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Thermodynamics of the microfracture process in polymers

A. BALTOV (SOFIA)

A POLYMER body subjected to statically applied mechanical and thermal actions, in which micro-
fracture process proceeds is considered. The microfracture is examined as first stage of the
fracture process. The microfracture process is described with the nonlinear thermodynamics
of the irreversible processes. The irreversible changes are described by aid of the internal state
variables, and a special tensor of the microdamages is introduced. The microfracture is considered
as a complex process comprising different interconnected processes — mechanical, thermal,
diffusion, chemical.

Rozwazono cialo polimerowe, w ktérym zachodzi proces mikrozniszczenia, poddane statycznie
przytozonym dzialaniom mechanicznym i termicznym. Zbadano mikrozniszczenie jako pierwszy
etap procesu zniszczenia. Proces mikrozniszczenia opisano za pomoca nieliniowej termodynamiki
procesdw nieodwracalnych. Zmiany nieodwracalne sa opisane za pomoca wewnetrznych zmien-
nych stanu. Wprowadzono specjalny tensor mikrozniszczenia, Mikrozniszczenie rozwaza sie
jako zlozony proces mechaniczny, termiczny i chemiczno dyfuzyjny.

PaccmarpuBaeTca DOMMMEPHBI MaTepHan B NPOLIECCe MHKPOPA3pYIUEHHS, BbISBAHHOTO CTa-
THUYECKH IPHIIAraeMbIMH MEXAHWUECKHMH M TEIUIOBLIMH Bo3felcTBusamu. Muxpopaspyiuenue
PaccMaTPHBAeTCA KaK IepBasd CTa[MA MpoHecca paspyLUeHHs H ONMCBIBACTCA B pamKax He-
JIMHCHHOR TEPMOJHHAMMKM HeoOpaTHMBEIX HpoueccoB. HeoOpaTHMble H3MEHEHHA OIMCAHBI
NIPH IIOMOIM BHYTPEHHUX NapamMeTPOB COCTOAHHA. BBOIMTICA CHEIMAaIBHBLIH TEH30D MHKPO-
noBpeKAEHHOCTH. MEKpopaspyllieHne pacCMATPHBAETCA KAaK CJIOYKHBIH NPOLECC, COCTOMILMI
M3 PasTMUHBIX B3aHMMHO CBASAHHBIX ABJIEHHH MEXaHMYECKOIo, TelUioBoro, mudidbysuoHHOTO
M XMMHYECKOT'O XapaKTepoB.

1. Statement of the problem

IN THIS PAPER is investigated the process of microfracture of high polymers under mechan-
ical and thermal actions. In this process, polymers undergo structural changes as well
as plastic and viscous deformations. Microfracture can be considered as a micromechanism
of these deformations.

The following assumptions concerning the process of microfracture of polymers can
be made on the basis of investigations of such processes, together with the results of one-
dimensional experiments of fracture of specimens under constant tension:

A. The fracture process begins with rupture of the chemical bonds in the polymer
molecule chains, when the energy of the thermal fluctuations of the atoms reaches a specific
for each material activation bound of the chemical reaction of degradation. In general,
a lower polymer is obtained in the chemical reaction and volatile gases are exuded. Atmos-
pheric oxygen may also take part in the reaction [1, 2].

B. When the stress increases at a certain point of the polymer body, the activation
energy of the fracture process decreases [1, 3].

C. When the temperature increases, the thermal motion energy increases and the
beginning of the fracture process is facilitated [1, 2, 3]).
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D. The fracture process under mechanical actions, the thermal degradation and the
fracture under simultaneous mechanical and thermal actions have one and the same physi-
cal-chemical basis ([2, 4]).

