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Аннотация

Имеется множество факторов, влияющих на деградацию компози-
ционных материалов под действием окружающей среды. В настоящей
работе изучается два источника деградации. Во-первых, мы исследуем
накопление повреждений в материале, состоящем из углеродных во-
локон и эпоксидной смолы, при циклическом нагружении. Во-вторых,
развит многомасштабный и мультифизический подход к исследованию
деградации материала, состоящего из стекловолокна и нейлона, вслед-
ствие накопления влаги. Мультифизический и многомасштабный под-
ход учитывает совместное протекание реакционно-диффузионных и ме-
ханических процессов на нескольких масштабных уровнях.
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Abstract

There are variety of factors affecting degradation of composite materials
due to environmental effects. In the present manuscript, two sources of
degradation are studied. We first consider an accumulation of damage
in carbon-fiber/epoxy-resin material system subjected to cyclic load. A
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multiscale-multiphysics approach is developed for degradation of glass-
fiber/Nylon material system due to moisture accumulation. A multiphysics-
multiscale approach couples diffusion-reaction-mechanical process at mul-
tiple spatial scales.

Keywords: Composite materials, multi-scale multi-physical approach,
degradation of composite materials.
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1. Introduction

Composites are widely used in aircraft, automotive and other industries due
to their light weight, high strength and stiffness. Behavior of composite materials
subjected to various environmental effects is not fully understood due to variety
of factors, chief among them is understanding of the complex interplay between
multiple spatial and temporal scales and interacting multiple physical processes.
Herein, we focus on accumulation of moisture in glass-fiber/Nylon material
system.

Considerable research efforts have been devoted towards developing predictive
multiphysics simulation capabilities. For instance, Gerad et al. [1, 2] studied the
coupling between chemical leaching in underground cementitious structures in
the presence of water. Ulm et al. [3] pioneered a homogenization-based chemo-
mechanical approach aimed at understanding the effect of chemical leaching
on the structural integrity of concrete structures. Terada and Kurumatani
[4] developed a two-scale diffusion-deformation model to analyze microcrack
propagation and aging in quasi brittle solids in the presence of moisture.
Yu and Fish [5] developed a space-time homogenization approach to resolve
complex deformation processes in thermo-viscoelastic composites. Kuznetsov
and Fish [6] devised an efficient coupling scheme between electrical and
mechanical field in heterogeneous solids. In recent paper Klepach and Zohdi
developed strongly-coupled, deformation-dependent diffusion model in composite
media at finite strains [7]. This model based on computational multiphysics
framework developed in [8, 9, 10]. Bailakanavar et al developed reduced order
multiscale-multiphysics approach for chopped fiber composites [11]. An excellent
treatise of coupled chemo-thermo-mechanical ageing processes of elastomers based
thermodynamically coupled material model has been given by Johlitz and Lion.
This work is based multiphase continuum theory [15–19] that finds its roots in
earlier work of Truesdell [20].

Molecular processes occurring during penetration of fluid into a polymeric
material systems are not well understood primarily due to lack of experimental
data at that scale. There is no experimental data on mobility of polymer chains,
their polarization, and configuration of free spaces occupied by the penetrant.
Obviously, one can consider idealized scenarios with respect to molecular
structure, and consequently postulate Gibbs free energy of mixtures, but without
experimental backing for the material system of choice, such an approach will
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have limited practical use. Our goals are less ambitions in this regard. We will
not postulate energy or entropy equations and will not attempt to derive a
thermodynamically consistent framework for processes that presently are not well
understood. The primary objectives are follows: (i) postulate physically motivated
constitutive equations of the mechano-diffusion model at a microscale, i.e. at a
level of microconstituents, i.e. fiber-matrix scale; (ii) upscale the coupled physics
micromechanical model using classical mathematical homogenization theory; (iii)
focus on model reduction of the two physical processes that would permit
effective consideration of component scale (macro problems) having complex
microstructure; (iv) identify model parameters appearing in the micromechanical
model against uniform field macroscopic experiments, and (v) validate the model
against more complex experiments (4-point bending problem).

