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This paper is dedicated to the failure prediction for nanocomposite structural elements due to thermal
instability under cyclic loading. It is based on the model of monoharmonic approximation and concept of
complex moduli. The temperature and amplitude dependent complex moduli is used for the investigation of
the dissipative heating influence on mechanical stability of polymeric nanocomposite rod subjected to both
static and monoharmonic loading. Also, the influence of amplitude of the excitation loading and the volume
fraction of nanofibers on thermal stability of the polymeric nanocomposite rod is studied.
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Introduction. In recent years, polymeric nanocomposites have been widely used as
structural elements in different areas of engineering. The levels of vibro-heating (or
dissipative heating) can be high enough the critical thermal states to occur that lead to
thermal instability effects under cyclic (monoharmonic) loading [1, 2, 3]. If critical
values of some parameters characterizing the behavior of the body are exceeded, there
is a significant growth of temperature with time. This growth of temperature due to
dissipation of mechanical energy causes the decrease in stiffness. As a result, the
strength of materials is significantly reduced [1]. It is the main mechanism of thermal
failure for plastics and polymeric composites [3]. In this paper, an approach to
investigation of the dissipative heating influence on mechanical and thermal stability of
polymeric nanocomposite element based on temperature and amplitude dependent
complex moduli is proposed.

1. Simulation of nanocomposite response under monoharmonic loading

The objective of this section is to present a model for description of the
macroscopically inelastic behavior of transversely isotropic nanocomposite systems.
This material consists of a macroscopically isotropic polymeric matrix filled with
unidirectionally aligned nanofibers. The complete set of the constitutive equations for
nonlinear polymeric materials and the procedures to evaluate the storage and loss
moduli for nanocomposite constituents under monoharmonic deformation based on the
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concept of complex moduli were developed and published in previous papers of
authors [4, 5, 6] in whole details.

2. Problem statement and simulation technique

It is well known, the most interesting effect under quasi-static deformation is thermal
instability for polymer and nanocomposite bodies, which often leads to thermal failure
of the elements [1, 3]. In this paper, the particular problem of the vibro-heating of a
nanocomposite rod with a circular cross section is under consideration. The length of
the rod and the cross sectional radius are L and R, respectively. The nanocomposite rod
is subjected to both static compressive and low amplitude harmonic loading, P(?)=
Py+P coswt, applied at the free end. It is assumed that excitation frequency, w, is small
enough to prevent any parametric or sub- as well as superharmonic resonances to
occur. For the loading forces and amplitudes, the inequality P;<<P,<P,., holds where
P, is the Eulerian critical load so that we can apply the quasi static theory of
viscoelasticity. The relation between stress and strain in the viscoelastic rod is of the

well-known form: a(t) =0, o coswl, e(t) =0,J * +01Re[jeiwt], where J% s

equilibrium creep compliance and J = J' —iJ" is complex creep compliance; oy and o;
are magnitudes of the steady compressive and harmonic stress, respectively. The
period-averaged energy dissipation rate, (D') , (see Eq. (1)) is used as a heat source in

the transient heat conduction equation for one dimension problem to predict the
temperature evolution over the viscoelastic rod. Therefore, the equation takes the form
Eq. (1). Also, the temperature is considered to have uniform distribution along the
length of the rod.

* f+@
do aIS * (XIS w v 2

w
J'oo, (D)= % { o(DOdE = %J"UIZ , (1)

- 0 + +
dt cv cyv o 2c,0,

where 0'=6/0, is normalized temperature. Coefficients C, and o are specific heat

capacity for constant volume and heat transfer coefficient through the rod surface,
respectively; S, V and 0, are the lateral surface area, volume of the rod and temperature
of surrounding media, respectively. It is important to notice that to calculate the loss

creep compliance moduli, J", by using values of complex moduli at different

conditions of cyclic loading which were obtained with the use of the procedures

* . .o, .
presented in [5], approximate equation J" = J'0 P can be used where J. shows initial

value of the loss creep compliance under harmonic loading and A is constant of

materials. Indeed, these constants can be calculated with making use of data obtained
in the frame of simplified monoharmonic approach described in [5]. The loss creep
compliance modulus depends on the value of harmonic loading amplitude, P;, and
temperature caused by vibro-heating, while J; depends on temperature. Eq. (1) can be

rewritten in the form
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dr # N cv @)
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where y and A are loading parameter and time constant, respectively. As it follows

