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DERIVATIONS OF THE STRESS-STRAIN RELATIONS FOR
ANISOTROPIC VISCOANELASTIC MEDIA IN IRREVERSIBLE
THERMODYNAMICS WITH INTERNAL VARIABLES

ARMANDO CIANCIO ¢, BRUNO FELICE FILIPPO FLORA ?,
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ABSTRACT. In this paper the rheological and heat equations are derived in an anisotropic
viscoanelastic media using the method of internal variables in the absence of external
forces. Compared with an isotropic viscoanelastic media, where both the deformation and
heat propagation are equal in all directions, this is only possible along certain privileged
directions in the anisotropic viscoanelastic case. We have derived the tensor equations
describing real behaviour according to privileged directions or main axes which depend on
phenomenological and state coefficients. The results are of potential interest in material
sciences, in material engineering, and in the analysis of biological tissues.

1. Introduction

In a recent paper V. Ciancio (2024) addressed the study of the heat transport equation
in the case of ultra-fast non-linear irreversible processes. The heat transport equation
was obtained by using internal variables under the assumption of isotropic viscoanelastic
medium. This study has shown the importance of the relaxation phenomenon which allows a
microscopic description of thermal conduction in solids. In this paper the study is extended
to the case of an anisotropic viscoanelastic medium by the theory of thermodynamics of
non-equilibrium (Meixner and Reik 1959; Prigogine 1961; de Groot and Mazur 1962;
Kluitenberg 1962, 1967; Kluitenberg and V. Ciancio 1978; V. Ciancio 1979; V. Ciancio and
Kluitenberg 1979, 1981a,b; V. Ciancio and Verhds 1990, 1991), using internal variables
(Coleman and Gurtin 1991; Maugin and Muschik 1994a,b; A. Ciancio, V. Ciancio, and
Farsaci 2007; V. Ciancio, A. Ciancio, and Farsaci 2008; A. Ciancio 2011; V. Ciancio 2022).
For study of the behavior of rheological media, in the presence of viscous and anelastic
phenomena, in addition to determining the stress-strain relationships it is important to obtain

the heat propagation equation. For this purpose V. Ciancio (2024) introduced the tensor 8&2

(inelastic strain) and the vector £ as internal variables which characterize both stress-strain
relationships and which generalize the Fourier heat equation (parabolic type equation) and
Maxwell-Cattaneo-Vernotte (hyperbolic type equation).
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In particular, in Sects. 2, 3 and 4, are defined the affinity relations, derived the equation of
Gibbs, the expression of the production of entropy, reported the relations of the phenomeno-
logical coefficients as well as the expression of the free energy. In Sect. 5, the equation
stress, strain and temperature is derived for the general case. With reference to the physical
phenomenon associated with heat transport, it is shown that the equation does not present
tensors of odd order, unlike what happens with piezo-electric media. In Sect. 6 the physical
significance of the internal variable as heat flux due to interactions between electrons and
phonons within the crystal lattice of the metal is deduced. The result is that the total heat
flow is related to both diffusion processes and microscopic phenomena. In Sect. 7, the heat
equation is derived for an anisotropic homogeneous viscoanelastic medium. In Sect. 8§,
the heat transport equation obtained in Sect. 7 is applied to a gold plate of infinitesimal
thickness which is heated by a very short-lived pulse emitted by a laser source. From the
results obtained by applying the finite element method (FEM) using the COMSOL software
(ver. 6.1). Finally, in Sect. 9 it is evident that the anisotropic nature of the metal is mainly
correlated with relaxation times related to the internal variable state, in general tensor,
which in the case of a homogeneous medium is a scalar. The importance of the results
achieved and their possible applications are highlighted. This implies a potential interest
in the diagnosis of biological tissues, which most of them are materially and functionally
anisotropic (Ramirez-Torres et al. 2017). Other methodologies such as rational or extended
thermodynamics (Miiller and Ruggeri 1998; Amestoy et al. 2001; Jou, Casas-Vazquez, and
Lebon 2010; Amestoy ez al. 2019; Ruggeri and Sugiyama 2021; MUMPS 2025) are based
on assumptions by defining a priori the nature of state and internal variables. This is a strong
limitation since the results obtained are of purely mathematical value and do not find their
way into applications. Another approach is based on a non conventional thermodynamical
model describing heat transport in nanomaterials in the presence of superlattice irregularities
caused by defects (Jou and Restuccia 2018, 2019). Finally another field of application
is the use of fractional calculation which allows, as demonstrated in the case of isotropic
viscoanelastic media (A. Ciancio, V. Ciancio, and Flora 2023), to determine rheological
tensors on the basis of experimental data.

2. The balance equation of entropy

In the contest of irreversible processes an important role is played by the flow of heat
which, classicaly, is not considered to be a state variable. Therefore we will suppose that the
specific entropy s, depends not only on the specific internal energy « and the total strain €4,
1)
op
is odd function of microscopic particles velocities that have influence on the propagation
phenomena which occur in the medium. Unless otherwise indicated, the representation of

tensors with index follows the Einstein notation:
1
s = 51, €ap, €y Eo) )

where &y (a = 1,2,3) is the a-component of the vector &.

the tensor € » describing the inelastic strain and also on a vectorial dynamic variable, &, that

Definition 1. Absolute temperature

e (9
g1 def Es(u,gaﬁ,géll;,éa) )
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Definition 2. Equilibrium-stress tensor
9 (1)
aﬁ = _pTaeaﬁ S(M,Saﬁ,gaﬁ,ga) 3)

