In this paper, we present a continuum-level thermodynamically consistent model for high temperature oxidation in
polymers, that incorporates the coupling between diffusion, chemical reaction and large deformation behavior of
polymers. The specific constitutive forms are derived based on the thermodynamic inequality conditions and the
kinetics of the oxidative reactions are considered. Oxidative shrinkage has also been considered in the kinematics as
an irreversible effect. Subsequently, the model is implemented in ABAQUS/Standard to analyze numerically the
coupled diffusion-reaction behavior of polymers undergoing oxidation. Several numerical simulations are performed to
understand the effect of various material parameters on the oxidative response. The model is capable of predicting the
heterogeneous oxidation profile within a thick polymer sample. It can also track the growth of oxide layer in the case of
a long-term thermo-oxidative aging process. The model can be used to simulate the oxidation process involving
complex geometries (as fiber reinforced composites) fairly easily under various ambient conditions.
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1. Introduction

Polymers and polymer matrix composites (PMC’s) are attractive materials to aerospace
and automotive industries because of their certain properties, such as light-weight, excellent
strength to weight ratio, damping, thermal stability, corrosion resistance and so on. With
the continued discovery and widespread use of new PMC’s, the challenge lies into finding
a reliable and efficient way to predict the lifetime of these materials. The performance of
polymers can degrade significantly due to their long-term exposure in extreme environments,
such as corrosion, thermal oxidation, chemical environment, etc. High temperature oxidation

or thermo-oxidative aging in polymer is one such example, where polymer undergoes a set

of irreversible chemica , iyén by oxygen diffusion. This phenomenon results in

formation of the oxig urface of the material which may lead to spontaneous
cracking and eventually , he materials , , , , ,, @] This could

n es and molecular structure
of polymers due to oxidation have been extensi erature , , , , Q

, 159, 160]. According to these works, at the macro cular level, chain scission and ox-

idative cross-linking effect the polymer network and eventually alters the material property
during oxidation. At the macroscale, as oxygen infuses into the polymer, it reacts with the
material to create oxides and volatile compounds; latter leaving the material to form voids.
Due to the void formation, the material progressively loses weight and simultaneously due
to oxidative crosslinking, it becomes denser. Ultimately these two combined factors result in
irreversible volume shrinkage within the polymer. More detailed explanation of these can be

found in ] Quantifiable consequences of oxidation in the polymer are irreversible property

changes such as increase in modulus and glass transition temperature, and decrease in failure

strain, etc. B, @B, Q, Q, B, ] In addition, other effects of thermal oxidation include



debonding on the fiber-matrix interface in PMC’s and matrix micro-cracking, which might
lead to premature failure of the composites @, @, @, @]

Modeling of polymer oxidation presents a great deal of difficulty as it involves various
highly coupled physical and chemical phenomena. In the early studies of thermal aging of
polymers and PMC’s | the property deterioration and lifetime predictions were performed
by conducting accelerated aging experiments and extrapolating these results using Arrhenius
laws to predict the behavior for later periods H, H, B,E, H,Eh

|, Arrhenius law can be applied only to an elementary process, whereas polymer oxidation

However, as mentioned in

in general involves at least six elementary reactions. Therefore, it might not be sufficient to

use a generalized Arrhenius or such complex cases. The deviation from Arrhenius law has

been experimentally p udasand coworkers in many of their research M, M, ]

Verdu and coworkersHi: udied the reaction mechanism of polymer oxidation
nd developed a kinetic model by incorporating
coupled oxygen diffusion and i metics. An extension of this kinetic model was
proposed by Tandon and coworkers )|, Ib4favhere oxidation process in polymer was
rface oxidative layer (zone
I) is separated from the unoxidized polyt jve reaction zone (zone II).
This heterogeneity in oxidation results in non-uni roperties and stress-strain
distribution in an oxidized polymer.

All these models mentioned above use semi-empirigahapproach to determine the mechan-
ical properties of oxidized polymers. One such popular approach to correlate mechanical
stiffness with the degree of oxidation is to measure the local variation of the indentation elas-
tic moduli in the oxidized layer of a bulk polymer sample B], ], ], @],B] To study
the coupled chemo-mechanical behavior of polymer matrix exposed to thermo-oxidative en-
vironments, a theoretical model considering the thermodynamics of irreversible process has
been first proposed by Gigliotti and coworkers [37]. The method has been further extended

to incorporate oxidation induced change in visco-elastic properties of epoxy polymers and

experimentally validated with different aging time, temperature and oxygen partial pressure



in a recent work @] by the same group. However, the model has developed in small defor-
mation setting, and no diffusion of oxygen has been considered. Recently, diffusion limited
oxidation (DLO) profile has been modeled by Celina and coworkers [56] using finite element
method where the authors have demonstrated the effect of partial pressure of oxygen on the
degree of oxidation in a polymer. However, the proposed methodology has not been used to
predict the mechanical response of polymers undergoing progressive oxidation.

