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ThIS CO”eCtIOI’\ contains the proceed-

ings of the 21st European Conference on Composite Materials
(ECCM21), held in Nantes, France, July 2-5, 2024. ECCM21 is the
21st in a series of conferences organized every two years by
the members of the European Society of Composite Materials
(ESCM). As some of the papers in this collection show, this
conference reaches far beyond the borders of Europe.

The ECCM21 conference was organized by the Nantes

Université and the Ecole Centrale de Nantes, with the support
of the Research Institute in Civil and Mechanical Engineering
(GeM).
Nantes, the birthplace of the novelist Jules
Verne, is at the heart of this edition, as are the
imagination and vision that accompany the
development of composite materials. They are
embodied in the work of numerous partici-
pants from the academic world, but also of the
many industrialists who are making a major
contribution to the development of composite
materials. Industry is well represented, reflect-
ing the strong presence of composites in many
application areas.

With a total of 1,064 oral and poster presenta-
tions and over 1,300 participants, the 4-day
event enabled fruitful exchanges on all aspects of compos-
ites. The topics that traditionally attracted the most contribu-
tions were fracture and damage, multiscale modeling, dura-
bility, aging, process modeling and simulation and additive
manufacturing.

However, the issues of energy and environmental transition,
and more generally the sustainability of composite solu-
tions, logically appear in this issue as important contextual
elements guiding the work being carried out. This includes
bio-sourced composites, material recycling and reuse of
parts, the environmental impact of solutions, etc.

We appreciated the high level of research presented at the
conference and the quality of the submissions, some of
which are included in this collection. We hope that all those
interested in the progress of European composites research
in 2024 will find in this publication sources of inspiration and
answers to their questions.
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FINITE ELEMENT INVESTIGATION OF “CRADLE TESTS” FOR THE
MECHANICAL CHARACTERIZATION OF PULTRUDED RODS
UNDER COMPRESSION
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ABSTRACT

The development of hierarchical composites using pultruded rods as a primary building block is
ongoing. These new composites, thanks to the nature of their constituent, offer more freedom of design
as three-dimensional structures compared to the two-dimensional layer-by-layer composites. Getting a
good understanding, and therefore characterisation of these building blocks becomes crucial before
using them in hierarchical structures. However, it is expensive to perform many tests by following a
trial-and-error approach. Modelling those tests therefore becomes useful as it allows the users to get a
first estimation of the possible output of an experiment. These models are even more crucial when they
aim to represent the complex behaviour of a system, as is the case with compression of Fibre Reinforced
Polymers (FRPs): the shear instability, the buckling, twisting and rotations resulting from compression
loads are not trivial to predict, neither are the limitations of the test method used. A model of a modified
four-point bend test is presented, with its limits as well as its potential for improvement.

1. INTRODUCTION

Next Generation Fibre-Reinforced Composites (NextCOMP) [1] is a programme aiming to improve the
compressive performance of composites. To do so, the development of hybridised, inspired by nature
and hierarchical structures is investigated. Several routes are investigated to manufacture hierarchical
composites. Thick plies and struts use highly aligned unidirectional pultruded rods [2]. These rods, when
cured, can be used as the first base component to build composite parts, such as structural members
(struts) by Resin Transfer Moulding [3], as depicted in Figure 1. Overbraiding rods can be done with a
braider before using them to manufacture struts [4]. In addition of giving a wider design space for the
composite structure, overbraiding rods is expected to improve their mechanical performance in
compression, as shown by Wisnom [5] in his study of carbon fibre rods overwinded by Kevlar™.
However, it is important to characterize the rods before using them in larger structures. A modified four-
point bending test has been used for the characterization of regular pultruded rods [6]. Pickard et al. [4]
show that using the modified four-point bend test method for cured overbraided rods leads to a failure
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ECCM21

02-05 July 2024
Nantes - France

Proceedings of the 21st European Conference on Composite Materials
Volume 8 - Special Sessions

of the beam before reaching the failure of the rod. Therefore, an update of this methodology is required
to characterise the overbraided rods.

Rods Shelve
Copper pipe

Ring
Ball Valve

r\ Silicon hose

- Resin

3 Bucket
a) [SLE

* — Vacuum pump

Figure 1. (a) Diagram of the Resin Transfer Moulding (RTM) process used to make struts,
and (b) picture of the final setup for RTM at the National Composite Centre, and (c) CT-scan of the
cross-section of one strut made with 40 CFRP rods, scan made with a Nikon XT H320, reproduced

from [3].

o
|

Figure 2. Schematic representing a composite rod embedded in a PMMA beam for a four-
point bend test, reproduced from [6].