Definition 3. Affinity-stress conjugate to eélg

def (9
1(13 = meS(M,gaﬁ,gt(xlﬁ).,ga) (4)
op
)

Definition 4. Vector j conjugate to the internal vector variable & conjugate to €up

.Ot dﬁf pTag (M 806ﬁa aﬁaéa) (5)

where p = v~ is the mass density. The tensor of total strain €yp 1s the symmetric part of
the gradient of the displacement field. Hence this tensor is symmetric. We shall also assume
that the elastic strain tensor and partial inelastic strain tensor are symmetric. Hence

€ap = €pa (6)

sgg = 8“0)[ @)
Moreover, we shall assume that

-4 2

rl(xlﬁ) = réloz )

Theorem 1 (Gibbs relation).
By using (1) we can obtain the following Gibbs relation (see V. Ciancio 2024)

Tds=du—v g degy +V Ty del) +V judEa (10)

(eq) © (1)

where V is the specific volume, 7, p is the equilibrium stress tensor, T, p is the affinity-stress

(1)

conjugate to €, B T is the absolute temperature and j, is the o.-component of the vector j

coniugate of d& /dt. In relation (10) and the following the usual summation convetion for
dummy is used. From (10) we have:

n
ds _ jdu_ edEap ) %ap . dba

= — 11
ar Par T g TTws g dt b
where J 3
-z =z Rv/ 12
7y +v (12)

is the substantial derivative respect to time and v is the velocity field and V is the gradient.
To analyze phenomena due to viscous flows (analogus to those which occurs during flows
in ordinary viscous liquids and gases) we introduce the following viscous stress tensor.

Definition 5.
def
T(ﬁ) = Top —r(ﬁ) (13)
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where 7,4 is the mechanical stress tensor which occurs in the equation of motion

dvg 87:aﬁ
— =pFy+ == 14
df p o + 8xﬁ ( )
and in the first law of thermodynamics
du dsaﬁ
o _v.Jj@ 15
p dr + Tocﬁ dt (15)

In (14) the force Fy, is the volume force per unit of mass and in (15) the vector J (@) is the
heat flux.

Theorem 2 (Entropy production).

By using the first law of thermodynamics (15) can be obtained the balance equation of

the entropy
ds J@
po ==V (—T ) +0o (16)

and the entropy production (see V. Ciancio 2024)

(1)
dg d8 dé
(s) 1 (q) . -1 (vi) & €ap (1) o
oW =T {J‘f ( VT)+1:aﬁ 7 + Top o —|—Ja dt}zo 17

It is seen that the entropy production is due to three types of phenomena: the first term on the
right-hand of (17) gives the contribution of the heat conduction phenomena, the second sum
is the contribution of viscous phenomena, the last sum is the contribution of the variation

of the dynamical variable. Each term is a production of flux J4 (@), (Vé) (1) / dt, jo of the
process and affinities conjugated to them: 7-'V T ydegp /dt, T aﬁ ,d€y/ dt respectively.

3. Phenomenological equations

According to the usual procedure of non-equilibrium thermodynamics, by virtue of
the form (17) for the entropy production, we have for anisotropic media the following
phenomenological equations:

. 9T de 5
=L (-1 lﬁ) L) —gp Loy T + LT 2 A8)

d d
(7T_197T)+L<0>(o> Eav O (1) L(o><é>j (19)

(i) _ 7 0()

Tap = Hap)u oxn ) TR ) g T ) Y Eapin g
(
de, oT de dé
(@) 1 Mo dEwv L om 1), mE
= Lol (77 5) Ll g+ a0+ Lapy g O
S O@ (1 9T o0 ey o) (1) e 958
o= L (=77 555) + oy gy~ + Lo W L G @D

The tensors L are called phenomenological tensors and the indices of these tensors enclosed
in round brackets mean that they are symmetrical because the tensors &y, 8&1[3), rélg and T&VIQ

are symmetric. The first of these equations may be regarded as a generalization of Fourier’s
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law. Equation (19) describes the viscous flow phenomenon and it may be considered to be a
generalization of Stockes-Navier’s law.

3.1. Reciprocal Onsager-Casimir relations. Since the time derivatives deaﬁ /dt, deélﬁ) /dt,
the heat flow J(@) and J vector coniugate to the internal variabile & are odd functions of the
microscopic particle velocities and the stress 7! B>’ Top> d&g /dt and the temperature gradient

dT /dr are even functions of these velocities. By virtue of (7) and (9), the phenomenological
tensors may be chosen so that one obtain the Onsager’s reciprocal relations:

— L(é ) (22)

_ L@ 0@ _ e (3

Laytun) = Hamytes) » Haytun) = L (e 24)
Lia)luv) = Lla) » Liepyan) = L) 25)
The Casimir’s reciprocal relations read (de Groot and Mazur 1962):
Lsxéﬁ)(q) _ Lg]a(é ) (26)
SR g
K= o
WO 01 (29)

(ap)(uv) (uv)(aB)
Equations (22)-(29) reduce the number of indipendent components of the phenomenological
tensors.