It is important to note, that the coupling of multiple physics in the constitutive mod-
eling of materials is not new in the mechanics community. For instance, a coupled theory

]. The coupled

for high temperature oxidation in metallic alloys has been developed b g
er gels has been studied by , ,

ion-diffusion coupling in photoresponsive gels is also

stress-diffusion response g ] in a great detail.

plemented in a commercial
ine (UEL), to describe the
temperature oxidation in
polymers. The paper is organized as follows-the coup eory of oxidation has been ex-
plained followed by the numerical implementation of pecific constitutive model. Various
numerical simulations have been performed and the results have been analyzed in detail to
understand the capability of the model. At the end, the concluding remarks based on the

present work has been presented.

2. Chemistry of oxidation

With some minor variation at the initiation stage, the mechanistic reaction schemes
@0 osed to describe the thermal oxidation of polymers had a general consensus , @
)

,@] in the literature. According to this standard mechanistic scheme, during oxidation,



polymer undergoes six set of closed loop chain reactions involving three major steps identified

as initiation, propagation and termination, respectively, as explained below:

la) Initiation POOH — 2P*
Ib) Initiation PH + Oy — P*+ POOH

IT) Propagation P* + Oy — PO;

IV) Termination P* 4+ P* — inactive products

V) Termimagion P* + PO; — inactive products

(
(
(
(III) Propagation PO; + PH — POOH + P* (1)
(
(
(

droperoxide, POj is the{pe O, represents oxygen. The set of reactions
as explained above was origi i - and coworkers [26]. For a given macro-
molecular structure, which reactions C i ring the oxidation process are

determined by comparing the activati@ ) of each individual reaction

Among the two initiation reactions, activati ed with the hydroperoxide
decomposition (Ia) is noticeably lower than the subst decomposition or substrate oxida-
tion reaction (Ib), and is called the initiator of the oXidlation reaction [26]. Therefore (Ia)
tends to dominate the initiation rate of the oxidation process. On the other hand, at high
temperature and low POOH concentration, initiation is predominantly due to the substrate
consumption (Ib) and the rate of initiation is almost constant or slowly decreases. This
causes significant structural change in the polymer as a result of substrate consumption [26].
In case of propagation reaction, the rate constant ky for reaction (II) is much faster than
the rate constant ks for reaction (III). Therefore, in case of excess oxygen, reaction(I1I) be-

comes dominant rate-controlling process, as the propagation will depend on the availability

of polymer, @] Further, due to the presence of excess oxygen, alkyl radicals (P*) quickly



transforms into peroxyl radical (POj); thus the termination reaction will occur mostly by re-
action (VI). It was reported in the literature that under steady-state assumption, the overall
rate of oxidation in case of excess oxygen is linked to the constant value k%/kg [6]. On the
other hand, in the case of limited oxygen availability, the overall rate can be linked to the
constant #IEDH] ],] Therefore, the chemistry of oxidation reaction is influenced by

several factors and requires a thorough understanding at the macromolecular level in order

to couple its effect with the macro-scale deformation kinematics.

3. Thermodynamically consistent chemo-mechanically coupled theory for poly-

mer oxidation

3.1. Kinematics

3.1.1. Eaxtent of reac

tureldxidation in metallic alloys @] and a more recent

Based on the work of -te

e extent of reaction for each reaction (n)

work in curing of glassy poly |, we

in a local dimensionless form as,

0 <&my(X,

where (n) is the number of reaction and can vary fr to 6 depending on the oxidation
scheme for a specific polymer. Since polymer oxidations a multi-component system involv-
ing multiple reactions (as described earlier), changes in the chemical concentration for each

component 3 are related to the extent of all the reactions it is participating as,
r® =3 "Ruém (3)
(n)

where 7?) is the rate of production or consumption of chemical species 8 and Rn) is the
stoichiometric coefficient in reaction n (measured in moles per volume), that gives the con-

sumption or production rate for any species .



3.1.2. Kinematics of the deformation

The notation used in this work is standard of continuum mechanics ] The function x
defines a map which converts every material point in the reference configuration X € Bg to
spatial or current one as, x € By. A smooth deformation is a one to one mapping, x = x(X, ?)
with deformation gradient defined as,

_ Ox
F=ox @)

and from the standard requirement of the local condition of impenetrability we can assume
that,
= detF > 0 (5)

Oxygen embrittleme cission and weight loss in the polymer, combination of

which induces shrinka e layer. Treating the shrinkage strain as irreversible
strain (like plasticity), wé licative decomposition of the total deformation

gradient based on the large déformation th olymers 4],

(6)

where F€ is the elastic component of the @eform gra; P is the irreversible plas-

tic component, which incorporates the defor n du permanent chemical shrinkage

and viscoplastic deformation that can occur in the y polymer. Referring to Eqll the

determinant J can be decomposed into,
J=JJP  where J°=detF®>0 and J?=detF? >0 (7)

so that F¢ and F? are both invertible. The right polar decomposition of F€ is given by,
F¢=R°U° = V°R" (8)
where R is the rotation and U¢ and V¢ are symmetric, positive-definite stretch tensor with,

U® = VFIFe and V©= VFFT (9)



The left and right Green-cauchy tensors are then defined as,

Be — Ve2 — FeFeT

(10)
Ce = UeZ _ FeTFe
The velocity gradient is defined as,
L=FF! (11)
Substituting Eqlt] into EqITl we get
L=FF':
(12)
eFe—l 4 FeLpFe—l
With,
and LP = FrF~P (13)

The elastic and plastic d an be further defined from the standard

continuum mechanics as,
D¢ = symL®, W¢ = s}k W? = skwL?” (14)

