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Abstract

Manufacturing and testing textile composite materials is a time consuming and expensive procedure.
Therefore numerical methods can be used to simulate the material behavior under certain loading
conditions. In this research, mechanical properties of two-dimensional triaxially braided composites
were determined by means of experimental testing to get insight in the material behavior as well as for
providing data to support the development of analytical and numerical methods. In-plane properties
were obtained using tensile and shear tests. Post-mortem specimens were used to indentifying damage
mechanisms, which were visualized using metallographic samples. Interlaminar as well as
translaminar fracture toughness were determined in Mode-1 and Compact Tension tests respectively.
Unstable crack growth propagation was found in the specimens from both test due to fiber bridging
and fiber branching.

1. Introduction

Textiles composites are nowadays being used in a large range of applications in the aeronautical and
automotive industry because of their high strength-to weight ratio and lower manufacturing costs
against unidirectional composite laminates. Among them, triaxially braided composites offer improved
in-plane shear mechanical properties due to the additional inlay yarns that follow the longitudinal
direction into the off-axis bias yarns and drapability in compared to other composite materials [1].
However, they are not in the same state of development as unidirectional composites because of their
complex architecture [2]. This necessitates development of analytical and numerical models to predict
the mechanical properties of the braided composites.

While in the literature there are finite element models related with the meso-structure of the textile
reinforcement [3-6] that offer a representation of the bundle waviness inside the repetitive unit cell
(RUC) geometry, the design parameters are mostly empirical. Limitations are the tow interpenetrations
and the maximum fiber volume fraction that can be archived with this methodologies, typically 40%.
An adequate experimental characterization of the in-plane behavior is needed to validate the existent
finite element models. These experimental results will be used to validate a quasi-physical thermo-
mechanical finite element modeling approach [7], [8] used to remove the tow interpenetrations and to
archive a realistic fiber volume fraction (50%) In addition to the in-plane mechanical tests, double
cantilever beam (DCB) and compact tension (CT) are also performed to quantify/determine the
behavior of the textile composite laminate in the damage regimen.
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The damage phenomena in textile composites is closely related with the macro, meso and micro-
structure of the textile reinforcement: strength and strain to failure prediction of the sample (macro),
damage initiation and evolution within the architecture of the preform (meso) and local damage inside
the fiber tows (micro). A proper study is needed to determine its localization and development. The
process can be monitored using metallographic samples coupled with X-ray computer Tomography
(XCT).

2. Experimental testing

Braided specimens were manufactured infusing Hexcel RTM-6 epoxy resin on A&P Tech. QISO L-52
triaxial braided preform using resin transfer molding (RTM). Since variation in the manufacturing
process can alter the resin content and therefore its fiber volume fraction, they should be accounted
while measuring their mechanical response. After manufacturing, Non Destructive Tests (NDT) were
performed in order to determine the quality of the specimens and to localize potentially damage
initiation zones such as defects. The evaluation revealed no significant defects in the specimens.

Tensile and shear tests were conducted on the triaxially braided composite to evaluate its mechanical
performance. Additionally Mode | and CT tests were performed to compute the interlaminar and
translaminar fracture behavior of the material.

2.1. Tensile and shear tests

Tensile tests were performed following ASTM D3039 while shear V notch tests were done using
ASTM D7078. All tests were conducted through displacement control with a constant speed of 1
mm/min using a servo-mechanical test machine. In both tests elastic modulus, strength and strain to
failure were obtained for the longitudinal and transverse direction. Longitudinal direction is defined as
the direction in which the loading direction is parallel to the axial yarn direction. Digital image
correlation was used to measure the full field strain of the specimens painted with a speckle pattern
[9]. A quasi-isotropic response was found in the tests, typically of these materials. Results from the
tests are illustrated in the following fig (Figure 1):
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Figure 1 Tensile and Shear properties.
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It can be seen from Figure 1 that due to the nesting effect within the laminate, the fiber volume
fraction is increased in the 12 layers specimens and therefore a stiffer response was found in both
longitudinal and transverse direction in compariso with the 6 layers specimens.

