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Mecanica de la deformacion y falla de compuestos poliméricos hibridos

Disefiar compuestos de altas prestaciones es posible, adaptando sus propiedades para mejorar su
comportamiento mecanico (y/o multifuncional). Por ejemplo, mediante la hibridacién de fibras, lo cual
consiste en combinar varios tipos de fibras en el mismo compuesto, se pueden mejorar las propiedades y el
En la version revisada 30 de desempefio del material resultante. La hibridacién no solo cambia las propiedades efectivas, sino también
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Septiembre de 2021 los mecanismos interaccion y propagacion del dafio que conducen a la falla final.
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Accesible online 14 de Octubre de En este trabajo, se proponen dos marcos numéricos para analizar la falla de compuestos poliméricos
2021 hibridos. En primer lugar, mediante el analisis por elementos finitos, se analizan los mecanismos que

conducen a la falla longitudinal en compuestos hibridos. Se estudia también el efecto de la presion
hidrostatica en la falla por tensién longitudinal y se observa una reduccién generalizada de la resistencia al
aumentar la presion. En segundo lugar, se propone un modelo dinamico utilizando elementos de muelle. Se
analiza la influencia que tiene tanto la dispersién de fibras como la dinamica de la formacién de grupos de

Palabras clave:

Compuestos fibras rotas en compuestos hibridos. Se observa que una mayor dispersion de fibras conduce a un mejor
Hibridacién de fibras rendimiento del material.

Fractura

Marcos numeéricos Ademés, se ha realizado una campafia experimental con dos materiales hibridos diferentes (“intra” and
Efecto hibrido “intratow”) para comprender el efecto de la hibridaciéon en las propiedades dominadas por las fibras. La

resistencia a la traccion longitudinal y la tenacidad a la fractura translaminar. El material hibrido entre capas
(“intra”) ensayado se obtiene apilando capas delgadas de T800 y HR40 de manera alterna, mientras que el
“intratow” se obtiene combinando los dos tipos de fibras dentro de la misma capa. En ambos casos se
observa un cambio en los mecanismos de dafio por la hibridacion, que puede conducir a un mejor
desempefio del material.

Mechanics of deformation and failure of hybrid polymer composites

ABSTRACT

High performance composites can be designed, and their properties tailored to enhance specific
mechanical (or multifunctional) properties of the material. Fibre hybridization, which consists of combining
multiple types of fibres in the same composite material, is a strategy that can lead to improved composite
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Fibre hybrid composites properties and performance, as it not only changes the material properties but also the damage
Numerical simulation propagation mechanisms leading to final failure.

Fracture

Hybrid effect In this work, two numerical frameworks are proposed to analyse the mechanics of failure of hybrid polymer

composites. Firstly, a FEM framework is used to analyse the mechanisms that lead to longitudinal failure of
composite materials. The effects of superimposed hydrostatic pressure on longitudinal tensile failure is
analysed and a generalized reduction in strength with increasing pressure is predicted. Secondly, a
dynamic Spring Element Model is proposed and used to analyse the dynamics of the formation of clusters
of broken fibres and the effects of fibre dispersion in hybrid composites, concluding that higher fibre
dispersion leads to improved material performance.

Additionally, an experimental campaign on two different hybrid materials (inter and intratow) is performed to
understand the effect of hybridization on fibre dominated properties, namely longitudinal tensile strength
and translaminar fracture toughness. The interply hybrid material is obtained by stacking alternating T800
and HR40 thin-ply layers, while the intratow is obtained by combining the two types of fibres in the same
layer using spread tow technology. A change in the damage mechanisms through hybridization is observed,
which can lead to improved material performance.
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1 Introduction

Fibre-reinforced composites play a fundamental role in aircraft
structural applications, however their optimal use is still
hampered partly due to the relatively low toughness they
exhibit. The tensile failure of UD composites is a catastrophic
process due to the propagation of a cluster of broken fibres
and hybridization may change this behaviour by changing the
failure mechanisms typically observed in composite materials,
leading to non-brittle composites [1].