3.2. Quadratic form of entropy production. Equations (18)-(21) are the phenomenologi-
cal equations for the irreversible process of the dynamic degrees of freedom. Hence,substituting
Egs. (18)-(21) into (17), in the anistropic case one has:

ToW — (L<q><q> (_TALT)H@)(O) ey @) o) o) d5u> (_Tflal)+

aluv) gy a(uv) v dt Ox

aT dg dé de
29T 00 ey o0 )0 ) (4Eap
(=7 33) +Eetan g+ Eatun ™+ Habin )( r )*

M 0 0 o
) g Hap ) W+ L )’”oeﬁ+

@) [ q 9T ©)(0) d&uv | (©)(1) (1) & 458\ (da
L (_T 7)+L L) T + L ar ) \Car

(30)
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By virtue of the Onsager-Casimir’s relations, then production entropy is a quadratic form
with positive definite character and (30) becomes :

2 deyp de
6 _ 1 [j@@ (g2 9T L0 4o dewy
° r |:LO‘B (T Ox%JxB ) )( V) dt dt +
dé dé 31
M@ 1)) a 458
L)t T 0 + L g ]
4. Linear equations of state
Let f be the specific free energy of the medium

f=u—"Ts (32)

With the aid of Gibbs relation (10) we have:
df = vl degy — VTigdel —V jo dEy —sdT . (33)

From this expression it can be said that free energy is a function of the total deformation, of
the inelastic component of the deformation tensor, of the internal variable and temperature:

f = f(€ap-E4p-EaT) (34)
The total differential of free energy is given by:
d d
df = f f d“ﬁ+8§ d§a+—de (35)
aﬁ
From the comparison of (33) with (35) we obtain:
of (eq)
Jeap =V Tocﬁ (36)
o _ vrf;g (37)
8sa
af :
T Via (33)
af
—5r = (39)

Let us choose a temperature 7. Furthermore, let us consider a state of the medium with the
uniforme temperature Tp, in which the equilibrium-stress tensor, affinity-stress tensor and
the flux j, vanish. Hence:

e af _
Top (€aps aﬁaéavTo) <8£aﬁ) =0 (40)
P
o) (eap g b To) = —p | 22 | =0 (1)
(Xﬁ ZO
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, 0
futeap el ) == (5L) =0
Xy

(42)

The state (with temperature 7p) characterized by (40)-(42), will be called the reference state
Yy . All strain will be measured with respect to this state, i.e., we choose the tensors €up>

sé{lg and &, so that they vanish in the reference state. Hence:

‘L’éeg) =0 , Eup = for T=T
’L'élg =0 , ég for T =Ty
Jja=0 , Ey=0 for T=T,

Considering the procedure used by V. Ciancio (2024), we obtain:

0)0) OO 0.0, EE)
pf=5 (“(aﬁ)w%ﬁgﬂy (g B el + ey Eadp ) +

0)(1) 0)
+ “Ea)ﬁxuwgaﬁgﬁy) + “(aé €apbut
+ali ele +all (T —T) &yt
(o Eerfr SH 0)Gu
+afoy) (T —To)€ap +alyy (T —To) ey +¥(T)
(eq) _ (0)(0) O (1), 0 O)(T) (7r
Tap = Uap)(uy) 0y Ay BT T 9 apinSn T a(ap) (T —T0)

) ), ) W) W)
Tap = Uap) (uy) 67 T U ap)(uy) E17 T A T dap) (T —To)

= a9k + a0 4 IOl | DO (7 )

Based on Egs. (32) and (39), we have:

s
Then
e (e 3 4 )
+ (ol S + a{apiucan b+ alapucapu) +
Ty (a9 + e+ a6l +(r) 7%

The specific heat at constant deformation, c¢, may be defined by
du (T, Eq ﬁ)

=57

and hence

T
lP(T) =ceTlog (T) + 50T —ce (T — To) — U
0
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(45)

(46)

(47)

(48)

(49)

(50)

(5D

(52)

(53)
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5. The stress-strain-temperature relations

Let us place:

=T-T, (54)

and hence T 4o
> _27 55
dt dt (53)

Then Egs. (47) and (48) are written in the form

(eq) _ (0)(0) )1 ()

0)(©) 0)()
Top = U (up) E87 T Ay €17+ (apruSu T a(ap) O (56)

L0 0 o (T
~Tag = ALy AT+ Oy )+ LG+l D (7

Theorem 3 (Local termomechanical equation in anisotropic-viscoanelastic media).

In anisotropic-viscoanelastic media the local termomechanics equation is:

dTag o (0)0) L@ ey L0 dEy | )0
T R T = Riapyuy gz TRap)wn g, T R@p)un Bt (58)

dd
+Rigp) o+ Riap) O+ Fap (6.7)

where the second order tensor Fog (&, T) is

_pnm 4 19T\ | (1)) 1 0T 2 d*Eu
Zap (&) =Riopu g, (‘T axu)+R(aﬁ)u< T ) R gt

+R(aﬁ>u dt TR aB 5”

(59

Proof. By virtue (13) and using Eq. (19) in Eq. (56) we obtain the expression for the total
stress:

_ (0 L 9T ©©) dE&uy L0 (1)
Tap = Ligp)u (*T 97) Liapyun 37 T L(aﬁ)(M)TWJr

g) déu 0) O o)
+Liggs - i (B 7 T () ) E7

Substituting the expression (57) of TA(LY) changed the sign in the equation in (60) we obtain:

(60)

o)1)
o (o) O

S = {0 (171550 ) Ly e+ L) S+t
AR 2 g
o360

Let us place:
Pla)lun) = ~Liap)ow “unioo) (62)
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O _ 01 (M)

Pap)(uy) = ~HaB)ow) “un(9o)
blapin = ~Liapioo oo
bap) = ~Liabioniow
By virtue of the relations (62)-(65), we have:
ap = Liogh (-7 S)TTu R dflfy +Liggiu di” *

