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Abstract

In this paper, the effect of matrix viscoelasticity on the development of residual stresses
in 3D woven composites is investigated using Finite Element Analysis. Based on
experimental observations, it is hypothesized, that the stresses develop mainly due to the
difference in the coefficients of thermal expansion between the fiber reinforcement and
the matrix. The model considered is a “1x1 orthogonal” 3D woven composite unit cell that
is generated using x-ray computed microtomography data. In this study, cooling after
curing is considered under the assumption of zero stress at the beginning of the cooling.
In addition to the full time- and temperature-dependent viscoelastic formulation, the
applicability of two simplified constitutive methods, elastic and variable time pseudo-
viscoelastic, is investigated. It is observed that the pseudo-viscoelastic method predicts
similar cumulative stress distribution (Von Mises and Hydrostatic) compared to the full
viscoelastic results. The elastic model presented the highest stress values while the full
viscoelastic model presented the lowest stress values.

1. Introduction

3D woven composite materials have increasingly been used in the aerospace industry
due to their high delamination and impact resistance compared to the traditional
laminated composites [1, 2]. Based on the experimental observations [3], it is
hypothesized that two maijor factors are responsible for high residual stresses contributing
to microcracking of 3D woven composites: the large difference in the coefficient of thermal
expansion (CTEs) between the fiber reinforcement and the matrix and the large amount
of through-thickness reinforcement [4, 5]. Accurate numerical prediction of the residual
stresses depends on the fidelity of geometric modeling and constitutive material models.
In particular, time- and temperature-dependent viscoelasticity of the matrix must be
included because it may result in significant stress relaxation in the composites [6 - 8]. At
the same time, the full viscoelastic formulation requires extensive material
characterization and computational resources. It has been shown that “simple”
constitutive models [9] can be used to predict residual stresses and dimensional stability
in asymmetric composite plates with reasonable accuracy. Other methods have been
studied under different curing cycles and validated using experimental results [1].
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In this paper, the residual stresses in a “1x1 orthogonal” 3D
woven carbon/epoxy composite is analyzed using Finite
Element Analysis (FEA). A single periodic unit cell of the
reinforcement architecture shown in Figure 1 was obtained
from microtomography data. In this analysis, it is assumed that
the tows have time- and temperature-independent material
properties [5] due to low matrix volume fraction in the tows
(approximately 20%). The thermoset viscoelastic matrix
surrounding the tows is modeled using three different
Figure 1. "x1 orthogonal”  constitutive models: full viscoelastic (implemented via Prony
woven C‘;anazttf; realistic series); variable time pseudo-viscoelastic; and elastic. The

three models are compared based on the cumulative volume
residual stress distribution (Von Mises and Hydrostatic) and simulation time. The full
viscoelastic model is assumed as the most realistic prediction of stresses, and the
pseudo-viscoelastic predictions and the elastic predictions are compared to the full
viscoelastic model.

2. Modeling Approach
Three constitutive models are considered: viscoelastic, pseudo-viscoelastic, and elastic.

2.1. Viscoelastic Model

The isotropic material properties of the matrix depend on both time and temperature in
this case. The Young’s modulus (E) was extracted from experimental data [10] and the
shear modulus (G) and bulk modulus (K) were derived assuming the constant Poisson’s
ratio v = 0.35. Prony series was fitted to the data using the commercial FEA software
package MSC Marc Mentat. The relaxation function used G as follows (similar function
was used for K):

N —ta(T)
Gt T)=G6™ + Z HOPEED
k=1
where t is time (s), T is temperature (°C), 7, is relaxation time (s), N is the order of the
series, a(T) is the Thermo-Rheologically Simple shift function (Williams-Landel-Ferry shift
function with coefficients ¢; = 1790.35, ¢, = 14028.2, and reference temperature T,..; =

100°C is used), G is the long-term stiffness, and G*) is the fitting parameter. From the
short-term (¢t = 0) moduli ¢ and K, the short-term E and v are found as 4.875 GPa and
0.3589, respectively.