2. METHODS and MATERIALS

Regular carbon fibre reinforced polymer (CFRP) rods, supplied by Easycomposites, with a circular
cross-section and a diameter of 0.8 mm [7] are bonded with an ethyl 2-cyanoacrylate adhesive [8] to a
beam machined from poly(methyl methacrylate) (PMMA)[9], as per Lee ef al. [10]. The method
described by Pickard ef al. [4] has been followed for the manufacture of overbraided rods, with the same
equipment. The overbraided rods are then pulled through a bath of resin RS-M 135 mixed with hardener
RS-MH137 [11] with a modified pultrusion rig to wet and cure the overbraid. The pultrusion itself only
brought the resin to a jelly phase enough to maintain the cross-section of the rod. However, a post-cure
process at 50 °C for 10 hours must be followed to fully cure the resin. The cured overbraided rods are
then bonded in the beam as per Lee et al. [10]. The methodology used by Quino ef al. [6] and Lee et al.

©2024 | 8_DARRAS_Nicolas_A41LU.pdf:2
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[10] is followed, using a Roell-Amsler universal test unit. The top loading noses, with a surface radius
of Smm, are spaced by 20 mm, and the bottom loading noses are 80 mm distant. Ten samples of 0.8 mm
carbon fibre rods have been tested following this method. Five samples with cured overbraided carbon
fibre are also tested with this test method. Furthermore, a finite element model of the modified four-
point bend test has been made using Abaqus 2018 (Dassault System Simulia Corp, USA). The behaviour
of the materials used for the parts of the model was assumed linear elastic. Both the loading and support
rollers were considered rigid parts. An investigation into the stiffness of the rods has been conducted:
three rods were considered with stiffness values of 50 GPa, 80 GPa, and 140 GPa. For clarity reasons,
the data presented in this study will be collected from the model with a rod at 80 GPa. The material
properties assigned to the parts are summarised in Table 1.
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Table 1. Finite element model input mechanical properties.

Specimen type L En b, Es v v G, Gi3 G23
P P (GPa)  (GPa)  (v12013) # (GPa) (GPa)
PMMA 32 - 0.33 - - -
CFRP rod 80 10 0.32 0.45 5 34
IM7/8552 skin 164 114 0.32 0.436 5.17 3.98

Loading / support Roller Rigid - - - - -

3. EXPERIMENTAL RESULTS

The tests performed on the regular rods were successful, achieving a strain at failure of 1.42 (= 0.2) %
at an applied load of 5 (= 1) kN. The tests performed on the cured overbraided rods were not successful.
The load applied to the beam reached a point where the beam failed before the rod. The video taken of
the experiments showed that the beam failed in tension, with a crack initiated from the tension side of
the beam and propagated to the middle of the gauge section. The rod failed after the beam, so no data
was usable from these experiments. Since the test method used did not produce any data for the
overbraided rods, a modification of this method is required for the characterisation of the rod specimen.

Figure 3. (Top) Photographs of the cradle beam with an overbraided rod, and (bottom) a
broken cradle after test.

©2024 | 8_DARRAS_Nicolas_A41LU.pdf:3
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4. FINITE ELEMENT MODEL

The beam and the rod have been meshed with linear brick solid elements C3D8R. The size of the
elements used was approximately 0.5 mm. For this model, the adhesive has been modelled as a tie
interaction between the rod and the beam, considered perfect with no risk of debonding. A surface-to-
surface contact has been defined between the noses and the beam, with a hard contact normal behaviour
and penalty tangential behaviour with a friction coefficient of 0.15. The support noses are encastre and
the top noses are loaded with a displacement of 1 mm as per Figure 4. This model has been used to
estimate the bending test outputs for the single rods. An axial strain of 1.413% has been reached on the
rod, in the middle of the gauge section, for a load of 5.8 kN. The load is 16% higher of what has been
observed experimentally with this setup. However, it falls within the stated error as per section 3. A
refinement of the rod’s stiffness could also lead to more accurate correlation with the experimental work.
Since the beam failed in tension, as shown in the experimental section, the focus has been put on
investigating this failure. A comparison of the finite elements model with beam theory on the flexural
tension stress seen by the beam has been done. Figure 5 is a schematic of the four-point bend test
performed on the beam, the features such as the tunnel for the rod and the gauge section have not been
represented for simplicity, leading to a slight underestimation of the stress seen on the tension side.
Figure 5 is a simplification of the cradle used for the bending test of the rod. A load F is applied on the
top loading noses, both spaced by a distance w (20 mm). The beam rests on the bottom loading noses
spaced by a distance L (80 mm). Its dimensions are /4 (30 mm) and b (15 mm) respectively its height
and width. The point 4 is in the middle of the beam, on its tension side during the test.
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Figure 4. Finite element model of the four-point bend test performed on the regular rod,
picture taken from Abaqus 2018. Points A, B and C are used for the collection of data.