* *p
from the Eq. (2), the stationary heat state can be presented as 0 =17+ud . As

mentioned above, the loss creep compliance modulus, J”, for most materials increases
with temperature. If the loss creep compliance increases faster than according to the

* *
linear law, there exists a critical load parameter, u , so that for x>y there isn’t a

solution of equation 0 =1+ ﬂé)*ﬁ . Let us investigate the influence of the dissipative
heating on the mechanical stability of viscoelastic rod. The Eulerian approach can be
used to find the critical force, P,,. Taking into account of temperature field uniformity
and inequality P < P, differential equation for rod axis and Eulerian critical load

relation can be written as:

0\
w2 aw R g
76 570 = R D €)
dz dz 1 J (KL) J

where K and L are effective length factor of the column and length of the rod,
respectively; W and y are deflection and constant which depends on the rod shape and

end fixing conditions. For the most materials, J~, increases with the temperature
growth. For certain critical temperature, 0", Eulerian critical load, P.,, can reach the
value of applied compressive load, P,, that initially was smaller than P,.. The

dependence of the equilibrium creep compliance moduli, J”, on temperature is
formulated approximately by the expression J* =J” (6* )ol , where « is constant of

material and J denotes the initial value of equilibrium creep compliance under static

loading. The normalized Eulerian critical stress, G o, is defined by the expression
o =P, /P =c. /d"., =1/(9*)“, where P’,, and ¢°,, are the initial Eulerian critical load
and stress. The variation of the load parameter, x, with the normalized Eulerian critical
load can be written as u= /(o) “~1] (o .,)”" In the present study, the rod length and
the cross sectional radius are 0.5 and 0.03 m, respectively. To solve the transient heat
conduction equation for one dimensional problem, the iterative process in combination
with numerical method at the different load parameter is used. The loading frequency
is assumed to be equal to /Hz.

3. Numerical Results of evaluation of critical parameters of structure

The dependence of the dimensionless temperature on time in the considered
nanocomposite rod with 3% CNTs nanofibers under different amplitude of harmonic
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loading, o,= 40, 50 and 60 MPa are shown in Fig 1, (a). It is clearly observed that with
increasing of excitation amplitude the loss creep compliance modulus and load
parameters increase. Also, the dissipative heating does not lead to thermal instability
under excitations considered.
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Fig. 1
Influence of volume fraction of CNTs nanofibers on thermal stability of the rod
under ¢;=75MPa, is illustrated in Fig 1, (b). It is clearly observed that embedding
axially aligned CNTs nanofibers in polymer matrix improves thermal stability of the
rod. The normalized loading parameter, u, decreases with increasing volume fraction

of the filament, so that the loss creep compliance modulus, J", decreases and the heat
transfer coefficient of rod improves.

Variation of the normalized Eulerian critical stress, 6 o, with the load parameter,
u, for V=3% under different amplitudes of the loading are presented in Fig 2, (a). As
seen in this figure, the mechanical instability occurs under harmonic loading with

6,=40 and 50 MPa for u> ", while there exists no mechanical instability for ;=60
MPa. 1t means that the rod is always stable for all values of loading parameter and the
dissipative heating does not have any effect on the mechanical stability of the
considered nanocomposite rod. This behavior has great conformity with the results
reported in [3]. For this particular case, it can be said that J" increases with increasing
temperature because the coefficient g is less than one ( #=0.95). As a result, one can

conclude that if the coefficient § is less than one then mechanical stability is occurred

for arbitrary value of the loading parameter. The effect of volume fraction on
normalized critical stress for the constant amplitude of the harmonic loading, o,=60
MPa, is demonstrated in Fig. 2, (b). This figure shows that with increasing of volume
fraction of CNT nanofibers, the critical stress increases while the coefficients A and o
decrease. It can be clearly viewed that embedding CNT nanofibers with V= 3, 5 and
10 % in polymeric matrix provides mechanical stability for all values of loading
parameter. The values of g are less than one while for neat polymer it is equal to 7.05