(0)(0) (0)(0) 0)(1) OICERW)
+<“(a (uy)*l’(amw)) 8#7+( (aﬁ)<u7)+p<aﬁ>(w>) Euy +
( 0)(&) 0)(T) | ,(O)(T)

(apyn T O(ap) )5“ ( @) tPwp) )P

Let us place:

OE) _ 0, ,0)(E)
lapip = Uapiu T P(ap)u
O)T) __(O)T) | ,0)T)
ap) = Yap) tP(ap)

Then Eq. (66) takes the following expression:

0@ (19T, 00 Dy | o)) 9o
L u(_T axu)+L(aB)<M) dt Liapin

)
(0)(0) ) (1)
N

0)(7)
e €0+ Loy €8+ ot clag) O

Deriving with respect to time both members of the equation (71), we have:

dtag (o)) d 19T o0 4y ) d*Eu
7 " Lepu g \ 7T o ) Ty wn g2 +Ligs, 2T
(1)
©0© deuy (o)1) dEuy g d&u | (o)1) dY
TCa)uy) gr @B gr T <aﬁ>u G ¢ (aﬁ> ar

From Eq. (20) we obtain:

dTep _ (0)(9) 19T L0 deuy &) d*&u
7 L \ 7T o ) Tl wn g2 + Lok o a2 T

(0)(0) deny+ O)(1) (Lm(q) (-1 19T)+L< )0)  deuy
u

TCaB)uy) “g; T ClaB)w) \ “ow) Ok W (o) gy

M (), &) 45 déu r) dv
+wawm@W+Ime d;)+{(ﬁm dt +c mm dr
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(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)
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Let us place:

O)a) _ ()
dapyu = (ap)(o0) Koo

O _ (0)(
dapiu = C(a

By virtue of the relations (74)-(77), we have:

d%ap _ 0 4 (_p1 9T\ 00 Pewy 06 P,
dt (aB)u gy OxH (aB)(uy) dg2 (aB)u gg2
O (19T (0)(0) (0)(0) wr | O (1)
+d<aﬁ)u( r axu>+<c(aﬁ)(w)+q(aﬁ>(m’>) 2 T Dap)up Ty T

Let us place:

Then Eq. (78) takes the following expression:

yd (TN | o) ey 0 4 Eu
“a’t( d (9x”>+L +k

A%ap _, 0
dt (aB) (aB)(uy) de2 (aB)u g2
0 (19T ©©0) deuy | 1) (1)

tdiap)u ( ﬁ)+w(aﬁ)<u7> ar 9By tur T

déu (1) 4O

(aﬁm dt +C(aﬁ) i

(1)

+w

(74)

(75)

(76)

77

(78)

(79)

(80)

(81)

Substituting the expression (57) of 7, changed the sign in the equation in (81) we obtain:

dTp _ (0)(q) d 9T ©0© deuy &) 4*Eu
7 Eepu gz \ 7T o ) TRy wn g2 + Lo 2
(0)(q) 1 oT ©©0) d&y _ (©0)1) ma L)
+diap) ( = ¢)+ @B)un gr T 4aB) (oo )( @ uy)(pw) Eny

B

©0)(1) (1) (1)(r) 0 48 (o)1) dV
‘“(uy)<¢w)£ﬂY“’<¢w)u5H‘“<¢w) ’9)+ WaBlu g +c(aﬁ) ar
Let us place:

O O (1))
Lap)uy) = "B (9o) Hun(do)

M O (01
Lap)uy) = "B (9o) Hun(do)
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) __ om  m©) (85)

(@) _ _ O (1)) (86)

By virtue of the relations (83)-(86), we have:

dTap _ (0)() 4 10T o0 ey o @6
. Hepu g \ 7T o ) Thepywn gz T e g2
oT de
L L0008y om0, 0)0) 87
( ax¢> (ﬁ)(w) ar T XaB)(uy) By T i ap) (up Byt .
(1)(8) (1)(T) doy ) dd
+2(g B)ué 2o B +wiog d + clapy o

The expression of the inelastic component of the strain tensor is obtained by multiplying on
the left by the inverse g(())(l) tensor both members of Eq. (71). The tensor is invertible since
it is symmetric as can be seen from Eq. (68) and let us place:

mo _ [ om 7!
OO ={clapun ) 88)

the inverse tensor of ¢c(O(!) | hence, from Eq. (71) we obtain:

o =l o+ 2R (1 56 ) + o GG
ety 70
where

A =
10 = ~{a Lty
8l .
€10 = _ngﬁ(())zw)cgﬁ(())zw)
=
Koy = ~Clafun (o)

Substituting the expression (89) into (87), we have the stress-strain-temperature relations:

Atti Accad. Pelorit. Pericol. Cl. Sci. Fis. Mat. Nat., Vol. 103, No. 2, A1 (2025) [27 pages]



Al-12 A. CIANCIO ET AL.