We study degradation of glass-fiber/Nylon due to moisture accumulation. We
consider coupling of three physical fields: diffusion and reaction of water with
Nylon, and subsequent degradation of mechanical properties. The problem is a
two-way coupled. On the one hand, water, which is absorbed by Nylon affects
mechanical behavior. On the other hand, the mechanical damage accelerates
diffusion of water. A first-order computational homogenization (FOCH) is
employed for both diffusion-reaction and mechanical problems. Simulation results
are compared to experimental measurements conducted at General Motors [21].

2. Diffusion-reaction process for glass-fiber-Nylon
with moisture

2.1. Constitutive model of resin

Herein, we study environmental degradation of glass-fiber/Nylon material
system caused by moisture accumulation, where water is absorbed by Nylon and,
consequently, its strength decreases [22]. Water diffusion is enhanced by formation
of microcracks. Thus, the process is a two-way coupled multiscale-multiphysics
problem. The unit cell consists of random chopped fibers embedded in an epoxy
resin as shown in Figure 1.

Рис. 1: Microstructure of random chopped glass fibers (right) embedded in the
epoxy resin (left)
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The process of absorption of Nylon and water molecules consists of two
stages depicted in Figure 2. First, the reaction process, where one Nylon
molecule absorbs three water molecules. Second, the diffusion process, where
water molecule diffuses from high mass concentration to low mass concentration
based on the Fick’s law. The governing equations for the reaction-diffusion
problem are given by

𝑐̇𝑤 = ∇ · (D · ∇𝑐𝑤) + 𝑟𝑤 (𝑐𝑁 , 𝑐𝑤)
𝑐̇𝑁 = 𝑟𝑁 (𝑐𝑁 , 𝑐𝑤)

(1)

where 𝑐𝑤 and 𝑐𝑁 denote the mass concentration of water and Nylon, respectively;
D is the nonlinear diffusivity tensor. The reaction terms 𝑟𝑤 and 𝑟𝑁 are given by

𝑟𝑤 (𝑐𝑁 , 𝑐𝑤) = −𝑘 · 𝑐𝑁 · (𝑐𝑤)3/2

𝑟𝑁 (𝑐𝑁 , 𝑐𝑤) = −𝑘 · 𝑐𝑁 · (𝑐𝑤)3/2
(2)

where 𝑘 is a reaction coefficient.

Рис. 2: Reaction (top) and diffusion (bottom) process of Nylon-water system

2.2. Model Reduction

To reduce the computational cost associated with multiple nonlinear unit
cell solutions, the model reduction scheme process [22, 23] is employed. The
model reduction technique is based on the construction of residual-free scalar
(moisture diffusion) and vector (deformation) fields. The fine-scale perturbation
of the displacement field 𝑢

(1)
𝑖 is constructed to satisfy the unit cell equilibrium

equations for arbitrary coarse-scale strains and eigenfields [23]

𝑢
(1)
𝑖 (𝑥, 𝑦, 𝑡) = 𝐻𝑘𝑙

𝑖 (𝑦)𝜀𝑐𝑘𝑙(𝑥, 𝑡) +

∫︁
Θ

ℎ̃𝑘𝑙𝑖 (𝑦, 𝑦)𝜇
𝑓
𝑘𝑙(𝑥, 𝑦, 𝑡)𝑑Θ̃+

+

∫︁
𝑆

⌣

ℎ

⌣
𝑛

𝑖 (𝑦,
⌣
𝑦)𝛿𝑓⌣

𝑛
(𝑥,

⌣
𝑦, 𝑡)𝑑

⌣

𝑆 (3)
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where 𝐻𝑘𝑙
𝑖 , ℎ̃

𝑘𝑙
𝑖 , and

⌣

ℎ

⌣
𝑛

𝑖 are the influence functions for the coarse-scale strains 𝜀𝑐𝑘𝑙,
fine-scale eigenstrains 𝜇𝑓

𝑘𝑙, and fine-scale eigenseparations 𝛿
𝑓
⌣
𝑛
, respectively.