So that L® = D4+ W*® and L” = DP+W?”. Assu i irrotational, (as, W? = 0),
the plastic velocity gradient becomes L” = e another kinematical assumption

that the plastic stretch D? can be additively decomp as,

D? = D* + D" (15)

where D? represents the inelastic strain rate due to oxidation induced shrinkage and D*?
represents the inelastic strain rate due to bulk viscoplastic deformation in the polymer.
Assuming chemical shrinkage to be isotropic and depends on the rate of oxidation, we have

considered the following simple form for D* as,

D® = €1 (16)



where 7 < 1 is a material parameter that determines the amount of volume shrinkage. The
viscoplastic flow rule for a glassy polymer is widely available in the literature and thus not
discussed in this paper E—lj, @?’, @] Finally, as a standard, we assume plastic flow is
incompressible, so that,

Jp

I
—_

(17)
and then, by Eqlll we have,
Je=1J (18)

It can be shown tha

proof of frame-indiffe

“are invariant under any change in frame. Detailed
md in many literature, such as,

1 1 L

3.2. Balance laws

depends on the difference of the chemical potential between the boundary 0F; and within

the body B; and — [ j® nda represents the number of moles of diffusing species entering
oP,

the body B; across OB, per unit time. Similarly 7(¥)(x,#) denotes the number of moles for
species (3 that is either consumed or produced per unit time due to the chemical reaction.

The general mass balance law for any participating species 3 therefore takes the form,

/J‘lcg)dv: —/j(ﬁ).nda—/r(ﬁ)dv (19)

P 0P P



for every part P;, n represents a unit vector in the current configuration. Bringing the time
derivative in Eq[I9 inside the integral and using the divergence theorem on the integral over

OP;, we find that

/ (J7D + divi® 4 +P)do = 0 (20)

Py

Since P, is arbitrary, this leads to the local mass balance as,
T = —divi® — ) (21)

3.2.2. Specific form of m
Based on the ki

polymer oxidation

cs of oxide reaction provided in the literature and discussed in

section 2], we make some reasou@b ptions for mass balance of the reacting and diffusing

However, in this work, we consider oxygen¥s the iffusing species and neglect the

outward diffusion of the volatile compounds.

e Steady-state reaction- as it is well known in the chemistry literature, polymer radi-
cals are highly reactive in nature and thus they react almost immediately after forma-

tion. Hence we do not need to track their concentrations during mass balance.

e Extent of reaction- for each elementary reaction, we have introduced a state variable,
extent of reaction, {(,), where n indicates the number of elementary reaction. We
consider that, these extent of reactions are directly related to the local reaction rate
for each elementary reaction, n, by a stoichiometric coefficient, R,,, so that the local

reaction rate can be expressed as Rné(n).

10



e Global reaction rate for species- we employ a similar approach as proposed in the
kinetic model [26] to calculate the global reaction rate for each species. Following this,
the change in rate for any given species concentration is the algebraic sum of elementary

rates. Thus for any species (3, the rate can be expressed as,
r =3 "R.&, (22)

With the assumptions mentioned above and using the closed loop reactions given in EqlI]
we consider the following:

i) Oxygen is the only diffusing species.

ii) POOH is the on

iii) PH substrate

s the propagation step.

worth tracking, only in the cases where propagation

reaction (III) is dom in th€eases of excess or constant oxygen concentration).

3.2.8. Balance of oxygen conc tion

Applying mass balance, to track t en c@lcentration during the oxidation reaction

at any time, t, we can write,

J1el) = _ai (23)

As discussed in section 2 the oxidation reactions lymers involve a multi-component
system consisting of peroxide (POOH) decomposition and polymer substrate (PH) consump-
tion contributing in the formation of alkyl radicals (P*); which further takes part in multiple
reactions. Among them, oxygen is consumed or produced in two of the reactions. Therefore

the change in oxygen concentration, due to the reactions can be written as:
r©) =3"R, £, with n=2 (24)

(O2

where r(©2) is the rate of consumption or production of oxygen. From Eqlll oxygen is

consumed in reaction (II) and produced in reaction (VI). Hence we can re-write Eq23] using

11
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Eq24] as,
JEE0) = _divi©) — Roy) + Rele (25)

where Ry and R are the stoichiometric coefficients of oxygen in reaction (II) and (VI),
respectively. Note that, the stoichiometric coefficients for the consumed and produced O,

are considered as negative and positive, respectively.

3.2.4. Balance of hydroperozide, POOH and the polymer substrate, PH

As discussed in section 2] POOH is the main initiator of the oxidation reactions. The

reaction is auto-accelerated due to the formation of this initiator further in the propagation

step. Therefore, the b oncentration comes from the initiation reaction (Ia)

and propagation rea:

where R and R3 are the stol

(III), respectively.

reacts with oxygen, is highly unlikely because o¥its hi ctivation energy. Therefore, we

can neglect any changes of PH-concentration change{@€curring form (Ib). Then the rate of

change of PH-concentration can be tracked from only reaction (III) as,
TP — _Ras (27)
where R3 is the stoichiometric coefficient of substrate, PH in reaction (III).