2.1. Mode 1 and CT tests

Due to the architecture of the textile composite, three damage zones can be identified: i) the matrix to
filament within a tow (intralamina), the matrix to tow interface (interlaminar) and breakage
perpendicular through the tow (translaminar). To study the damage behavior in these zones of interest,
Mode-1 (interlaminar) and compact tension (translaminar) tests have been performed.

Interlaminar fracture toughness for composites materials was reported by Mouritz et al.[10] and it was
noted that the fracture toughness for a two-dimensional glass fiber triaxial braided preform was more
than double of the fracture toughness for the unidirectional composites. In this research, Mode-I tests
were performed based on ASTM Standard D5528-13. Several reduction methods described in the
standard were used to obtain the fracture toughness of the material. Results are illustrated in the
following figure (Figure 2):
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Figure 2 Mode-I critical strain energy release rates obtained with different methods.

Pinho et al. [11] described a way to obtain the translaminar fracture toughness of laminated
composites by using compact tension (CT) specimens. Due to the lack of specific standard to calculate
the translaminar fracture toughness in textile composite materials, this paper was used as basis for the
research performed. Compact tensions specimens were manufactured according the description
provided by Pinho et al. [11], in both longitudinal and transverse to the loading direction. An unstable
crack growth propagation was found as shown in Figure 3 a) and b), typically of these complex
architectures, in which fiber bridging and fiber branching occur.
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Figure 3 Crack propagation a) and force-crack opening curve of one of the longitudinal specimens
tested

Due the unstable crack growth propagation not all the methods listed by Pinho et al. were suitable.
Therefore among them, the area method was chosen to obtain an average value as shown in Figure 3
b). Results of the tested specimens are listed in Table 1 for both longitudinal and transverse direction:

Table 1 Translaminar strain energy release of the CT specimens tested.

Specimen Gie
Type (KJ/m?

Longitudinal ~ 86.04+2.87
Transverse  169.86%+16.12

From Table 1 it can be seen that the fracture toughness in the transverse specimen is approximate two
times higher than the in the longitudinal specimen. The orientation of the axial yarns according to the
crack propagation plays a major role, being in tension when the crack propagation is transverse to the
axial direction producing a growth in the translaminar fracture toughness. In the other hand, in the
longitudinal coupons the crack propagates parallel to the axial yarns decreasing the value of the
translaminar fracture toughness.
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3. Damage intiation and evolution
Metallographic samples were produced from the tested specimens to observe the damage mechanisms

using an optical microscope equipped with a camera. Figure 4 shows a cross-section perpendicular to
the loading direction

Figure 4 Transverse cross-section of a 6 layers tensile specimen.

Preliminary results can be obtained from Figure 4. Damage phenomena can be summarized in 3 steps;
i) initiation by a transverse crack of the fiber bundles or cracking along their boundaries, ii)
propagation and multiplication of cracks up to the debonding of the yarn/matrix interface, and iii) fiber
breakage and total failure of the sample.

4. Conclusions

In this research an in-plane mechanical characterization was carried out, in which properties such as
elastic modulus, Poisson’s ratios, and ultimate stresses and strains were determined by means of
tensile and shear tests. These tests provided sufficient results to serve as validation for future analytical
and numerical models [6], [7].

In addition a fracture toughness characterization was performed. Two types of tests were carried out:
Mode-I tests to determine the interlaminar fracture toughness and Compact Tension tests to evaluate
the contribution of this tailored-up fiber architecture to enhance the translaminar fracture toughness.
Unstable crack growth was observed in both tests, and therefore damage mechanisms occurring during
this tests were investigated with experimental techniques. It can be concluded that the fracture
toughness of this material is higher than for traditionally composite laminates (500 J/m? [12] and 133
KJ/m? [11] for interlaminar and translaminar fracture toughness respectively), which makes it
potentially useable in applications in which the ability to dissipate energy in the damage regimen is a
must. To conclude, this work can serve as a base for future research in this field.