Likewise, the fine-scale perturbation of the moisture concentration 𝑐(1) is
constructed to satisfy the fine-scale diffusion equations for arbitrary coarse-scale
concentration gradients 𝑐𝑐,𝑖 and fine-scale eigenconcentration gradient 𝜂

𝑓
𝑖 as follows

𝑐(1)(𝑥, 𝑦, 𝑡) = 𝐻 𝑖(𝑦)𝑐𝑐,𝑖(𝑥, 𝑡) +

∫︁
Θ

ℎ𝑖(𝑦, 𝑦)𝜂𝑓𝑖 (𝑥, 𝑦, 𝑡)𝑑Θ̃ (4)

where 𝐻 𝑖(𝑦) and ℎ𝑖(𝑦, 𝑦) are the influence functions for the coarse-scale
concentration gradient the eigenconcentration gradient, respectively. Inserting (3)
and (4) into constitutive eqution yields

⎛⎝𝐿𝑖𝑗𝑘𝑙 (𝑦)

⎛⎝
(︁
𝐼𝑘𝑙𝑚𝑛 +𝐻𝑚𝑛

(𝑘,𝑦𝑙)

)︁
𝜀𝑐𝑚𝑛(𝑥, 𝑡) +

(︁∫︀
Θ
ℎ̃𝑚𝑛
(𝑘,𝑦𝑙)

(𝑦, 𝑦) 𝜇𝑓
𝑚𝑛(𝑥, 𝑦, 𝑡)𝑑Θ̃− 𝜇𝑓

𝑘𝑙(𝑥, 𝑦, 𝑡)
)︁

+
∫︀
𝑆

⌣

ℎ

⌣
𝑛

(𝑘,𝑦𝑙)
(𝑦,

⌣
𝑦) 𝛿𝑓⌣

𝑛
(𝑥,

⌣
𝑦)𝑑

⌣

𝑆

⎞⎠⎞⎠
,𝑦𝑗

= 0

(5)

⎛⎝−𝐷′
𝑖𝑗(𝑦)

⎛⎝(︁𝐼𝑗𝑘 +𝐻𝑘
,𝑦𝑗
(𝑦)
)︁
𝑐𝑐,𝑘(𝑥, 𝑡) +

⎛⎝∫︁
Θ

ℎ𝑘,𝑦𝑗(𝑦, 𝑦)𝜂
𝑓
𝑘 (𝑥, 𝑦, 𝑡)𝑑Θ− 𝜂𝑓𝑗 (𝑥, 𝑦, 𝑡)

⎞⎠⎞⎠⎞⎠
,𝑦𝑗

= 0

(6)

The eigenstrains, eigenseparations and eigenconcentration gradients are
discretized in terms of phase eigenstrains 𝜇(𝛼)

𝑘𝑙 , phase eigenseparations 𝛿
(𝛼)
⌢
𝑛

and

phase eigenconcentration gradients 𝜂(𝛼)𝑘 over the phase domain Θ(𝛼) as follows

𝜇𝑓
𝑖𝑗(𝑥, 𝑦, 𝑡) =

𝑛∑︀
𝛼=1

𝑁̃ (𝛼)(𝑦)𝜇
(𝛼)
𝑖𝑗 (𝑥, 𝑡)

𝛿𝑓⌣
𝑛
(𝑥, 𝑦, 𝑡) =

𝑚∑︀
𝜉=1

⌣

𝑁
(𝜉)

(𝑦)𝛿
(𝜉)
⌢
𝑛
(𝑥, 𝑡)

(7)