Hybridization in composite materials is the concept of using
more than one type of reinforcement or matrix system on the
same material. Although hybridization was a large field of
study from the invention of carbon fibre until the late 80s, the
interest has since then faded away, mainly due to the price
reduction of carbon fibres and development of accurate
models to predict the failure of non-hybrid composites. In the
last years, hybridization, especially fibre hybridization, has
become a field of interest mainly due to the possibility of
delaying and achieving a more gradual failure of composite
materials by controlling the damage mechanisms [1]. However,
their behaviour and the mechanisms that drive failure are not
yet fully understood. In addition, modelling their complex
behaviour is extremely challenging due to the complex
interaction between failure mechanisms.

The objective of this work is to analyse and understand the
mechanics of deformation and failure of fibre hybrid
composites, with focus on fibre dominated failure. To better
understand the behaviour of hybrid composites, a combined
approach is taken: the development of numerical models to
predict the longitudinal failure and the experimental study of
the effects of interply and intratow hybridization techniques on
the damage mechanisms that control longitudinal failure. For a
more in-depth version of this work, the reader is refered to
reference [2]

2 Numerical modelling

2.1 3D micromechanical models

Due to the challenging complexity of modelling longitudinal
tensile failure of composite materials, sophisticated
micromechanical models that account for the different
behaviour of its constituents are used. In this work, a 3D finite
element micromechanical framework is developed, taking into
account the non-linear elastic behaviour of the fibres and their
stochastic strength[3], matrix plasticity and damage [4], [5],
and interface decohesion. The developed framework is used to
analyse simple micromechanical tests such as single fibre
fragmentation and fibre push-out tests. The damage
mechanisms that control failure in these tests are shown to be
accurately represented using the proposed modelling
methodology. Furthermore, it is shown that the properties of
fibre-matrix interfaces are key in the failure process and their
wrong definition leads to the premature failure of the composite
material [2]

Analyses on both hybrid and non-hybrid composites were also
performed to understand the failure process of these materials.
For the hybrid composites it is shown that it is possible to

obtain a pseudo-ductile behaviour by carefully controlling the
hybridizing fibres and their respective fibre volume fractions
(Figure 1).
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Figure 1. Stress-strain diagrams for AS4-T300 hybrid composites with
various hybrid.

Additionally, the effect of hydrostatic pressure on the tensile
failure of fibre reinforced composites is addressed and the
generalized strength reduction with increased pressure is
shown to be well captured by the models (Figure 2), however,
no key differences were observed in the failure mechanisms.
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Figure 2. Strength and failure strain as a function of the applied
hydrostatic pressure.

2.2 Spring Element Model (SEM)

The presented 3D modelling strategy is capable of capturing
the complex failure mechanisms of composite materials,
however, its computational complexity and cost limit its
usability. To circumvent this issue the Spring Element Model is
proposed [6], [7]. This is a simplified model focused on
longitudinal failure of composite materials that considers a
random fibre arrangement of more than one type of fibre, so it
can be used to simulate hybrid and non-hybrid composites.
The model considers the matrix to be liner elastic and perfectly
plastic via shear springs that connect the fibres (Figure 3),
which are considered linear elastic up to failure. The fibre
strength is considered to be a stochastic property, varying for
each fibre element.
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Figure 3. 2D mesh for a periodic RVE with a random fibre distribution.

A more complex version of the model that accounts for the
dynamics of fibre failure is also proposed [7] and shown to
accurately capture the dynamic transient effects that occur
when fibres fracture (Figure 4). The Spring Element Model was

used to study fibre fracture and cluster formation on non-hybrid
materials, however, the numerical results are shown to differ

from the experiments as higher fibre break densities at failure

are generally predicted [6]. The model is also used to
investigate the effect of the microstructure on hybrid composite
materials. A high dependence on the fibre dispersion is
observed and higher fibre dispersion leads to improved
composite performance [2].
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Figure 4. Dynamic effects due to a fibre failure.

3 Experimental work

Alongside the development of the numerical tools to predict
failure of hybrid composites, two experimental campaigns on
fibre hybrid composites are performed, both on interply and
intratow hybrid materials.