Acknowledgments

The authors thank Airbus Operations project TP-117 CROR Blade Impact Release for the contribution
on the experimental characterization campaign.

A. Garcia-Carpintero, W. Roelse, J.J.M. Knippenberg ,J. Xu, C.S. Lopes and C. Gonzélez



Excerpt from ISBN 978-3-00-053387-7

ECCM17 - 17" European Conference on Composite Materials

Munich, Germany, 26-30" June 2016

References

[1]
(2]

(3]

[4]

[5]

[6]

[7]

(8]
9]

[10]

[11]

[12]

C. Ayranci and J. Carey, “2D braided composites: A review for stiffness critical applications,”
Compos. Struct., vol. 85, no. 1, pp. 43-58, Sep. 2008.

A. Garcia-Carpintero, J. Xu, C. S. Lopes, and C. Gonzalez, “A model for the generation of the
geometrical meso- structure of a triaxially braided composites,” in XI Congreso Nacional de
Materiales Compuestos, Mostoles, Madrid, Spain, 2015, pp. 1-5.

C. Zhang, W. K. Binienda, R. K. Goldberg, and L. W. Kohlman, “A Meso-scale failure
modeling of single layer triaxial braided composite using finite element method,” Compos.
PART A, vol. 58, pp. 3646, 2014.

Z. T. Kier, A. Salvi, G. Theis, A. M. Waas, and K. Shahwan, “Estimating mechanical
properties of 2D triaxially braided textile composites based on microstructure properties,”
Compos. PART B, vol. 68, pp. 288-299, 2015.

S. Song, A. M. Waas, K. W. Shahwan, X. Xiao, and O. Faruque, “Braided textile composites
under compressive loads : Modeling the response , strength and degradation,” vol. 67, pp.
3059-3070, 2007.

A. Garcia-Carpintero, J. Xu, C. S. Lopes, and C. Gonzalez, “Meso-Scale Analysis of Triaxial
Braided Composite Material Properties,” in 9th European Solid Mechanics Conference,
Madrid, Spain, 2015.

A. Garcia-Carpintero, J. J. M. Knippenberg, J. Xu, C. S. Lopes, and C. Gonzalez, “In-plane
mechancial response of triaxially braided composites,” in Multiscale modeling of fibrous and
textile materials, Chatenay-Malabry, France, 2016, pp. 4-5.

F. Stig and S. Hallstrom, “A modelling framework for composites containing 3D
reinforcement,” Compos. Struct., vol. 94, no. 9, pp. 2895-2901, Sep. 2012.

E. Totry, J. M. Molina-Aldareguia, C. Gonzalez, and J. LLorca, “Effect of fiber, matrix and
interface properties on the in-plane shear deformation of carbon-fiber reinforced composites,”
Compos. Sci. Technol., vol. 70, no. 6, pp. 970-980, 2010.

A. P. Mouritz, C. Baini, and 1. Herszberg, “Mode I interlaminar fracture toughness properties
of advanced textile fibreglass composites,” Compos. Part A Appl. Sci. Manuf., vol. 30, no. 7,
pp. 859-870, 1999.

S. T. Pinho, P. Robinson, and L. [annucci, “Fracture toughness of the tensile and compressive
fibre failure modes in laminated composites,” Compos. Sci. Technol., vol. 66, no. 13, pp. 2069—
2079, Oct. 2006.

L. Petrescu, C. Mohora, and C. Ispas, “Interlaminar fracture toughness behavior for CFRO
unidirectional lamiantes using DCB test,” in 22nd International DAAAM Symposium, Vienna,
Austria, 2011, pp. 1-2.

A. Garcia-Carpintero, W. Roelse, J.J.M. Knippenberg ,J. Xu, C.S. Lopes and C. Gonzélez