𝜂𝑓𝑘 (𝑥, 𝑦, 𝑡) =
𝑛∑︁

𝛼=1

𝑁̃ (𝛼)(𝑦)𝜂
(𝛼)
𝑖 (𝑥, 𝑡). (8)

The shape functions 𝑁̃ (𝛼)(𝑦) for the eigenstrain and eigenconcentration
gradient are chosen to be 𝐶−1 (Θ) functions since the eigenfields can be
discontinuous between the phases. The eigenseparation shape functions are chosen
to be 𝐶0 (𝑆) functions since cracks (displacement jumps) should be continuous
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across the interfaces. The eigenstrain and eigenseparation shape functions are
chosen as

𝑁̃ (𝛼)(𝑦) =

{︂
1 𝑦 ∈ Θ(𝛼)

0 𝑦 ∈ Θ(𝛼) ,

⌣

𝑁
(𝜉)

(𝑦) =

⎧⎨⎩
∑︀

𝐴∈𝑆(𝜉)

𝑁 𝑓
𝐴 (𝑦) 𝑦 ∈ 𝑆(𝜉)

0 𝑦 /∈ 𝑆(𝜉)

(9)

For more details we refer to [11, 24, 23].

2.3. Model validation

For validation, we study mechanical behavior of the glass-fiber/epoxy-resin
material system subjected to moisture. The sample is exposed to moisture for
350 hours and then tested in a uniaxial tension. We will refer to such a sample
condition as the moisture conditioned (MC) state. A dry-as-molded (DAM)
sample state will be also tested for comparison.

The simulation of moisture conditioned (MC) samples will be divided into
two steps: (i) simulation of diffusion-reaction process and (ii) simulation of a
uniaxial tension till failure. A first-order computational homogenization (FOCH)
approach is adopted for both diffusion-reaction and mechanical problems. Due to
symmetry, the macroscopic model consists of one quarter of the sample as shown
in Figure 3.

Рис. 3: Macroscopic model for the diffusion-reaction problem

Figure 4 compares the weight gain (%) as obtained by the simulation and
physical experiments. It is evident that simulations predict correct amount of
water absorption throughout the entire time history.

Next, we study mechanical behavior of DAM and MC samples in uniaxial
tension up to failure. The comparison of simulated and experimental strain-stress
curves is depicted in Figure 5 for the two states. The numerical model predicts
correct mechanical response as well as the onset of failure. It can be seen that
the peak stress (or strength) in DAM samples is higher than in MC samples. In
contrast, the failure strain in DAM samples is lower than in the MC samples.
Thus, the MC samples are more ductile than those of DAM.

A similar conclusion can be drawn by observing microscopic damage pattern
depicted in Figure 6. The damage pattern exhibits brittle crack in DAM samples,
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Рис. 4: Comparison of weight gain (%): experiments vs simulation

Рис. 5: Stress-strain response in DAM (left) and MC (right) samples as obtained
in simulations and experiments

where the crack is localized in a single layer of elements. On the other hand, the
damage pattern is much more diffuse in MC samples.

3. Conclusion

In the present manuscript, we present a multiscale approach for simulating
degradation of composite structures in two environments: cyclic loading and
exposure to humidity. For the carbon-fiber/epoxy-resin material system, we
generalized the cycle block scheme to account for hybrid brittle-ductile failure. A
reduced-order homogenization (ROH) approach is adopted for the prediction of
damage accumulation in various microphases. For the glass-fiber/Nylon material
system exposed to moisture we generalized the Fickian diffusion model [12]
to account for the reaction of Nylon with water. The diffusion-reaction and
mechanical problems were assumed to be two-way coupled where Nylon absorbed
by water affects the mechanical behavior, while the damage accumulation
is enhanced by the diffusion process of water. A first-order computational
homogenization (FOCH) is employed for both diffusion-reaction and mechanical
problems.
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Рис. 6: The distribution of damage state variable in DAM (left) and MC (right)
samples
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