E. Formation of a multitude of sub-microcracks, located in the volume of the polymer
body in the microfracture zone, is initiated together with the beginning of the fracture
process in the polymer under consideration. As soon as the external mechanical and thermal
actions become sufficiently intense and a sufficient time has passed, the microcracks orien-
tate themselves, join, and grow into magistral cracks, which comprise the total fracture
of the polymer [1, 2]. This makes it possible to consider the fracture process as consisting
of two stages: The first stage is the microfracture process. This begins as soon as the bound
activation energy of the fracture process is reached. It is connected with the formation of
sub-microcracks located in the volume, with structural changes in the polymer, with a chemi-
cal reaction of degradation, with plastic and viscous deformations, etc. As soon as the
microcracks become sufficiently large, the process passes into its second stage, which is
the process of growing and propagation of microcracks and their accumulation into
magistra] cracks. This stage leads to the total fracture of the polymer body.

The two stages of the fracture process are characterized by different mechanisms. This
makes necessary their separate investigation.

F. The following temperature-time relationship is often used for describing experi-
mental results [1, 3]:

(1.1 T = rocxp{g%},

where 7 is time-to-break of the specimen under constant stress ¢ and absolute tempera-
ture 6; 7, is a multiplier in front of the exponential, depending on the structure of the
material; U, is the bound activation barrier of rupture of the chemical bonds; k is Boltz-
man'’s constant; y is a coefficient depending on the structure defects and taking into account
the influence of the intermolecular forces on the fracture process. Some authors propose
the following expression for the chemical reaction rate of degradation:

dcC —Ea
(1.2) v —A- C"-expi—ﬁ—},
where C is the concentration of the substance degraded; 4 is a multiplier in front of the
exponential; m is the degree of the order of the reaction. These relations show that the
process of fracture of polymers proceeds in time, and that it is accompanied by irreversible
structural changes in the material. The quantities describing this process are connected
with nonlinear relations.

The aim of the present investigation is to describe the microfracture process in a three-
dimensional case of compound stress and strain state by means of nonlinear thermodynam-
ics of irreversible processes and the model of continuous media. Use of this model enables
the application of the proposed investigation to description of the microfracture and the
inelastic deformation of polymer elements of machines and structures to which the model
of continuous media can be applied.
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This investigation can also be used for describing chemorheological phenomena (chemi-
cal creep, chemical relaxation etc.) observed with certain kinds of spatial cross-linked
polymers [1, 6]. These phenomena can be considered as fracture processes under specific
conditions.

2. Macroscopic characteristics of the process

A polymer body is considered as subjected to static external mechanical and thermal
actions in the time-interval (¢,, ). It is assumed that the body behaves elastically until
a certain magnitude of these actions. When the magnitude of the external actions increases,
at some points of the body at time ¢* (which is in general different for the different points),
the energetic state will reach a certain bound, corresponding to the activation energy.
At these points the microfracture process will begin. Zones of microfracture, variable
in time, will occur in the body.

Microfracture is a complex process comprised of different interconnected processes:
kinematic process, deformation process, process of change of structure, thermal process,
thermal-diffusion process, diffusion, diffusion-chemical and chemical processes.

The kinematics of the polymer body motion will be described by means of two rectan-
gular coordinate systems: material coordinate system {Xx}, (K = 1, 2, 3) for the reference
configuration and spatial coordinate system {x;}, (i = 1, 2, 3) for the actual configuration
of the body. At the point under consideration, during the interval ¢, < ¢ < t*, there will
be one kind of particles X” of the initial polymer (I). These particles have material coordi-
nates Xx = Xx and spatial coordinates x] = x;. At time ¢* a chemical degradation reaction
will begin there. In general, it can be assumed for this reaction that the initial polymer (I)
reacts with the air oxygen (II) and a new polymer (III), lower in general is obtained and
volatile gases (IV) are exuded. Four kinds of particles X%, (¢ = I, II, III, IV) are obtained.
They have material coordinates Xg and spatial coordinates x{'. According to the theory
of reacting mixtures [7], it is assumed that these four kinds of particles occupy simultaneous-
ly one and the same place in space. Hence the law of the motion has the form:

@2.1) X = xX*(X&,1), a=1ILIILIV
as

(2.2)

0, at fogfgl*,
,={ = IL I, IV.

x;, at t > r*,

It is accepted that the solid phase particles have identical law of motion at each ¢ > ¢*,

ie. xj=x{"" = x;(Xg,t) as Xg = X§' = Xx and the inverse relation Xx = Xg(x;, 1)
exists.
The velocity of the particles X* at time ¢ is:
ox3

2.3 9% = — L = v¥(x;, 1),
@3 AR EL S
as
@4 of=oft =0 = 2L

ot Xy = const
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The relative velocity of the particle X* with respect to the solid phase particles is:
(2.5 wi = of—9;

as wi = w" =0,
It is assumed that the mechanical actions are totally taken from the solid phase. The
macroscopic characteristics of the deformation process are:

spatial deformation tensor e;; = -;T(&; =X Xk, 1)
spatial strain-rate tensor dj; = %(ﬂi. 0.0,

material deformation tensor Eg; = a;—(x,-,x Xi,.— OgL),

material strain-rate tensor En,
Chauchy stress tensor f{J = fﬁ,
second Piola-Kirchhoff stress tensor Tgz = Tix-
A dot above a symbol denotes material derivative with respect to time, according to
the solid phase motion.
A quasi-statical mechanical process is considered for which inertial and body forces
are disregarded. The equilibrium equation is:

2.6) i3 = 0.

The chemical process is characterized by the extent of the reaction &, the chemical
reaction rate £, the molecular mass M* of the a-constituent and the stoichiometric coeffi-
cient »* of the a-constituent [8]. The law of definite proportions is valid. The stoichiometric
equation of the chemical reaction has the form:

v
@7 DM =0.
a=I
The diffusion and diffusion-chemical processes are characterized by the mass-density
of the oth-constituent o* = g*(x;, ) as ¢ =0 for 1, < t<t*, 9P # 0 for t > t*, (B =

=11, IIL, IV) and g} = go(Xx) at ¢ = to.
v

The total mass density of the system is defined as ¢ = ) ¢*. The solid phase density

=1

is p* = p'+o"™.

Also characterizing these processes are: the chemical potential u* of the a-constituent,

its spatial gradient % and its material gradient u% = Xx ,u%, the diffusion flux vector
Jf = 0w and the corresponding material vector Jg = 0,/0*Xx,:J{.

We consider a body exchanging mass (gaseous phase) with the surroundings and the

presence of growth of mass of the ath constituent M%*¢ per unit time and per unit volume

as a result of the chemical reaction. The equation of the balance of mass in this case has
the form:

2.8) [owimds + [e*e=av =0,
Ay ¥
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as
29) [&orav = ([ e*av) - [ M=éav,
v v 4

where V is the volume of the body; S is its enclosing surface; #; is the unit normal vector
to S; ¢® is the relative mass change rate of the a-constituent per unit mass solid phase.
If sufficient smoothness of the integrands in (2.8) and (2.9) is assumed, and taking into
account that the equations are valid for an arbitrary volume, the following local expression
is obtained:

B s T 1
(2.10) o¥c* = p*+o%ii— MM, = ——9-;(91‘10?).:-
The equation of the change of the mass of the system as a whole has the form:
2.11) 6+ ovi; = 0¥ 3¢

and the equation of the change of the mass of the solid phase is:
(2.12) o*+o*o = 0%, 0 = (MW 4+ MTHYI)E,

The thermal and the thermal-diffusional processes are characterized by the heat flux
vector g;, the absolute temperature 0, its spatial gradient 6,; and material gradient 6 x =
= Xy :0,, the entropy per unit mass solid phase 7, the entropy #* of the «th constituent
per unit mass g-constituent, the reduced heat flux vector g¥ = ¢;+0 3 n*If and its cor-

[

responding material vector Of = go/0*Xx.iqF [9].
The equation of the balance of entropy is:

2.13) %(Jﬁg*di’”xxﬂmm= —Jq?ﬁ“n;dS+ JG"@—FB‘)Q*dV,

where g is the heat supply and %‘6’ is the dissipation energy per unit time and per unit

mass solid phase. The local form of Eq. (2.13) is:

(2.14) No*+7p* = —(qF0-1),+0-1(G+0)0*.