3.1 Interply hybridization

Interply hybridization is a hybridization strategy that consists in
combining layers of different materials into a single composite
laminate. This is the hybridization strategy that leads to the
lowest fibre dispersion, however, it is the less challenging to
manufacture, as traditional hand layup methods combined with
autoclave curing can be used. This hybridization strategy can
be combined with the use of thin-ply layers, enabling the

control of the failure  mechanisms. In this work, interply
hybridization is explored by combining thin-ply T800 and HR40
carbon fibre layers with the ThinPreg 80EP-736 resin system
by NTPT. The non-hybrid laminas were used to create three
different hybrid materials with the following sub-laminate
building blocks:

e H1: [T800/HR40/T800] —
e H2:[2T800/HR40/2T800] —

Additionally, a T800 hybrid material with a areal weight of 100
g/m? was also manufactured. In his previous work, Danzi [8]
concluded that although there is a reduction in the tensile
strength of the hybrid materials, when comparing to the
baseline T800 material, there is a large increase in their
intralaminar fracture toughness. The tensile tests on the hybrid
materials suggest the occurrence of stable fragmentation of
the HRA40 plies, specially on the H2. This was concluded by a

120 g/m?;
220 g/m?,
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post-mortem analysis of the tensile specimens. As for the
Double Edge Notched Specimens (DENT) used to determine
the fracture toughness, a large difference in the failure
mechanisms was observed when comparing the hybrid to the
non-hybrid baseline materials.

In this work, hard multidirectional laminates similar to the
industry defined baseline (T800) were selected based on
previous work developed. Due to the different areal weights
and thicknesses of the materials two different layups were
defined:

e T800: [45/-45/0/45/-45/90/0]s;
o H1:[45/-45/0/45/-45/90/0]s;
o H2: [45/-45/0/90]s.

Note that each layer of the hybrid materials represent the
hybrid sublaminate: [T800/HR40/T800] for the H1 material and
[2T800/HR40/2T800] for the H2 material.

Both plain strength tension (Table 1) and open.hole tension
tests were performed (Figure 5).

Table 1. Plain strength tension test results

Material Xr[MPa] smpay /B
T800 839.6 + 53.4 534727 157
H1 640.8 +46.8 550780 116
H2 875.8 861 565012  15.0

From the plain strength tension tests it is concluded that the
H2 material has the highest unnotched strength, however, this
material has a higher percentage of 0° layers than the
remaining two materials. If we considered the strength

T800
90% Failure 90%

OHT12

OHT72

normalized by the laminate's longitudinal elastic modulus, the
T800 non-hybrid material has the highest normalized strength,
meaning that the addition of the brittle HR40 layers to the T800
material leads to a lower unnotched normalized strength of the
material.
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Figure 5. Open-hole tension results.

The results of the open-hole tensile tests performed show a
very interesting behaviour of the hybrid materials. Notched
tensile tests are not only dominated by strength or toughness,
but both properties interact and affect the notched strength of
the material. It was concluded that the H2 material had the
highest notched strength, higher than the non-hybrid T800
baseline, however, the H1 material showed the lowest
strength. Analysing the notch sensitivity of these specimens, it
is concluded that the H2 material has a very notch insensitive
behaviour, being the normalized strength of the 12 mm wide
specimens higher than the theoretical notch insensitive limit
[2]. The H1 material, although having lower unnotched and
notched strengths than the baseline T800, also shows a high
notch intensive behaviour, which can be explained by the
complex failure mechanisms that occur in the hybrid materials
(Figure 6).

H1 H2

Failure Failure

Figure 6. X-ray images of the open-hole tension specimens: 12 mm and 72 mm wide.

3.2 Intratow hybridization

In this work, a strategy to manufacture intratow hybrid
materials is also developed and implemented based on the
spread-tow technology. T800, high elongation fibres, and
HR40, low elongation fibres are used. An UD500 spreading
machine from LIBA (now Karl Mayer Technische Textilien
GmbH, Naila), at the Airbus Group Innovations Munich,
Germany was used. The machine can produce UD tapes up to

500mm wide and combines coated spreading bars with the
possibility of adding vibration and temperature to spread the
fibores. The machine is divided in three spreading stages
(Figure 7). In the first stage, the non-hybrid tows are spread to
lower tow thicknesses to improve the commingling process. In
the second stage a hybrid tow is formed by overlapping and
combing the previously spread non-hybrid tows. Finally, in the
last stage, the hybrid tows are combined to create a hybrid
tape, which is later infused to produce a composite plate.
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Five different materials were produced with different fibre
volume fractions of T800 and HRA4O fibres (Table 2). UD tensile
strength tests and Double Edge Notched Tension (DENT) [9]
tests were performed to determine the material's strength (Xr)
and fracture toughness (Ro).