3.2.5. Balance of forces and moments
Since the time-scale associated with oxygen diffusion is much longer compared to the scale

associated with deformation wave speed, we neglect all forms of inertial effects in the present

12



formulation and assume that body forces does not depend on time. Therefore, the force and

moment balance in the deformed body B; can be expressed as,
divIl+b=0 and T =T7, (28)

where T is Cauchy stress tensor and b is the non-inertial body force per unit volume of
deformed body. Similarly, for the reference body, there exists a stress tensor, Tg, called the
Piola stress, such that the surface traction on the surface 0By of reference body Bg, is given

by,

tr(ng) = Trng (29)

where, tg(ng) is the syaf d ng is a surface unit vector.

and T satisfies t d moment balance as,
and TrF' =FT% (30)

olume of the reference body. Finally, as

the deformed body by,

where bg is non-inertial bo rce per

standard, Piola stress is related to C
(31)
and also as standard, T is frame-invariant.

3.2.6. Energy balance

Let us consider an isothermal polymer oxidation cess. Neglecting the inertia effect,

the internal energy in any arbitrary part P, of a deformed body B; can be written as less

than or equal to the power expended on the part plus the energy increase in the system

due to change in concentration in the species due to the diffusion and reactions. Here, we

calculate the free energy contribution due to coupled diffusion-reaction based on the works
m

in @], ], ] and

deformed body, we can write the energy imbalance as,

/pwdvg /Tn-vda-l—/b-vdv—Z/u(ﬁ)j(ﬁ)-nda (32)

P, P, P, B op,

Denoting v as the internal energy density per unit volume of the

13



where ;1® is the chemical potential for any species 8 and p®j® is the energy carried by
species 3 into part P; by the flux j®). Similarly, ©®r® indicates energy change in part P,
due to chemical reactions. Applying divergence theorem to the terms on the integrals over

0P, and bringing the time derivative inside the integral, Eql32 can be re-written as,

/pv,bdv < / (T L — Z(,u(ﬁ)divj(ﬁ) - Z(j(ﬁ) -grad,u(ﬁ)))dv + /(diVT +b) - vdv (33)
B

P P B P,
Using mass balance Eq 2T 221 and 2§ in Eq[33 and considering P, is arbitrary, yields the local

form of energy balance as,

B n B

3.2.7. Stress-power
Assuming the conigti

write the stress-power as

e The elastic second Piola stress,

T¢ = JF* 'TF* (36)
which is symmetric, as Cauchy stress T is symmetric.
e The mandel stress,
M¢ = JFTTF T (37)

which in general is not symmetric.
Using the fact that T is invariant, we can conclude T¢ and M¢® are also invariant under

the change of frame. Taking time derivative of Eq[I0, we can write,
Ce _ FeTFe + FeTFe (38)

14
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Thus, using EqB6l B7 and [BY] the stress power Eq33l can be re-written as,

1 .

LT e . (e e. TP

T.L—QT.C—i-M.L (39)
N———" inelastic power

elastic power

Using the relation L”? = D* and from equation Eq[I5 and [I6] inelastic power can be further

simplified as
MF°: L =M°: vf(n)l

. (40)
= ’ytr(Me)f(n)
Now, let us assume ?; is free energy per unit intermediate volume such that
Yr = pJy (41)

So that the energ can be rewritten as,
i 1 e . (e e\
¢1—5T 1 Cf—~tr(M +

3.5. Constitutive theories

3.3.1. Basic constitutive equation

Guided by the free energy imbalance is assumed for the free

energy r; the second Piola stress T¢ and th 1 of species 1®) are then

determined by the constitutive equations of the form,

Ui o= Pr(C el 6m)
T = T(C W &) (43)

:u(ﬁ) = /:L(ﬁ) (Cea Cg—?)a f(n))
Further, the species flux j® can be assumed to have the following constitutive form:
O =30(ce 6 €9, vul) (44)

Then, by invoking the thermodynamic restrictions it is possible to generate the specific forms

for the constitutive equations.

15



3.3.2. Thermodynamic restrictions
By Eql44]

N aw b
wzzacfec+z 5 5>+Z 508 (45)

In view of Eql43, the free energy imbalance Eql42] is equlvalent to the requirement that the

following inequality must be satisfied for all constitutive processes:

oy 1 n ovr . 40— O
—= C* il tr(M°) R,

(606 2 ) +Z (501%@ TV + ZM Z zﬁ: O ()

: §(n) + Z Jj : gradu(ﬁ) <0 (46)

N—

For any arbitrary C¢ g
Therefore, the ther i strictions can be obtained through the ’state relations’ as

given below:

(47)
and the chemical potential as,
u® = p(ce, e £(n>)
3 Ce, (n
30R
ii. The species flux satisfies the species-transport inequality as,
JOC e Em) - gradu® <0 (49)

iii. Finally, the following dissipation inequality must be satisfied by the chemical reactions:

(Z,u ZR + ytr(M°) Z;g;) >0 (50)

16
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Thus from Eq[0, it is possible to define a force of dissipative nature J,) which is a

conjugate to é(n) for each reaction n. Thus,
Finy = A + 701 (M) + > IR, (51)
B

where A, is defined as affinity in chemistry literature and defined by,

o
65 (n)

This reflects the fact that every chemical reaction relates to a dissipative mechanism. The

