as follows:

» In every material body there exists a quantity, the specific entropy  , which
obeys an Eq. (4) type balance equation.
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+  The entropy production for each constituent may take any value, but the entropy
production of the whole mixture is a non-negative quantity, see Eq. (5).

»  Entropy flux and supply are considered unspecified constitutive quantities.

»  The nature of the restrictions imposed on the system behavior by the second law
of thermodynamics is purely constitutive. Hence, by obtaining these restrictions,
the (external) supply terms that appear in all balance equations cannot influence
the material behavior, thus they must be omitted.

+  There exist special material singular surfaces, the so-called ideal walls between
two continua, across which both the normal heat flux and normal entropy flux
are continuous.

Aiming to simplify the analytical operations performed with such a principle, Liu
(1972) proposed to incorporate Lagrange multipliers to the entropy inequality, making the
Muller proposal exploitation simpler than beforehand. In the present work, this method will
be employed to impose thermodynamic restrictions on the constitutive responses of the

microdomains.
2.3 Supplementary field equation

In this work, the microdomains orientation is assumed as an internal orientational
degree of freedom defined by the director vector . In this case, the vector is considered
an independent variable in the space state and the change velocity of . By
using standard arguments, it is straightforward to derive from the Euclidean transformation
rules that  is invariant with respect to non-inertial frame changes.

It is customary to work simply with unit vectors in physical space instead of the
microscopic director . For example, in the Ericksen-Leslie theory of liquid crystals one
employs a macroscopic director for describing the local alignment of a particular
molecule or group of molecules in uniaxial nematic liquids. In the present investigation,
it is assumed that to avoid complications that may arise from working on the
real projective plane. Thus, the dynamics of the macroscopic director  for incompressible
isothermal conditions is governed by the Ericksen-Leslie equation (ERICKSEN, 1959;
LESLIE, 1966).

(6)

Here the symbol represents the macroscopic director change velocity,
the external director body force, the intrinsic director body force and  the director stress
tensor. It should be noted that Eq. (6) is quite similar to the angular velocity balance equation
from Florindo (2017).

The constitutive equations for and are given in terms of linear functions of
the angular velocity of the director relative to that of the fluid  and the strain rate tensor
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. The Ericksen-Leslie constitutive equationsfor and are as follows:

@)

where is the rate of vorticity tensor, the corotational (“Jaumann”) derivative
of the director, is the rotational viscosity, the irrotational torque coefficient, a
Lagrange multiplier vector, are Leslie viscosity coefficients, the elastic free

energy density and  a reactive scalar parameter.

31 CONSTITUTIVE THERMODYNAMICS MODELLING

3.1 Thermodynamics state space

By considering the rule of equipresence and principle of frame indifference, one
proposes the state space

()

Due to the principles of objectivity and equipresence, the set of constitutive variables

(10)
must be formulated as functions on the state space . The tensor is introduced in the
set of variables because constitutive functions must be independent on the observers, or
in other words, must be objective quantities. Consequently, constitutive functions do not
depend on the velocity , but they can be depend on the velocity gradient through its
symmetric part

3.2 Exploitation of the entropy inequality

The macroscopic entropy inequality (5) must be satisfied subject to the simultaneous
satisfaction of the balance laws and evolution equations for the microdomains. In order to
create a link between the entropy balance and the remaining balances, and to exploit the
restrictions imposed by this inequality, the method of Lagrange multipliers proposed by
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Liu (1972) and proven by Muschik (1992) is employed. Thus, the entropy inequality (4),
constrained by the balance equations (1), (2), (3) and (6) takes the form

an

In the inequality above, and are scalar and and are vectorial
Lagrange multipliers. The Lagrange multipliers are not necessarily objective
quantities, but they may be functions of the independent variables from the space
state [17]. These parameters are auxiliary constitutive quantities that must be determined
along with the exploitation of the inequality. The dot placed after and must be understood
as the scalar product.

It is important to note that from the energy balance equation arise additional terms,
namely, and . Thisisbecause the director’s balance equation is taken into account
in the mathematical derivation of the new energy balance. The angular velocity balance
equation is not included in (11) because one assumes that (6) is sufficient to describe the
rotational and orientational character of the microdomains in the pitch. In addition, it is
also noted that the director’s balance equation (6) is a specification of the angular velocity
balance for nematic liquid crystals.