2
_ o0 ey | e dEuy | L))
TR ap)un g TRap)

dzti ¢ oD
©@ed @ dsu | L))
TR gy g2 TRapn o TR @B ST
@AY | 9)(0)
t Ry o+ Riap) ©
where
@O _ 1) MO @) _ 00 @) (0)0) (1)
Riap)(un = %ap)(unCap)un * Riap)un = Lap)ur  Riap)wun = Wiap)un T410%ap)uy)
©©0) _ (00 M)\ . @) _ 0 . o) _ (1) (1))
Riap)uy) = (Z(aﬁ)(w) 1020y ) Riapn = Liapn’ Riapu = Z(ap)(oo) Koo
E)Q) _ 00 . 1) _ 0@ 1) L WE) . pEO) _ _(E) , 1) =(1)E)
Riapyu = Liapyn Riapun = Wiapin T3(ap) 0o Koy Riapu = ap)u T2ap)90)X (oo
®)(1) _ (O)T) . p(®)0) _ ()T, _(H(1) . (1)T)
Riap)y” =Cap) *Riap) =%ap) T3(ap)00)Xo0)
(92)
Let us place:
e d (0T (1)©) (71 9T
Fap (5.7) _R(aﬁ>udt< T ) R (T g ) o)

2
©@ 478 | L &mdSu | L&)
TR g2 TRapn g T RGp S

Then the stress-strain-temperature (91) becomes:
dTag o (1)0) ©0) ey @) dEuy | e)0)
7 T Riap)un T = Riap)wn gz TR ap)wn g T Riap) ) Eurt
@AY | )0) o | 5

that represents (58), i.e., the local thermomechanical equation in anisotropic-viscoanelastic
media. [

By virtue of Eq. (93), we observe that the second order tensor .7, (€,T) is characterized
by constant tensor coefficients of rank three. If the medium changes shape but not the
volume, then these constant tensor coefficients of rank three are all null, i.e.:

Fap (§,T)=0
and Eq. (58) becomes:
dTap | ,(2)0) L@ ey | Le0) dEy | e
2 T Riapyun 0y = Riapyun gz TR@Bywn g T Ria)unEurt

(94)
@1 dY L 9)0)
tRap)y 5 T Riap) ©
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Hence, the second order tensor .Z 5 (&, T) takes into account the change in volume due to
both the internal variable and the instantaneous temperature.

6. Heat flux vector

We consider viscoanelastic anisotropic media with constant volume and strain on the
time. If the shape changes but the volume remains invariate, then the odd order tensors
cancel and those of even order are symmetrical. Therefore, Egs. (18), (21) and (49) reduce,
respectively, to:

@ _ @)@ ( 79T (a)(&) 458
1 =1 <7T —axﬁ>+LaB — (95)
(19T &)(€) 458
Jo=Log (‘T ﬁ)JFLaB dr (96)

—ja=aie & ©7)

Given the symmetry with respect to the main axes, without losing generality, one can choose
the reference system coincident with them, then:

Mo 0
{Lap }(”)(m) | o )Q(")(m) 0 (98)
L0 0o A
with m,n € {q,&} and
D6 0
lagg} ¥ =] 0 AP® g (99)
o 0 APE
Equations (95)-(97) can be written as:
3 3
(@) _ W@ s (_p19T W& s 45
sy _Tﬁgxﬁ 8up (-T 8xﬁ)+ﬁzlkﬁ 8up (100)
. :Tiﬂe)(q)a (7T_197T>+ il(5>(5)5 d%p (101)
Jo = B of OB o B B~ g
3
—ja= Y, AF 805 & (102)
B=1

where 6, is Kronecker’s symbol and the sum of the  index from zero to three is

A0 5 2900 L 2O 40 e respectively the

L7 @@) L €))L (9)E) . (5)S)
,L;ﬁ ,Laﬁq ’Laﬁ S Aigpy - From

considered. The symbols )Léq)(q) ;

eigenvalues of the symmetric tensors Lg[;(q)

Egs. (100)-(102), we obtain:

@ _ @@ (_ 9T (9)(&) 48
JW — 2L ( axa)HL“ S (103)
. a®) (. OT ©) &) déa
=2 (5 )+ 28 (10
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—ja=A5"% & (105)
with @ = 1,2,3 and in the following.
Theorem 4 (Heat flux vector decomposition).
The heat flux vector, J&‘n, decomposes into two components, the first proportional

to the temperature gradient (Fourier component) and the second to the internal variable
(Cattaneo-Vernotte component):

1 =1+ 0y (106)
where
o 2D @@ _ @@, 09 ar o)
o 1(5)(5) ox%
o
and (@)(€) 4 (E)(E)
q
Jé”—(la (5‘(; )ga (108)
A

Proof. By replacing the flux associated to the internal variable, jq, according to Egs. (104)

d
and (105), we obtain the expression of (505) :

dt
(8)(q) (&)(&)
% = (A?@@) (;Ta> - (A(f@@) Sa (109
Ao X Ao
By replacing Eq. (109) into Eq. (103), we have Eq. (106). J
By placing:
(9)(8) 5 (£)(q)
O _ 2@ [ Aa AT
Ao = a ( &G ) (110)
o
and (@)(8) 4 (8)(8)
q
a0 =R AT (111)
2 8)©E)
o
Equation (106) is written in vector form as:
J(q)Z%(O)VT—i-ZL(I)é (112)
where
A 0 0
)NL(l) =1 o lz(i) 0 (113)
o o AV

with: i = {0,1} and a = {1,2,3}. As can be seen, the decomposition obtained allows to
interpret the internal variable as a heat flux which depends on the nature of the medium
in which the heat propagates and characterizes the behaviour at microscopic level. The
remaining component obtained from Fourier characterizes the behaviour at macroscopic
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level and represents the heat flux which depends on the temperature gradient. The ten-
sors &(O) and %(1), from a physical point of view, represent the coefficients of thermal
conductivity of the medium along the principal axes. In particular, it is observed that A ©)

depends not only on the macroscopic thermal conductivity due to the tensor &(’1)("), but
-1

also on the mutual thermal conductivity tensor A(@() . 3($)@. (%(é)(5)> due to the

internal variable. Conversely &“) depends on the state tensor 4@)('5) and mutual thermal

conductivity %(4)(5) . (4(5)(5))

heat propagation is different along the main axes, unlike in an isotropic media where heat
propagation is the same whatever the direction. By Eqgs. (108) and (109) we get:

1
. It has also been shown that, in the anisotropic case,

djm
t ——4J0 =—gWyr (114)
T dt ~
where
1, 0 0
t,=|0 n, O (115)
0 0 1,
and
e 0
: @) 5 (€0
1) _ A ’
KWV = 0 A 0 (116)
289360
0 0 o
3

The 1, matrix is made up of the thermal relaxation times due to the heat flux associated with
the internal variable £. In the case of a homogeneous anisotropic viscoanelastic medium,

(5.
i(é 8 and lé” =t léq’€>.

the 7 matrix is reduced to the scalar: ¢, =

7. Equation of heat transport for homogeneous anisotropic viscoanelastic media with
constant volume and strain on the time.

In the case of strain and constant volume on the time and of homogeneous medium, we
have:
de
[ ] (XB

=0, constant strain;

dr dt
o 1 =N,=0,=1013,

du aTr
° =c¢, | — |, constant volume;

Therefore, Eq. (15) is written as:

pcy (”Z) =-v.Jw (117)
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By replacing J (@) according to Theorem (4) and under the hypothesis that the reference
system is fixed:

d o
y7ir (118)
Eq. (117) becomes:
pe, (‘Z) =v-(20vr)+v. (2V¢) (119)
By deriving both members of Eq. (119) with respect to time and by multiplying to left for
t; it follows:
9°T d d
e 2 (v.(10© 2 (v. 1M
per (aﬂ ) n=g (V- (20vr)) s 5 (v-208) (120)
Upon adding member by member Eq. (119) and Eq. (120), we obtain:
*T oT d
TV _ % (v. (20 (2O
pev (8t2>tl+pcv<8t>_8t (V ({L VT»IH_V (& VT)+ (121)
d
T (v. M NI
+g (Vale)nv (a0e)
Therefore
9*T oT d
Z V=2 (v. (1@ (20
pc"(aﬂ )““’CV(at) ot (V <% VT) h+v (’l VT>+ 122
d
2 (1M (1)
(52 0%5) 2%
Being
JW=_2We¢ (123)
Eq. (122) can then be written as:
poc (2 ) 0 vpe (20) = 2 (v (A091)) v (209r) -
012 "\ ot Jt ~ ~ (124)
d
_ Z (M (1)
\Y (nat (J )+J >
Being
d
Z(3m M) — (10 _ g @)
na (30) +30 = (0= 2@@) vr (125)

Eq. (124) is written as:

pe (G o (55) =¥ (201091) o 5 (- (209) ) 20

By dividing both members of Eq. (126) by pc,, we have:

92T oT %(q)w) p) tl%(O)
<8t2> 1+(at) V( e vT +E V. e vT (127)
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Placing:
. 2@
== 128
o == (128)
we have 5
2°T aT\ , 0 L
f <az2>+<az> =V (a VT)+E(V.(“Q”3 VT)) (129)
where
YO (;L<q><q>)‘1 (130)
Finally, by placing:
n=nmy i B=0m, ; =013 (131)

the equation of heat transport, for viscoanelastic anisotropic media with constant volume
and strain on the time, in scalar form is:

: (821) ((91) ,(821> ,((921) ,<821>

"\ o2 ot P\ 9x2 2\ 9y? P\ 9z (132)
d < » (822) ,t (821) ' (821 )>
ot \ "\ ox2 25 dy? 3\ 922

In the case of isotropic media, the equation of heat transport is that obtained by V. Ciancio
(2024). In fact, the relaxation times expressed by the relationships and the rates of change in
thermal conductivity are equal under this hypothesis: t, =3 =14 being ' =n{ =n) =n}
and o = af = o) = o} Therefore, Eq. (132) is written as:

22T oT ’ ;o 0
1 (atz) + (at) =a' AT+ a'n'ty E(AT) (133)

In the next section we will show with an example the peculiar characteristics of the equation
of heat transport compared to the models of Fourier.
8. Numerical results

In this section, we apply in a practical case the heat transport equation obtained in the
homogeneous anisotropic medium. In particular, consider a square Au metal plate on which
a laser source is applied at the vertex O(0,0) (see Fig. 1). In this case Eq. (132) is written

AY

774 AVAVAVAVAVAY

0 12 1

FIGURE 1. Geometry of the 2D-problem
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as:

t 827T + al =o 827]‘ +(X/ 827]‘ _|_£ ot 827]“ +
P\ a2 or ) '\ ox2 2\ 9y2 ot \ "1\ 92
, (0T o, d
+a’2t3(&yz>>+K(S(taxmy)_'_t]ats(taxvy))

where K is the thermal conductivity of metal plate, S(¢,x,y) is the aproximate intensity
function of the laser pulse and the time derivative of S(z,x,y) in Eq. (134) is the apparent
heat source resulting from the fast-transient effect of thermal inertial described by #;. From
an experimental and computational point of view the function S(¢,x,y) is analytically
expressible by the following equation:

(134)