‘A(n) = (52)

extent of reaction for any reaction n, §(,) is assumed to evolve according to a constitutive

relation

) (Fn): %5 Emy s ngﬁ)) >0 (53)

with ]'—é(n) >0

In this work we assume th i [ Fick’s law, i.e. flux depends linearly on

the gradient of the chemical potentigla [ d by,
(54)

ence of species transportation

inequality 9] is that, the mobility tensor is positive- ite for any non-zero concentration

9

4. Specialization of the constitutive equations

We only consider the materials that are initially and continually isotropic. Under such
assumption, it can be shown that the response of the polymer is invariant under any arbitrary
rotation in the reference conﬁiuration or intermediate configuration and the constitutive

i,

In order to apply the coupled theory presented so far, we develop a specific constitutive

responses do not change ,

form in this section. For this purpose, we consider a simple NeoHookean elastomer for the

17



mechanical part of the free energy. Our model has multiple species reacting among themselves
in multiple reactions during oxidation process. Hence, we consider that the specific form of
the chemical part of the free energy takes a simple quadratic form of the extent of reaction &),
based on the literature [62]. Finally, the free energy for diffusion is considered as the energy
of mixing between the species 3 and the polymer and depends on the chemical potential (%)
The energy for diffusion or mixing is taken as to follow the Flory-Huggin’s theory based on
earlier works of M, ]

The following section presents the details of free energy and other constitutive relations
for a simple NeoHookean elastomer, undergoing an isothermal oxidative diffusion-reaction

process.

4.1. Free energy

Motivated by the tion in M], a separable form of the free energy

has been considered as

br(C8, ) €)= 07 + (€ ) (55)

(i) The mechanical energy for a Neo s the form
(O e &) = 5 )’ (56)

where C%* = J=2/3C¢ and G(§(,)) is the oxidati@® dependent shear modulus, K is the

bulk modulus of the polymer.

(ii) w¢"™ is the chemical energy influencing the oxidation reaction and is given by

Hy,
P =3 2 (1= )’ (57)

where the parameter H,) is the chemistry modulus of reaction n. This term in the free
energy favors the local state ({,) = 1) Q]

(iii) @Z);hf 7 is the part of free energy comes from diffusion of species 8 into the polymer.

As established in section [B.2.1] , oxygen is the only diffusing species. Here we have

18



incorporated Flory-Huggins theory for mixing of polymer to define the energy due to

diffusion [33]. It is given by the following form:
. QC(OQ) 1
I = (00 LRy i | R ) 4y | ——— 58
! oo 1+ Qcl?”) 1+ Qcl?”) (58)

where 11°92) is the reference chemical potential of oxygen, R is universal gas constant,
9 is the oxidation temperature, y is the dimensionless Flory-Huggins interaction pa-

rameter and € is the volume of a mole of oxygen.

Thus the complete free energy expression Eq/55] can be written as

G

~

¢I(Cea Cg-zﬁ)a f(n)) =

H,
g )+ 7= (1 )+ g e+

ch%oz) 1
)y —— 59
1+ Qciy? 1+ Qciy? %9)

the polymer does not depend

4.2. Ozidation dependent she odulus

Following the work of B], we conj
on oxidation. However, shear modulu userof the oxide layer formation
|. As polymer radials P* reacts with Oy opagation reaction (II), it
is logical to assume that the change in shear m mostly due to the propagation

reaction (II). Thus, we can write,

G(&(n)) (1 - 52)Gun + €2 ox (60)

where G, and G, corresponds to the shear modulus of unoxidized and completely oxidized

polymer, and &, is the extent of reaction for propagation reaction (II).

4.83. Stress, chemical potential and affinity

From the free energy EqE9 and using guidelines for thermodynamic restriction, it is
possible to get the specific constitutive equations for Cauchy stress T, chemical potential of

oxygen, (%2 and affinity of each reaction n, Ay

19



Using Eqle0l , @17 and 30, the Cauchy stress can be expressed in the following form:
T = I [G () [(Ba)) + K (In )1 (61)

where (Bg;s), is the deviatoric part of elastic Left Cauchy-Green tensor B¢. Also, using Eql48]
into Eq/59, the chemical potential of oxygen can be written as,

(02) ?
(02) _ ,,(02) Qcg 1 1
W =py 7+ RO | In + +xX | ———= (62)
’ 1+ QCE;L.OQ) 1+ ch%oz) 1+ ch%oz)

And the affinity of any reaction n can be calculated from Eq[52] 60l and (9 as,

o mech
I + H(n)(l - g(n)) (63)

where n is the reacti

4.4. Reactive force and efol ztentof reaction, &)

Applying thermodynamic“gestriction, dissipative natured positive force F,),

which is a force conjugate to ). s tha any reaction n to occur, we
need a positive driving force, F,). a wée can define the driving force

for reaction as

o
a€ (n)

Fny = + Hiny (1 = &my) + vtr(M°)+

2
QcS%OZ)
+ x| ——— (64)
1+ QCE;L.OQ) 1+ QCE;L.OQ) 1+ ch%oz)

We assume a thermally activated relation for the evolution of the rate of extent of reaction,