From the tensile tests in the unidirectional composites, it was
concluded that there was a reduction in strength for the hybrid
materials when comparing to the T800 baseline. Additionally,
Hybrid 2-1 and Hybrid 1-1 materials had a very similar strength
as the HR40 material, being their failure dominated by the
failure of the HR4O0 fibres. The Hybrid 4-1 material with a 12%
of HR40 fibres showed the highest strength of the hybrid
materials. Additionally, a high non-linear behaviour prior to the
failure was observed [2]. This non-linearity is associated with
the failure of the HR40 fibres, that have a lower failure strain
and that, in this hybrid, did not lead to the failure of the
material, as the T800 fibres could support the additional load,
due to the higher T800 volume fraction.

From the analysis of the DENT specimens it was concluded
that all hybrid materials had a lower fracture toughness than
the baseline non-hybrid T800 material. This reduction of
fracture toughness was attributed to the addition of the more
brittle HR40 fibres without promoting other failure mechanisms
with the exception of fibre failure, was seen to be crucial in the
increase of the apparent fracture toughness of interply hybrid
materials by Danzi [8]. The reduction is fracture toughness was
attributed to the low fibre dispersion achieved via the

mechanical spreading process used, meaning that the tows of
the different fibre types did not successfully combine in the
second stage of the process. This was a consequence of the
low spreading ratio achieved with the mechanical spreader
used. However, higher spreading ratios could not be achieved
as it would lead to extensive fibre damage during the
manufacturing process and, therefore, a low quality material.

Table 2. Material properties and test results for the manufactured

materials.
Material Tape areal % % Xt Ro
weight T800 HR40 [MPa] [N/mm]
[9/m?]

T800 100 100 0 2175 171.7
Hybrid 4-1 138 88 12 1842 133.2
Hybrid 2-1 141 78 22 1525 100.6
Hybrid 1-1 93 64 36 1540 98.8

HR40 63 0 100 1559 -

Commingling

Initial spreading

(k)

spreading

Tape spreading

Figure 7 Schematic representation of the spreading process for hybrid materials.
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4 Conclusion

This work focused on analysing and understanding the
mechanics and mechanisms that control the behaviour of fibre
hybrid composite materials. This thematic was tackled using
both numerical methods and experimental work.

Two distinct numerical frameworks were developed with
different fidelities. The 3D micromechanical framework that
takes into account the complex behaviour of both the fibres,
matrix and their interfaces was used to analyse the
mechanisms that control tensile failure of polymer composites
on both hybrid and non-hybrid composites. Furthermore, the
effect of hydrostatic pressure in tensile failure was analysed
and a reduction in strength with increased pressure was
observed. The Spring Element Model was developed to allow
the simulation of larger RVEs to better understand the
formation of clusters of broken fibres in the fracture process.
This model was extended to included the local dynamic effects
that occur during fibre fracture. However, key differences
between the numerical predictions and experimental results
were found, mainly on the fibre break density at failure and the
cluster evolution. For the analysed hybrid materials it was
concluded that increasing the fibre dispersion leads to
improved material performance, implying that improvements
can be made by using intratow hybridization.

Additionally, two experimental campaigns on interply and
intratow hybrid materials were performed. The combination of
hybridization and thin-ply materials in an interply hybridization
lead to interesting results. The hybrid materials were seen to
be less notch sensitive than their non-hybrid counterparts and
an increased notched strength was observed.

Finally, intratow hybrid materials were manufactured, using tow
spreading technology to combine non-hybrid tows into a hybrid
tape, and tested. However, due to achieving a low fibre
dispersion due to manufacturing constraints, no improvement
on the analysed material properties due to hybridization was
found.
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