Irreversible structural changes and microdamages occur in the microfracture zone of
the body. The symmetric spatial second order tensor efj, called microdamage tensor, is
introduced as the macroscopic characteristic, by analogy with the damage tensor proposed
by Ilyushin [5] for description of the fracture process. The microdamage tensor character-
izes the residual strains also, and can be determined by them. Also used can be the cor-
responding material microdamage tensor Ef; = x;gx; ey, together with its rate E&L.

The energy changes of the body are described by means of the following macroscopic
characteristics: the internal energy U per unit mass solid phase or the functions of the
free energy ¥, the enthalpy H and the free enthalpy Z per unit mass solid phase uniquely
related with it [7].
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3. Basic equations of the problem

The thermodynamic theory with internal state variables [10] will be used for describing
the behaviour of the polymer body when a microfracture process proceeds in it. The follow-
ing quantities are accepted as state variables: the deformation tensor Egy; the enthropy
7 per unit mass solid phase; the mass characteristics of the ath constituent ¢* per unit
mass solid phase. The internal state variables are the microdamage tensor Ef; and the
extent of the chemical reaction &. The igtemal energy U per unit mass solid phase is a func-
tion of these variables —i.e., U = U(Egg, 7, ¢ E&z, £). It is also convenient to use
the free enthalpy Z per unit mass solid phase, connected with U by the relation:

(3.1) Z = U—1/go TxpExp— 70— 3 p°c
as

Z— = Z(i-KL$ 0, F"g’ Egy, &).

A thermoelastic process, which is characterized by the state variables Eg; and 7,
the internal energy U(Ex., 77) and the free enthalpy Z(T., 6), proceeds in the body outside
the microfracture zones.

As indicated in Sec. 1 the microfracture process begins when the energetic state at the
point considered reaches a certain bound, depending on the stress state and the absolute
temperature. This gives a possibility of accepting the function Z(Tﬂ,, 0) as a measure
of the state of energy. The condition for beginning the process is now Z = Z,, where Z,
is a limit value, experimentally determined. This condition divides the body into two types
of zones: zone for which Z < Z,, where a thermoelastic process proceeds, and a zone
for which Z > Z,, where a microfracture process proceeds. The microfracture process
passes into the second stage of fractures, when the microcracks grow sufficiently large.
This transition condition has the form:

max {E4} = E,,

where E4, (4 = 1, 2, 3) are the principle values of the tensor E§;, and E, is a limit value,
experimentally determined.

The equations of evolution for the internal state variables are necessary for description
of the microfracture process. These equations must be determined by means of experi-
ments in conditions of complex stress and strain state. The one-dimensional experiments,
mentioned in Sec. 1, may yield certain information concerning their character. We can
accept the following general form of these equations:

Eg = (P(F)>Hyr(Txe, 0, p° Er, &),

(32 . :
£ = (PF))¢(Txw, 0, u* Exr, &),
as
D(F) at F=Z-Z,>0,
KO = =o at F <0
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where the functions @, @ and the tensor Hg; = H ¢ are experimentally determined. The
methods described in [11] could be used for this purpose. For the most part, the function
@ is an exponential one (see Sec. 1). Equations (3.2), are similar to the equations of the
visco-plastic strain rates of metals [10, 12]. This is due to the nature of Eg; when polymers
are considered; it is a visco-plastic deformation by its nature. The reason for the resem-
blance is the similar manner in which the micromechanisms of visco-plastic flow of metals
and of polymers are connected with the activation energy of the corresponding process [10].