Rn) ,uéoz) + Ry | In (

f(n) as,

. - _Qact
f(n) = C’gk‘nexp Rﬁ

Fn) (65)

where, k, is the rate constant for reaction n, Q). is the activation energy, C; is a pre-

exponential factor and has a unit of 1/(s — M Pa).
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It is evident that the reaction will occur only when F,) > 0. Also, it is logical to assume

that there will be a threshold value of species concentration below which no reaction will

occur. Denoting the threshold as cf?", we can write that that the reactions occur only when

(8) thr

available cj;” > " at a material point. Following this, we can rewrite Eql6Hl as,

. Ceknexp(= Q““)]—"(n), when F(,) >0, { <1 and c§% >
) = (66)
0, otherwise

4.5. Oxygen flux and diffusivity

—m 92 grady(©?) (67)

with m(©2) being the noring the effect of temperature gradient we can

write from Eql62]

—
D=m ) (69)
CR
and using Eql69] in [67] the constitutive relation for sp@les mobility can be obtained as,
, RY 1 Qi) Qe o
j=-D 02 02) S o | erad 67 (70)
14 Qcy (1+Qcp™)? (1+Qcp?)?

The diffusivity of oxygen in virgin or unoxidized polymer is different than the diffusivity
in the active oxidatione zone or completely oxidized zone |59, @] Also, diffusivity of the
oxide layer is the reaction controlling parameter, as it determines the availability of oxygen in
the core to take part into further oxidation [59]. Thus to comply with the literature, a simple

form of diffusivity is assumed in this work that varies linearly with the extent of reaction as,
D= (1 - g(n))Dun + g(n)Doz (71)
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where the parameters D,, and D,, indicate the diffusivity of oxygen in the unoxidized poly-
mer and in the oxide layer, respectively. Further, diffusivity follows simple Arrhenius rule,

to incorporate the temperature dependencies as,

Dy = Doy €xXp <_§2£9’“n>

Doa: = DO,oz exp <_§2hd9701> (72)

where Dy, and Dy ,, are the reference diffusivity values and Q4., and Q4. are the activa-

tion energy of diffusion for the unoxidized and the oxidized material, respectively.

5. Governing differen and the boundary conditions

There are two go tial equations required to be solved in this case:

1. The local force bala nfiguration as,

(73)

(74)

The initial and boundary conditions are required to complete the solutions of these dif-
ferential equations. Let, S; and Sy are complementary subsurfaces of the boundary 0B of
a spatial body B such that S; U S; = 0B and S; N Sy = &. Similarly, let S.,, and S; are
complementary subsurfaces of the boundary 0B = S., U S; with S., N S; = @. For a time
interval ¢ € [0, T, two boundary conditions can be described such that displacement is known

on S and traction on S;. Thus, we can write,

u=uon S Vtel0,T]

Tn=tonS,Vtel0T] (75)
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Similarly, another pair of boundary condition can be considered for a time interval ¢ €

[0, 7] such that oxygen concentration is known on S., and oxygen flux on Sj and thus,

%) —¢pon S, Vitel0T)

—D(gradcg%oz)) ‘n=jonS;Vtel0T] (76)
The initial conditions are,
u(X,0) = up(X), and 9 (X, 0) = cg,(X) in B. (77)

Thus the coupled set of equations, Eq[73 and [74] together with [75, [[6] and [T7] pose an initial

boundary value proble ved bk the displacement u(x,t) and concentration cg(x,t)

simultaneously.
6. Numerical Imple i upled multiphysics problem
In the absence of body for@e; the coupled d ential equations reduce to

divT = 0 in B; with u =1 on Sy
1. (02 (02) _ _— N (O2) . _ .
J~ = div(Dgrad(cy?’)) — R& in B; y nd D(grad(cy?)) -n = jon S;

(78)

Next, the weak forms of these initial boundary value lems described above are obtained

by multiplying each of the equations by two weight fufictions w; and ws, respectively; w;

vanishes over the boundary S, and similarly, w, vanishes over S;. The corresponding weak

/B<T. a;;’(l)dv /S (wy - £)dA

Ows Jc ocr -
(02) 2 R _ R
/B (J g% + RE + D o I )dV / W JdA (79)

forms are given by

Next, the body is approximated using finite elements as B = UB,.. Assuming the nodal

solutions are the displacement vector and the oxygen concentration, the trial solutions are
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interpolated inside each element by,

u= Z ut N4,
o) =" AN (80)
where A denotes the node of the element and N4 is the shape function, u? and ¢4 are

the nodal displacement and oxygen concentration respectively. The weight functions are

interpolated using same the shape function as,

W, = E wf‘NA,

wy = ng‘NA (81)

Using EqR0 and BT ifite [79] yield following system of equations:

CONAN [
(T. " )dV_/SQ (VE)dA,

/ <NA(C§$2) 26s) + D€ ‘ - acR)dv = — / (NAj) dA (82)
B S;

Following which the system of eq : d ysi iterative Newton solver, with

R; = (83)
for displacement residual and
. NA .
RY = / NA AP L RyE) + pINToer / N4j )dA (84)
e ox 0Ox S;
for oxygen concentration, respectively.
The tangents for Newton solver are defined as,
R R
KAB _ " KAB _ 2
ut ou Y dc
oR oR
KAB - c AB _ __ c 85
cu au ) cc ac ( )
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Considering no traction force working over the boundary S, the index form of KA can

ONA 0T,
KAB :/ 1) d

where uP indicates the nodal displacement in direction k at node B. Using the identity

be written as,

A A . .
Frn = Omn + %ufw such that 8{;;’%" = %&nk, it can be obtained as,
T k‘ n

oT,; ON® oT,;

— 87
Then EqBGl can be written as,
ONAONB OT;
av 88

Next, the tangent re i ncentration cp is calculated as,

K;;B:—/ (J—

where At denotes the difference bet

KiP = / N
ue Be ( axl

ONA 0 ONB
KAB — _ / D5, % (91)
k e \ 0T; oxy,
The system of equations are solved numerically for each element by writing a user element

subroutine in ABAQUS/Standard (2017) |1].