providing the occurrence of thermal instability.
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Conclusion. In this work, the influence of volume fraction on thermal and mechanical
stability was studied. The results show that filament volume fraction of nanofibers (up
to 10%) affects significantly the temperature evolution and mechanical stability due to
dissipative heating of nanocomposite rod under combined steady compressive and
harmonic loading. The approach presented in this investigation can be useful to
understanding and appropriate description of the cyclic behavior of nanocomposite
structures and further investigations in the area of the description of fatigue
mechanisms with regard to vibro-heating effect caused by the mechanical energy
dissipation.
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TennoBa HecCTiNKIiCTb Ta MPOrHO3 pyMHyBaHHA
KOHCTPYKLIWHOro efieMeHTa 3 TpaHcBepcarnbHO
i30TPONHOro HaHOKOMMO3UTHOro MaTtepiany

Moxamen Xawemi, Apocnas XKyk

Cmammio npucesiueno npocHO3Y PYUHYBAHHA HAHOKOMNO3UMHO20 eleMeHma KOHCMPYKYIT
BHACNIOOK MENNI0BOI HeCMIUKOCE NPU YUKTTYHOMY HABAHMAICEHHI. JJOCIIONCEHHS TDYHMYEMbCS
HA BUKOPUCMAHHI MOHO2APMOHIUHO20 HAOMUMNCEHHS 1 3ACMOCYS8AHHI KOHYenyii KOMNIeKCHUX
mooynie. Temnepamypno- ma amMnIimMyOHO3ANENHCHI KOMIIEKCHI MOOYIL BUKOPUCMAHI O0Jis
BUBUEHHsL  6NAUBY  OUCUNAMUBHO20  PO3IePi8y HA  MEXawiuHy  CHMIUKICMb  HONIMEPHO20
HAHOKOMNO3UMHO20 CMEPICHA, Wo nepebysac nid Oiclo  KOMOIHOBAHO20 CMAMUYHO20 |
MOHO2APMOHIUHO20 Hasanmadicents. JJocniodceno anaue amniimyou HaGaHmMaiceHts i 06’ emnoeo
8Micmy HAHOBONOKOH HA MENJI08Y CIIUKICIb NOJIMEPHO20 HAHOKOMNO3UMHO20 CIEPICHA.

TennoBas HeyCTMOﬁHMBOCTb N NPOrHO3 paspylieHus
KOHCTPYKLUMOHHOIO 3J1IeMeHTa U3 TpaHCcBepCcalibHO
N30TPOMNHOro HAHOKOMMNO3UTHOIO MaTepiana

Moxameqn Xawemu, Apocnas XKyk
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Cmamps noceaujena npocHO3y paspyuwleHus HAHOKOMNO3ZUMHO20 DNeMeHMA KOHCMPYKyuu
6crneocmsue  Menaiosol  HeyCmouuugoCmu  npu  YUKIu4HOM  Haepysicenuu. HMcciedosanue
OCHOBbIBAEMCS HA UCNONL30BAHUU MOHOLAPMOHUYECKO20 NPUOTUIICEHUS U NPUMEHEHUU KOHYenyuu
Komnaekchuix mooyneu. Temnepamypno- u amniumyoHO3a8UCUMbIE KOMNJIEKCHble MOOYIU
UCNONB306aHbI Ol U3YYEHUs  GIUAHUA  OUCCUNAMUBHO20 —pPA302pesd HA  MeXaAHUHECKyIo
YCMOU4UBOCHb NONUMEPHO2O HAHOKOMNO3UIMHO2O CMEPIICHS, HAX0O0SUe20Ccs noo 6030elicmauem
KOMOUHUPOBAHHO20 CMAMUYECKO20 U MOHOLAPMOHUYECK020 Hazpydicenus. Hccnedosano enusnue
aMnaUMyObl HAZPYICEHUs. U 00BEMHO20 COOEPAICAHUSL HAHOBOIOKOH HA MEN08YI0 YCMOUYUBOCHb
NOAUMEPHO20 HAHOKOMNOZUMHO20 CHIEPIUCHSL.
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