2.2. Variable Time Pseudo-Viscoelastic Model
In this model, the Young’s modulus is a function of
temperature only; however, values of E are extracted from

the relaxation curves [10] at different time instants (as - 1omin \
opposed to t = 0), hence the values of E (Figure 2) take |}

into account some relaxation and are easily implemented. 50 100 150
The resulting behavior is path independent and, therefore, i e 2. ngﬁ‘g,r;t“,{jéaums vs

the simulation can be performed in a single step. Temperature

724



2.3. Elastic Model

Isotropic material properties are dependent only on temperature. The matrix Young’s
modulus and CTE are linear functions of temperature: Eyc = 3.5 GPa and E;gyc =
2.438 GPa; CTEgc = 5-1075°C™! and CTE;ggc = 6.89-1075°C™1; v = 0.35. In this case,
time-dependent relaxation does not occur and numerical simulations can be carried out
in a single step.

2.4. Boundary and Initial Conditions

Periodic boundary conditions (PBCs) in the X and Y directions are applied to simulate the
response of a large composite panel by considering a single unit cell. In the current
implementation, contraction of the unit cell due to the temperature drop is permitted, but
the node displacements on the opposite faces of the cell are kept periodic. The PBCs are
based on [11] without constraining the through-thickness direction (Z-axis). All models
are subjected to the same linear temperature decrease from the curing temperature T, =
165 °C (applied as the initial condition) to the room temperature T;,40s = 25 °C over 1700
seconds assuming zero initial stress. The temperature change is assumed to happen in
all elements simultaneously due to the relatively slow cooling rate, see [5].

3. Results

The results are presented in Figure 3 and Table |. The cumulative stress distributions
presented in Figure 3b and Figure 3c show fractions of the overall matrix volume with
stresses below a given Von Mises or hydrostatic stress value. The plots indicate that both
considered approximations overestimate residual stresses (compared to the full
viscoelastic formulation) — the full viscoelastic model results are at the far left side of the
plot (low stress values), the elastic results are at the far right side (high stress values),
and the pseudo-viscoelastic values fall between the two. The pseudo-viscoelastic curve
“2 hours” (i.e. Young’s moduli values sampled from the material relaxation curves at t =
2 h) indicates that stresses in the matrix material are more relaxed compared to the
curves “Imin”, “10 min” and “1 hour” and is close to the viscoelastic stress distribution.
However, the difference among the four pseudo-viscoelastic curves is small.

Table I. Comparison of the predicted stress percentiles (99, 95 and 50) obtained from the pseudo-
viscoelastic (2 hours) and elastic models with the full viscoelastic results

. Viscoelastic Pseudo- % . %
Percentile model Viscoelastic model | difference Elastic difference

Von Mises 99 49.5 53.6 8.4 66.9 35.2
(MPa) 95 33.6 36.6 9.1 47.3 40.8
50 23.3 25.8 10.6 34.2 46.7
Hydrostatic 99 42.8 47.6 11.1 61.7 44.2
(MPa) 95 29.1 32.5 11.8 43.6 50.1
50 20.2 22.8 13.3 31.5 56.4

Runtime (h) - 18.5 0.16 - 0.16 -

4. Conclusions
In this paper, three constitutive models have been investigated. Using the full
temperature- and time-dependent viscoelastic model results as the “correct” stress
distribution, the “2 hours” pseudo-viscoelastic method resulted in a much smaller
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difference than the elastic method — the maximum difference of 13.3% vs. the maximum
difference of 56.4%, correspondingly. Given the relatively small difference in the stress
values and the 100x times faster simulation runtime, the pseudo-viscoelastic method is
an efficient way of estimating residual stresses compared to the full viscoelastic
formulation.
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Figure 3. FEA Results: (a) Von Mises stress distribution in the matrix (full viscoelastic model); (b)
cumulative volume Von Mises stress distribution; (c) cumulative volume hydrostatic stress distribution.
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