LV

oD B@NA 6CR

e steps. Similarly, the last two

tangents are calculated as,
(90)

and

7. Representative numerical simulations

There are numerous material parameters involved in our theory because of the complex
coupling of the diffusion-reaction phenomena. Following a detailed review of the literature,

we have chosen some typical values for these constants which is realistic to most of the
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Table 1: Matrial parameters for a representative elastomer.

Parameter Unit Value
Bulk Modulus, K GPa 14.5
Chemistry Modulus, H Jm™3 339 x 108
0.45
GPa 1.5
Gon GPa 2.8
m2s~! 2.1 x 10712
Diffusivity m2s~! 2.1 x 10712
Rate constant 2 x 108
Reactive activation en 110
Diffusive activation energy 80
Shrinkage parameter, —0.1
Ce 1x107°
X 0.1
Lo J/mol 1.12 x 10°
Solubility coefficient, S molm=3Pa~! 3.61 x 1074
Gas constant, R J/(mol-K) 8.31446
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polymers. The parameters are listed in Table[Ill To demonstrate the capability of our model,
we numerically implement a relatively simplified version in this section. For this purpose, we
consider only the propagation reaction (II) and keep track of change in oxygen concentration
and extent of oxidation based on that. Under such assumption, affinity and reactive force

simply come from reaction(II) and have the following form:
1
A= §(Gun — Gop)(t1C, — 3) + H(1 = &) (92)

and

1

F = §(Gun — Gop)(t1Co = 3) + H(1 — &) + ytr(M°) + R

T R SN N S (93)
1+QCR 1+QCR X 1+QCR

where cpg is the oxygen'e i l £ are the stoichiometric coefficient and extent of

oxidation in reaction (II), respeg . ationed before, we take stoichiometric coefficient

as negative for consumption of the reactime i ence, for this single reaction case, mass

(94)

With this simplified version, we show a few illust numerical examples. First, we

study the environmental factors that influence the t o-oxidative aging, such as the am-
bient temperature. After that, we investigate the effect of various material parameters, such
as diffusivity, chemistry modulus, activation energy, etc. that inherently makes a material

susceptible or resistant to oxidation. Finally, we use the model to predict oxidation induces

shrinkage within a randomly distributed fiber reinforced composite sample.

7.1. Effect of accelerated aging on polymer

In this section, we consider a polymer sample that undergoes high temperature oxidation
(accelerated again condition). We simulate the following cases: a polymer block is oxidized

for 100 hours at a temperature of 150°C' and 177°C" at atmospheric pressure.
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The polymer specimen is a Imm by 1 mm 2D-block. Using symmetry, we simulate only
one quarter of the sample. In our numerical simulation, we consider a 2D plane strain
geometry as shown in Figlll We mesh the geometry using 2D plane strain UPE4 user
elements. For the mechanical boundary condition, we consider symmetry along x and y axis.
For the chemical boundary condition, we apply zero oxygen concentration along AD and AB
and a constant oxygen pressure of pp, along BC and CD.

Finally we oxidize the specimen isothermally at temperature 1. Oxygen sorpsion occurs
at the boundary by Henry’s law, as, cg = Spo,, where S is the solubility of oxygen into
the polymer and po, is the partial pressure of oxygen; followed by oxygen diffusion which is

controlled by the diffusivi arameters, D,, and D,,. We simulate the specimen to study

the effect of tempera o the extent of oxidation on the element E located at

the top surface as shi

Figure 1: Geometry of the polymer specimen subjected to accelerated aging: E is an element on the top

surface and N is a node close to the middle core.

Fig[2 shows the effect of increasing temperature on the extent of oxidation on the element
E. We can see a significant increase in the extent of oxidation and the rate at which it prop-

agates at higher temperature. The trend confirms that higher temperature accelerates the
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Figure 2: Extentfofio i function of time at different ambient temperature

oxidation process by eper into the core of the specimen and by increasing

the rate of chemical reaetu

In this section, we study the effec Tasi imectic parameters on the extent
of oxidation. To accomplish this, we usejbh ; i described in Fig[l] with the same

To check the effect of diffusivity on the exte , first, we keep D,,, unchanged
at 2.1 x 107'?m/s? and study the oxidation in two ca§€g with D,, equal to 2.1 x 107'?m/s?
and 6.3 x 107'2m/s?, respectively. Later, we increase Dy, to 6.3 x 1072m/s* keeping D, at
6.3x10712m/s%. For each cases, we measure the oxygen concentration at a node near the core
of the specimen (marked as node N in Figlll). The comparison between the concentration
of oxygen at node N for the three different diffusivity values is demonstrated in Figl3l As
the diffusivity of the polymer increases, the oxygen can penetrate quicker into the specimen;
thus increases the oxygen concentration at node N at any given time.