Thus, by substituting the constitutive relations that determine the variables in (10)
from those in (9), into inequality (11), and by performing all differentiations with respect to
time and space coordinates according to the chain rule, one obtains an inequality similar to

where and are functions of state variables, but not of , and

(13)

Note that the inequality (12) is linear in P, and the values of P can be given
independently of the values of Y and . This implies that Y must vanish, otherwise, it
would be possible to choose some values of P such that the inequality was violated. Hence,
the inequality (12) must hold for arbitrary values of Z and P. The necessary and sufficient
conditions to satisfy this requirement are Y and . By introducing the notations
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(14)

one obtains the Liu equations
(15)

Moreover, the entropy flux conditions are:
(16)

where is the symmetric part of the expression resulting from the symmetry of the
second gradient in P. Note also that Eq. (11) is linear in , therefore , orin other
words, the momentum equation does not modify the analysis of the entropy inequality. The
residual inequality takes the form

a7

4|1 REMARKS AND CONCLUSION

In this work, a thermodynamic model based on the Mller-Liu procedure is proposed
for microdomains in the mesophase pitch mixture. The model presented is quite simple,
and it shows the thermodynamic implications of taking into account, as a constraint on the
entropy inequality, the orientation balance equation. In order to emphasize the microscopic
structure (microdomains) of the mesophase pitch, two internal variables, n and N, were
introduced in the thermodynamic state space.

It could be showed that additional terms, related to these internal variables, arise
in the thermodynamic definitions for the entropy and Helmholtz free energy. All these
possible results have already been demonstrated by Florindo (2017). Therefore, for more
detailed mathematical results and deductions, it is suggested to read that reference. Future
experimental works in this direction are necessary to confirm this assumption.

REFERENCES

BLENK, S. et al. Statistical foundation of macroscopic balances for liquid crystals in alignment tensor
formulation. Physica A: Elsevier, v.174, n.1, p.119-138, 1991.

EDIE, D.; DUNHAM, M. Melt spinning pitch-based carbon fibers. Carbon: Elsevier, v.27, n.5, p. 647-
655, 1989.

O papel fundamental da quimica entre as ciéncias naturais 2 Capitulo 5 “



ERICKSEN, J.L. Anisotropic Fluids. Archive for Rational Mechanics and Analysis: Springer Nature,
Berlin, v.4, n.1, p.231, set. 1959. DOI 10.1007/BF00281389.

FLORINDO, C. C. F,; PAPENFUSS, C.; BASSI, A. B. M. S. Mesoscopic continuum thermodynamics for
mixtures of particles with orientation. Journal of Mathematical Chemistry: Springer Nature, Berlin,
v.55, n.10, p. 1985-2003, Nov. 2017.

LESLIE, F. M. Some constitutive equations for Anisotropic Fluids. The Quarterly Journal of Mechanics
and Applied Mathematics: Oxford, v.19, n.3, p.357-370, jan. 1966. DOI 10.1093/gjmam/19.3.357.

LIU, I-S. Method of lagrange multipliers for exploitation of the entropy principle. Archive for Rational
Mechanics and Analysis: Springer Nature, v. 46, n. 2, p.131-148, 1972.

MULLER, I. Thermodynamics. Boston: Pitman Publishing, 1985. 521 p.

MUSCHIK, W.; EHRENTRAUT, C.; PAPENFUSS, C. Concepts of mesoscopic continnum physics with
application to biaxial liquid crystals. Journal of Non-Equilibrium Thermodynamics: Walter de Gruyter
GmbH & Co. KG, v.25, n.2, p.179, jun. 2000. DOI 10.1515/JNETDY.2000.011.

REIS, M. C.; FLORINDO, C. F. F.; BASSI, A. B. M. S. Entropy and its mathematical properties:
consequences for thermodynamics. ChemTexts: Springer Nature, Berlin, v.1, n.1, p. 1-9, fev. 2015.

TRUESDELL, C. Rational Thermodynamics. New York: Springer-Verlag, 1984. 578 p.