S(t,%,y) = So Exp (—T) 1) (135)

where I(r) is the light intensity of the laser beam, ¢ denotes the optical depth of penetration,
[Watt]

and Sy is the intensity of the laser absorption rate, measured in 3
[meters]

that depends on

[Joule]

[meters|
(R), and on the full width at half-maximum pulse duration (¢,):

the laser fluence J , on the radiative reflectivity of the sample to the laser beam

1-R

So=0.94J ( ) (136)
p9

In this case we consider a femto-laser stimulator, i.e., #, = 100 (femto-seconds). The analyt-

ical expression of /(¢) which best approximates the real trend on the basis of experimental

data is:

1(t) = Exp (—a t_zt”l) (137)

Ip

For a gold plate, it has been found experimentally that suitable values are #; = 8.5 ps and
t2 = 90 ps. The values of the dimensional parameters are given in Table 1. The simulations
were obtained by applying the finite element method. We used the scientific software
COMSOL version 6.1, and in particular its MUItifrontal Massively Parallel Sparse direct
solver (MUMPS 2025) with a Newton automatic termination method. For more details, see
Amestoy et al. (2001, 2019) and MUMPS (2025). The hardware used is a processor Intel(R)
Core(TM) 17-8550U CPU @ 1.80GHz, 1.99 GHz, RAM 16 GB, with paralell programming
up to eight threads. Using the procedure to dimensionalize the physical model, we derive the
following equation of heat without dimension, where 3 represents the dimensionless time
and &) and &, the dimensionless spatial coordinates of x and y respectively and 1 represents
the dimensionaless temperature. Introducing the following dimensionless variables:

T —T¢ X
TooSi=7 &= P

t
v=-—2
T, — To l

~ P,
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0.5

i
n
v

0

FIGURE 2. Geometry of the dimensionless 2D-problem

respectively, temperature, space and time (see Fig. 2), we obtain the dimensionless equation:

920N (98N (97N (970N 9 ( (9PN
“\opz) "\ap) "™ \as2 ) T\ 087 ) Tar \ P\ 987

2 206,65
+ <3 (8522>> +Q(ﬁ761762) +Z1 Tl,
where
4= e (13
= 7(12/0%) (140)
5= ) (4
o
0(p.51.8) = 00 £xp (- 2L 2 ) 1) (142)
with
m=ol o m=2 (143)
S
R gy (14
and
1(B) = Exp <—a 1P=25| _2ZP|) (145)
Zp

The values of the dimensionless parameters are given in Table 2. The simulations are
reported in Figs. 3-8.
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TABLE 1. Dimensional parameter values

Parameter Unit of measure Value
¢: optical penetration depth meters 153 % 107°
R: radiative reflectivity of the sample to

the laser beam --- 0.93
tp: time duration of the laser pulse 1 seconds 10.0 x 10712
J: laser fluence Joule/meters? 13.4
Tp: equilibrium temperature Celsius 23
T,,: initial temperature value at point O(0,0) Celsius 600
[: length of the side of the square plate meters 1.0x 1077
K: mean value of the coefficient of thermal

conductivity point O(0,0) Wattx Kelvin~! x meters ! 315
oc,’n: mean value of the equivalent thermal diffusivity meters?x seconds™! 1.24950 x 104

a; : value of the equivalent thermal diffusivity
along the x-direction meters” x seconds ™! 4.99400 x 108

Oﬂé: value of the equivalent thermal diffusivity

along the x-direction meters®x seconds ™! 6.24500 x 10~°
t1: phase lag of temperature gradient seconds 8.5x 10712
tp: phase lag of the heat flux vector & seconds 90.0 x 1012

TABLE 2. Dimensionless parameter values

Parameter MCV  Fourier V. Ciancio V. Ciancio - defects Au metal
2] 0.10621  0.00000 0.10621 0.10621
2 0.00000  0.00000 1.12460 0.00000
23 0.00000  0.00000 0.32455 1.12460
m 1.99920 x 10~*  0.80000 0.10000 1.99920 x 104
my 4.99800x 107> 0.20000 0.90000 4.99800 x 107>
Qo 31.70710 31.70710 31.70710 31.70710
a 1.99200  1.99200 1.99200 1.99200

9. Conclusions

In Fig. 3, the simulation result is reported considering the two relaxation times z; = 0
and zz = 0 null induced by heat flow due to the internal variable on the Maxwell-Cattaneo-
Vernotte’s model. It is observed that the distribution is not uniform and also how the
temperature slowly returns to its initial state. Figure 4 shows the simulation result using
the Fourier’s model. Fourier’s model is without relaxation times. As you can see a rapid
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t=8.0E-5 sec. ; mcv

t=2.4E-6 sec. ; MCV 700
600
1500
400

| {300
200

100

Ty =231(°C)

Ty =655 (C)
t=8.0E4 sec. ; MCV -

A 655

Ty =231 (C) 0 02 04 06 08 1

FIGURE 3. Maxwell-Cattaneo-Vernotte model. z; = 0.10621; zp =0; z3 = 0;
my = 1.9992 x 10~%; my = 4.998 x 1075; Qy = 31.70710; a = 1.99200

decrease in temperature occurs until the initial equilibrium value is recovered. In this
phase, we observe in the right lower panel of the flux linees that the temperature tends to
be distributed rapidly and evenly, unlike what is observed using the Ciancio’s model (see
Fig. 5). The simulation result is reported considering different relaxation times z, and z3
induced by heat flow due to the internal variable on the V. Ciancio’s model. It is observed
that the distribution is not uniform and after a first temperature increase the system returns
to its initial temperature with a strongly anisotropic distribution and irreversible process.
‘We can therefore deduce that the dimensionaless relaxation times, zp and z3, due to the
internal variable, characterize the heat propagation directions.