It is seen from (3.2) that both velocities are interrelated by the relation Eg; = %Hné 5

this is due to the interconnection of the plastic deformation process and the chemical degra-
dation reaction. The equations of the reduced heat flux and flux of diffusion should be
determined on the basis of a special investigation of the thermal-diffusional and the diffu-
sion-chemical processes. According to the principle of objectivity [7], they can in general
be written as follows:

:l' = wH(TKL: 6’ B.Ka ‘uu.’ iu:"K! E%Ln ‘:E)s
J:f = Fﬁ(fxm 3, 8,!{3 iua§ P:K) E;Ls 6)‘

When both the kinetic energy due to the quasi-static character of the process and the
body forces are disregarded, the balance of the energy changes is:

(3.3

(3.4) %( J To*av)

= - [atmds+ [Go*av+ [unvids- D) [prmds
s v 5 a §

X ‘x=const

or in local form
(3.5)  Ug*+Ug* = —0(gr0-"),i+G0* +1ydy+ D, uie*&—0,q10- — D i3I,

By using the Egs. (2.10). (2.14), (3.1) and (3.5), after some rearrangement, we obtain:

. 1 =\ .2 = S —
(3.6) pg*c= Hg*‘E:Eu-!- 61-.“2) Tn—g“‘(?j+632)8—2(9‘3,.¢Z+c“)p‘

— 0% —0,g10-1 — D uiIi—o*dsg, ZEf — 0* 0, ZE.
The following relations are used in (3.6):
1 ) (- -
(3.7 —tydy = —TxEgr, = U-07.
e Qo

According to the second principle of thermodynamics, we can assume that ¢*7 2 0.

If we take into account that f‘;;. 0 and % can be varied independently, the following system
of constitutive equations is obtained:

at 2 > Zo Exr = —po af‘LZ_(fn, 0, "a’ Egy, 5},

N=—082(.), (@)
(3.8) = —p%3,2Z(...),
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at Z<Z, Exp= _QoafoZ(Tst 0),

= (b)
ﬁ al i agZ(--.),

when
(3.9) 0*0,ZE+0*dps, ZER+0.4g70"+ D A II+90* <0 (@),

or 0;4:6-* <0 (b).

The system of constitutive equations takes into account the thermodynamical principles.
It is seen from (3.9a) that the dissipative effects are due to: the internal chemical reaction
(the first term), the internal structural changes and damages (the second term), the heat
transfer and the thermodiffusion (the third term), the diffusion (the fourth term), and
the open thermodynamic system (the fifth term).

Equations (2.6), (2.10), (2.12), (2.14), (3.2), (3.3) and (3.8a) form the complete system
of equations describing the microfracture process, considered as an irreversible thermo-
dynamic process. The substitution of (3.2), (3.3) and (3.8) into (2.14) leads to the equation
for determination of temperature. The substitution of the same three equations into (2.10)
leads to the equation for determination of the chemical potential.

When one-dimensional experiments with thin specimens are considered, the diffusion
effects of which can be neglected, the microfracture process can be described by means of
the following constitutive equations, obtained from (3.8) after some rearangements:

(3.10) é = Ho +NO+GE+ Mé*
as
H = —000,(0,2), N=—0006(0,2), G=~000¢(0,2), M = —0000al®sZ).
It is seen from (3.10) that the strain rate consists of an instantaneous elastic part Ho,
an instantaneous thermal part N6, an instantaneous mechanical part G£ and an inelastic
part Mé°. In the case of creep & = 0 and constant temperature 6 = 0 Egs. (3.2) and
(3.10) lead to:
3.11) é = EXD(F)).

Equation (3.11) describes the creep of the deformation as a result of the chemical
reaction of degradation and the structural changes in the polymer. It is seen that the system
of equations obtained in the present paper can describe also chemorheological phenomena
in polymers.
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