Eq. (1) is the flexural moment seen at point A:

MA=£*(L—W) D
4
Eq. (2) represents the second moment of area of the cross-section of the beam:
b+ h3 @)
12
Eq. (3) is the flexural tension stress seen at point A on the beam:
o, = MAI* c 3)

©2024 | 8_DARRAS_Nicolas_A41LU.pdf:4
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By replacing Eq. (1) and Eq. (2) in Eq. (3), we get a direct expression of the stress at point A, oy:

3 Fx(L—w) 4
= —
4= T hen2
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Figure 5. Schematic of the four-point bend test to perform a stress estimation at point A with
the beam theory.

A numerical application of Eq. (4) with different load F and a comparison with the data obtained by the
finite element model have been made. The results are shown in Table 2. The finite element model gives
similar stress to the expected beam theory results, thus facilitating its application in investigating the
modified four-point bend test method. As outlined in section 3, during trials with overbraided rods, the
beam failure occurred prior to rod failure. Considering this, a substitution of the beam material with a
stiffer alternative has been contemplated. However, opting for a stiffer alternative to carry a higher static
load, such as typical aluminium alloy or glass fibre reinforced PEEK [12], would incur higher production
costs. Nevertheless, such an alternative should ideally be reusable to facilitate testing of multiple rods.
Consequently, the mechanical properties of the beam in the finite element model have been adjusted to
reflect the stiffer alternative, and the resultant stress experienced by the beam at the rod failure strain
has been documented. The findings of this investigation are presented in Table 3.

The flexural tension stress experienced by the beam at the rod's failure point escalates with the material's
stiffness. This stress level is juxtaposed with the material’s tension yield stress. It is evident that simply
switching the beam material to aluminium would not suffice, as the yielding point would be surpassed
with a standard rod. Consequently, the beam would not retain its reusability for testing other rods.
Another option investigated is to reinforce the beam with an IM7/8552 skin underneath. This
modification would increase the flexural stiffness of the cradle used, thus reducing the stress on the
PMMA beam. Furthermore, as the skin is very stiff compared to the beam (PMMA), it should bear most
of the load, accentuating the positive impact on the beam. The skin covers the entire surface of the beam
and is modelled as a unidirectional composite layup of eight plies (0.125 mm per ply) with the
mechanical properties detailed in Table 1. The adhesive interaction between the beam and the skin has
been modelled with a Tie constraint. Additionally, the surface-to-surface interaction between the skin
and the support noses mirrors the interaction tilized for the beam and the loading noses.

©2024 | 8_DARRAS_Nicolas_A41LU.pdf:5
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Table 2. Stress at Point A obtained for the calculation and the FE model for different loads

applied.
Load applied o, calculation o4 FE model 2
(N) (Mpa) (Mpa) &
1500 10.0 103 =
5000 333 33.5 8
8000 53.3 534

Table 3. Investigation of the tension stress in the beam during bending with three different materials
used for the beam.

Young Strain Flexural tension Tension stress to
Beam .
material modulus rod stress beam yield beam
(GPa) (%) (MPa) (MPa)
PMMA 32 1.42 38.6 75
Glass fibre PEEK 7.0 1.42 67.8 116
Aluminium alloy 70.0 1.42 431 400

Table 4. Comparison of the tension, compression and shear stress of the beam with and without a
CFRP reinforcement skin at the failure points of the rod.