Figure 6 shows the maximum temperature trend over time in relation to the models
considered in the simulations. Figure 7 shows the temperature trend in the centre of the
metal plate for the various models. The MCV model has a different behaviour than the
others. In particular, in the anisotropic model of Ciancio it is observed that the temperature
tends to reach the equilibrium temperature quickly at first and then stabilize after 0.8
milliseconds at a value of about 6 degrees Celsius higher. This higher value is due to the
microscopic effects that help maintain a higher temperature. The Fourier model reaches
equilibrium temperature in the same time interval at minus one tenth of a degree Celsius.
In fact, precisely because of the absence of relaxation times in the Fourier model, the
system response is memory-free. The MCV model is based on a single phase lag due to
thermal inertia, does not take into account microscopic phenomena and therefore is not
suitable for physically representing thermal conduction. This is why in the MCV model
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Ty =826 (C)
Thiax =491(C) t=8.0E-5 sec. ; Fourier -
t=2.4E-6 sec. ; Fourier
80
450 2 ~
400 2 70
350
160
1300
g
1250 B2 lso
200
150 40
1 100 0 1
08 30
50 06 4 05
02 .
T =231 (C) s, oo LA Ty =231 (C)
Tyyac = 2316 (C
t=8.0 E-4 sec. ; Fourier vax ) N T T T Aosis
23156 1
0.9
23.155 0.8
0.7
23.154 0.6
~
w. 05
23.15
23.153 0.4
0.3
23.152 0.2
0.1
23.451 0 |
L L 112315
23.15 0 %5 1
Ty =23.15(C)

FIGURE 4. Fourier model. z; =0; 2 =0; z3 =0; m; = 0.8; my = 0.2; Qg =
31.70710; a = 1.99200

N . Thia =329 (C)
t=8.0E-5 sec. ; Ciancio - Anisotropic

Ty = 171:2(C

31

160 30
140 25 50
129

120 20
1 S =

=15

Ty =231 (C)

t=2.4E-6 sec. ; Ciancio - Anisotropic

Thiae = 283(°C)

FIGURE 5. V. Ciancio model. z; = 0.10621; z5 = 1.12460; z3 = 0.32455; m; =
0.1; my =0.9; Qp = 31.70710; a = 1.99200
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soop" . 0
7201 1
640 R
560 1
S
i 480 — V. Ciancio | |
2 —M-C-V
=
400r — Fourier
320+
240
160
80+
0 0.02 0.04 0.06 0.08 0.1
t x 8.0E-4 (sec.)
FIGURE 6. Maximum temperature trend comparison
gal : ; .7
80 V\ 1
72 .
64+ .
n
o —V. Ciancio
2 561 — Fourier 1
) —M-C-V
F a8t 1
a0t ]
32 1
24+ B
0 0.1 0.2 0.3

t x 8.0E-4 (sec.)

FIGURE 7. Trend of Temperature in the point
(0.5,0.5)

the system reaches equilibrium temperature over very long periods of time which are not
physically representative of the conduction phenomenon under consideration. In this sense,
the MCV model is valid from a mathematical point of view but does not describe the
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thermal conduction phenomenon as the anisotropic Ciancio’s model. The reason is that
unlike amorphous or liquid substances such as glass or water, solids are not isotropic but
also not totally anisotropic. It is shown unequivocally that the Fourier equation is valid
from a physical point of view because, as demonstrated by V. Ciancio (2024), the solution
corresponds exactly with that of the diffusion equation, in the case where the relaxation
times due to thermal inertia and internal variable coincide. From the results obtained it
can be stated that, unlike the Fourier equation closely related to the diffusion equation, the
Ciancio’s model not only describes the microscopic behaviour of a system subject to an
irreversible process of a thermomechanical nature but also shows how relaxation times are
correlated with the anisotropic nature of the medium. This implies a potential interest in the
diagnosis of biological tissues (Ramirez-Torres et al. 2017).

Another field of application is the study of change in material properties. Irregulari-
ties due to defects or impurities or imperfections in the crystals and non-homogeneous
superetiles characterising a change of material properties, for example from viscoelastic to
viscoanelastic, isotropic to anisotropic that are most prominent in nanomaterials, particularly
in metals such as gold and semiconductors. From the results obtained in Sect. 8, this results,
from a physical point of view, in a variation of relaxation times more pronounced along an
axial direction than across (see Fig. 8). Using the standard theory of thermodynamics of
irreversible processes with internal variables, the simulations obtained confirm what was
achieved by another approach (Jou and Restuccia 2018, 2019).

Tyyax = 2864 (C)

t = 2.4E-6 sec. ; Ciancio - Anisotropic y

Tya =492(C)

t=8.0E-5 sec. ; Ciancio - Anisotropic y

t=8.0E4 sec. ; Ciancio - Anisotropic y

Ty =231 (C)

FIGURE 8. V. Ciancio model - Defects Au metal. z; = 0.10621; z, = 0.0;
z3 = 1.2460; m; = 1.99920 x 1074 my = 4.99800 x 1073, Qo = 31.70710;
a=1.99200
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Finally a field of application is the use of fractional calculation which allows, as demon-
strated in the case of isotropic viscoanelastic media (A. Ciancio, V. Ciancio, and Flora
2023), to determine rheological tensors on the basis of experimental data.
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