O papel fundamental da quimica entre as ciéncias naturais 2 Capitulo 5 “



iNDICE REMISSIVO

A

Absorcédo 73, 75, 76, 83, 92

Agéncia Nacional do Petr6leo, Gas Natural e Biocombustiveis (ANP) 23

Alaranjado de metila 64, 65, 67, 70, 71, 73, 75, 77, 78, 79, 80, 83, 94, 96, 98, 99, 100
Aminas quirais 53, 63

Antioxidantes 12, 14, 15, 20, 25

Atividade fitoquimica 13

Azul de metileno 94, 96, 98, 100

B

Bambu 85, 86, 87, 89, 90, 91, 92

Band gap 65, 67, 72, 73, 77, 80, 83, 95

Bioativos 12, 14, 15, 20

Biodegradavel 85, 87, 92

Biodiesel 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43,
44,62

C

Carboximetilcelulose (CMC) 85

Catalisador 24, 27, 35, 36, 39, 42, 53, 54, 55, 56, 57, 58, 59, 60, 61, 63, 64, 68, 95
Catalise homogénea 36

Combustivel 23, 24, 25, 28, 29, 30, 31, 32, 33

Conhecimento quimico 1, 10

Corante 64, 65, 67, 68, 70, 71, 72, 73, 74, 75, 77, 78, 79, 80, 83, 84, 97, 98, 99, 100
D

Densidade 14, 23, 25, 26, 27, 28, 30, 31, 33

Dioxido de Titanio (TiO2) 64

Dolomita 53, 56, 57, 61, 63

E

Electrospinning 64, 65, 66, 68, 71, 72, 74, 75, 77, 78, 82
Ensino aprendizagem 1

Ensino de quimica 1

Entropia 45

Estagio supervisionado 1, 2, 6, 11

O papel fundamental da quimica entre as ciéncias naturais 2 indice Remissivo “



F

Fendlicos 12, 13, 14, 15, 16, 18, 19, 20

Fibras de carbono 45

Filmes finos 85, 87, 89, 90, 91, 92

Formacéo de professores 1, 4

Fotoatividade 65, 72, 73, 74, 75, 80, 83, 84, 100
Fotocatélise heterogénea 64, 65, 72, 95
Fotodegradacédo 64, 94, 99, 100

Fotoestavel 94, 98

Fotorreacéo 95

L

Luminescéncia 76, 77, 80, 81
Luz 15, 18, 67,68, 71,73, 76,77, 78, 79, 80, 81, 83, 94, 95, 102, 103

M

Microestruturas 45

Microscopia Eletrdnica de Transmissao (MET) 53, 57
Microscopia Eletrdnica de Varredura (MEV) 64, 69, 70, 75, 79, 92
N

Nanocompositos 85, 86, 87, 89, 91
Nanomateriais 64, 65, 73, 85, 86, 92
Nanotecnologia 65

(o)

Oleo diesel 23, 24, 25

Oleo vegetal 33, 35, 36, 39, 43

Ouricuri 23, 24, 26, 27, 28, 29, 30, 31, 32, 33, 34
Oxido de ferro 85, 86, 87, 89, 90, 91, 92

P
Paladio 53, 55, 56, 61, 63
Piche mesofasico 45
Polietilenoglicol (PEG) 85
Polimeros 85

Poluicdo ambiental 95

O papel fundamental da quimica entre as ciéncias naturais 2 indice Remissivo “



Propriedades 6pticas 64, 72, 75

Propriedades terapéuticas 12, 20

R

Radiagéo eletromagnética 76
Reflectancia 76

Remediagédo 95, 97, 98, 99, 117
Resolucéo cinética dindmica (RCD) 53, 54
Rodamina B 98, 99

S

Semicondutor 95
T

Teoria mesoscépica 45

Termodinamica 45

Transesterificagcdo 24, 27, 35, 36, 37, 38, 39, 42, 43, 44
Transmissao 53, 57, 76

Tungsténio 64, 72, 73, 75, 80, 83

Vv

Viscosidade 23, 25, 26, 27, 28, 29, 30, 31, 33

O papel fundamental da quimica entre as ciéncias naturais 2 indice Remissivo m