Parameter PMMA beam  PMMA beam (with IM7/8552 skin)
Strain rod (%) 1.42 1.42
Flexural tension §tress beam (MPa), 386 53
Point A
Flexural tension stress skin
IM7/8552 (MPa) N/A 482.8
Compression st.ress beam (MPa), 433 511
Point B
Shear stress beam (MPa), Point C 10.1 16.2
Von Mises stress geam (MPa), Point 175 8.9
Load applied (kN) 5.8 10.8

The data presented in Table 4 are derived from identical nodes situated along the tension side of the
beam, specifically at its midpoint represented by point A in Figure 4 for the flexural tension stress. The
compressive stress has been collected from the midpoint of the notch section, represented by point B in
Figure 4. Finally, the shear and Von Mises stresses have been collected between the upper and lower
noses, represented by point C in Figure 4, along the load pathway. In the existing design, the tension
stress experienced by the beam at the rod's failure point measures approximately 38 MPa. Following the
addition of a skin beneath the beam, a measurement was taken at the same location, revealing a notable
reduction in stress experienced by the PMMA beam to 5.8 MPa. Conversely, the stress endured by the
skin is higher, at 482.8 MPa, correlating to a strain of 0.295% for this material. A higher load is required

©2024 | 8_DARRAS_Nicolas_A41LU.pdf:6
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to reach the failure point of the rod due to the presence of the skin. This modification leads to a higher
shear and compressive stress on the PMMA beam.

5. DISCUSSION and FUTURE WORK

The finite element model devised to simulate the adapted four-point bend test method employed in
characterising pultruded rods has been made. At aload of 5.8 kN, the strain at the rod's midpoint registers
at 1.4%, not far from the experimental observations for Easycomposite carbon fibre pultruded rods.
Furthermore, the comparison of flexural tension stress experienced by the beam between the finite
element model and theoretical beam calculations exhibits consistency. An experimental determination
of the rod’s stiffness must be achieved to implement in our model.

The possibility of substituting the beam material with a more rigid alternative for conducting the test
with a reusable beam has been investigated. Nonetheless, analysis conducted using the finite element
model indicates that employing aluminium would lead to reaching the yielding point with a standard
rod. Additionally, utilising PEEK material, although feasible, would be cost-prohibitive and non-
reusable due to the irreversible nature of the adhesive bonding process in the slot. Thus, altering the
material is deemed unsuitable for modifying the methodology, necessitating instead a revision of the
design geometry.

The addition of an IM7/8552 skin beneath the beam markedly reduced the stress experienced by the
PMMA beam. Notably, due to its higher stiffness compared to PMMA, the skin predominantly bears
the tension load. The observed stress reduction is considerable, indicating a promising avenue for
characterizing overbraided rods. The strain endured by the skin upon failure of a standard rod is
approximately 0.29%, allowing a margin before failure, as shown by Lovejoy et al. [13] who reported
a failure strain in tension for IM7/8552 between 1.54% and 1.64% for a unidirectional composite.
Furthermore, this modification induced higher compressive and shear stress in the PMMA beam. The
compression stress observed with this new configuration is 51.1 MPa, which is lower than the tensile
strength of the material as indicated in Table 3, and consequently lower than its compressive strength as
well [14]. The maximum shear strength of the material, estimated from the maximum tensile strength
of PMMA and applying the Von Mises criterion in pure shear, is 43.3 MPa. At the failure point of the
rod, the beam also experiences a maximum Von Mises stress of 28.9 MPa at point C, mainly due to
shear and some compression. This stress is lower than the yield stress of 75 MPa, meaning there is a
margin before failure. The finite element model developed for this project shall be updated with
overbraided rods. An estimation of their mechanical properties will be useful in developing the new test
method. This model of an overbraided rod can then be used in developing a model of the hierarchical
strut (Figure 1).
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6. CONCLUSIONS

Developing a finite element model for a test method enables the manipulation of various parameters and
exploration of outcomes without substantial expenditure of time and resources in laboratory settings.
Utilising this approach, several studies have been conducted on the modification of a four-point bend
test. The substitution of the material used for the beam with a stiffer alternative to prevent failure in
tension creates a new challenge to overcome within the test methodology. The addition of a CFRP skin
to the beam has also been investigated, showing a significant reduction in the stress experienced by the
PMMA material as the load is primarily borne by the skin. This modification offers the advantage of
being a simple additional step during the manufacture of the specimen and allows for a meaningful
comparison with the rods already tested using the previous method.
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