The chemistry modulus, H, is a measure of the energy required for a reaction to happen.

The affinity for oxidation reaction is given by, A = H(1—¢). Hence higher chemistry modulus
generates higher affinity, and higher affinity leads to a higher reactive force, F. Further, since
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Figure 3: Effect of D,,, and D,, on oxygen diffusion as a function of time

the rate of extent of ¢ Ses proportionally as € = C’gk‘gexp%}" with increased
H, the extent of oxid@ion i d. To demonstrate this, we use two different values
of H, 339 x 108.J/m? and ing all the other parameters fixed as in Table Il
The comparison between the a function of time for these two different
H-values is shown in FigHl(a). A Figli(a), ¢ reaches to 1 approximately
ten times faster due to a 10 times in

Activation energy of a reaction has a co i n the extent of oxidation.
Higher activation energy of a material indicate i st the extent of oxidation,

which means material is less prone to oxidation. W onstrate this by increase the ac-

tivation energy of of the polymer specimen from 100&)mol to 110kJ/mol for propagation
reaction (II). From Figll(b), we can see a significant drop in the extent of oxidation because

of 10k.J/mol increase in the activation energy.

7.8. FE simulation for the extent of oxidation in a bulk polymer sample

To demonstrate how the extent of oxidation evolves with time and oxide layer forms, in
this section, we demonstrate a case of a uni-directional diffusion of oxygen into a block of
polymer as shown in Figlll The specimen is a 1x1 mm block with a thickness of 0.5mm,

which is exposed to oxygen on the top surface and all other surfaces are impermeable as
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Figure 4: a) Variation o on with chemistry modulus, H, b) Variation of extent of oxidation

ides, while the top surface
oxygen concentration of

all the other surfaces are

considered as impermeable.

Finally we let the sample oxidize for 200 hours
fraction or extent of oxidation evolution at different times. In Figlfla), b) and c¢), we present

50°C" and study the oxide volume

the contour of the extent of oxidation in the bulk specimen after 38 hours, 100 hours and
200 hours of oxidation, respectively. We consider & = 0.99 representing complete oxidation
of the polymer at a material point.

The visible identification of oxidation appears after 38 hours of exposure with a thin
oxide layer formation on the top surface as shown in Figleh). A 220 um thick oxide layer is
formed on the top surface after 100 hours of exposure which continue to increase and reach

a thickness of 520 pum after 200 hours. In Figlf, the ” gray” zone indicates that the material
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is completely oxidized. pl ickness of oxide layer formed as normalized with

the maximum layer thickness ed at th

of 200 hours of oxidative aging.

7.3.1. Residual stress and shrinkage ] ly distributed fiber composite

subjected to oxidation

residual stress following a similar work reported in he geometry of the model is shown
in Fig[ll The dimension of the composite sample is 1 by 1 mm with the fiber radius of 3um.
We model the fibers as linear elastic and has the properties as £ = 230 GPa, v = 0.3. We
model the polymer matrix as the user defined material properties given in Table [l The
composite specimen is oxidized at 150°C' under 2 bar O, pressure for 38 hours. For the
chemical boundary condition, we apply a constant oxygen pressure of 2 bar on the left side
of the specimen. We consider fibers are impermeable and do not take part in the oxidation
process. For the mechanical boundary condition, we consider symmetry along x and y-axis.

Fig[8(a) shows the contour plot of shrinkage strain generated in the composite specimen

after 38 hours of exposure. Since fibers are randomly placed into the specimen, the density
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Figure 6: Contour plot for the extent of oxidation after a) 38 hours, b) 100 hours c¢) 200 hours of oxidation;

d) Normalized oxide layer thickness as a function of time
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of fiber varies all over the sample. We can see the maximum negative strain is developed in
the less-dense fiber zone, which are shown in ”blue” in the contour plot. These zones are
mostly effected by oxidation and fiber-matrix debonding can occur in these zones because
of the inhomogeneous shrinkage strain. Figl8(b) shows contour plot of the corresponding
Von-Mises stress generated in the matrix of the composite specimen. Note that Von-Mises
stress is quite non-homogeneous in these less-dense fiber zones. This inhomogeneous stress
distribution within the composite specimen can eventually lead to initiation and propagation

of micro-cracks into the material, leading to ultimate failure of the specimen.

Figure 7: Geometry of a randomly distributed fiber reinforced composite

8. Concluding remark

In this paper we have presented a thermodynamically consistent, chemo-mechanically
coupled large deformation theory for high temperature oxidation in polymers. The formu-

lation takes into account the coupled effect of diffusion-driven chemical reactions occurring
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the matrix.
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at the molecular level and connects with the continuum level constitutive response. Further,
we have tested the capability of the model by implementing it in a commercial FE package.
The model shows the capability of predicting the progressive oxidation font in the material
for given ambient conditions. The numerical simulations show the usefulness of the model
to simulate oxidation process in a randomly distributed fiber composites. In future work,
we plan to validate our model with real experimental data for specific polymers. Once fully
validated, the present model would be capable of reducing the empiricism in long-term life

prediction for polymers due to oxidative aging.
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