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Editorial

This collection gathers all the articles that were submitted and presented at the
20th European Conference on Composite Materials (ECCM20) which took place in
Lausanne, Switzerland, June 26-30, 2022.

ECCM20 is the 20th edition of a conference series having its roots back in time, organized
each two years by members of the European Society of Composite Materials (ESCM).

The ECCM20 event was organized by the Composite Construction laboratory (CCLab) and
the Laboratory for Processing of Advanced Composites (LPAC) of the Ecole Polytechnique
Fédérale de Lausanne (EPFL).

The Conference Theme this year was “Composites meet Sustainability”. As a result, even if all
topics related to composite processing, properties and applications have been covered,
sustainability aspects were highlighted with specific lectures, roundtables and sessions on a
range of topics, from bio-based composites to energy efficiency in materials production and
use phases, as well as end-of-life scenarios and recycling.

More than 1000 participants shared their recent research results and participated to fruitful
discussions during the five conference days, while they contributed more than 850 papers
which form the six volumes of the conference proceedings. Each volume gathers
contributions on specific topics:

Vol 1 — Materials

Vol 2 — Manufacturing

Vol 3 — Characterization

Vol 4 — Modeling and Prediction
Vol 5 — Applications and Structures
Vol 6 - Life Cycle Assessment

We enjoyed the event; we had the chance to meet each other in person again, shake hands,
hold friendly talks and maintain our long-lasting collaborations. We appreciated the high
level of the research presented at the conference and the quality of the submissions that are
now collected in these six volumes. We hope that everyone interested in the status of the
European Composites’ research in 2022 will be fascinated by this publication.

The Conference Chairs
Anastasios P. Vassilopoulos, Véronigue Michaud




2

B Y, Hosting Organizations

26-30 JUNE

202

SWITZERLAND

Composite Construction Laboratory (CCLab)

Laboratory for Processing of Advanced Composites (LPAC)
LAUSANNE Ecole Polytechnique Fédérale de Lausanne (EPFL)

Venue

Swiss Tech Convention Center (https://www.stcc.ch)

Conference Chairs

Chair : Prof. Anastasios P. Vassilopoulos, EPFL, Switzerland
Co-Chair: Prof Véronique Michaud, EPFL, Switzerland

International Scientific Committee

Prof. Malin Akermo SE

Dr. Emmanuel Baranger FR
Prof. Christophe Binetruy FR
Prof. Pedro Camanho PT

Prof. Konstantinos Dassios GR

Prof. Brian Falzon UK

Prof. Kristofer Gamstedt SE
Prof. Sotiris Grammatikos NO
Prof. Christian Hochard FR
Prof. Marcin Kozlowski PL
Prof. Stepan Lomov BE

Dr. David May DE

Prof. Stephen Ogin UK

Prof. Gerald Pinter AT

Prof. Silvestre Pinho UK
Prof. Yentl Swolfs BE

Dr. Julie Teuwen NL

Dr. Panayota Tsotra CH

Prof. Wim van Paepegem BE
Prof. Dimitrios Zarouchas NL
Dr. Andrey Aniskevich LV
Prof. Christian Berggreen DK
Dr. Nicolas Boyard FR

Prof. Valter Carvelli IT

Prof. Klaus Drechsler DE
Prof. Bodo Fiedler DE

Dr. Nathalie Godin FR

Prof. Roland Hinterholzl AT
Prof. lan Kinloch UK

Dr. Thomas Kruse DE

Prof. Theodoros Loutas GR
Prof. Veronique Michaud CH
Prof. Alessandro Pegoretti IT
Prof. Joao Ramoa Correia PT
Prof. Jose Sena-Cruz PT

Prof. Antonio T. Marques PT
Prof. Thanasis Triantafillou GR
Prof. Albert Turon ES

Prof. Anastasios P. Vassilopoulos CH
Prof. Martin Fagerstréom SE
Dr. Alexandros Antoniou DE
Prof. Lars Berglund SE

Prof. Michal Budzik DK

Prof. Lucas Da Silva PT

Dr. Andreas Endruweit UK
Prof. Mariaenrica Frigione IT
Dr. Larissa Gorbatikh BE

Dr. Martin Hirsekorn FR

Prof. Vassilis Kostopoulos GR
Prof. Jacques Lamon FR

Prof. Staffan Lundstrom SE
Prof. Peter Mitschang DE

Dr. Soraia Pimenta UK

Prof. Paul Robinson UK

Dr. Olesja Starkova LT

Prof. Sofia Teixeira de Freitas NL
Dr. Stavros Tsantzalis GR

Prof. Danny van Hemelrijck BE
Prof. Michele Zappalorto IT
Dr. Miroslav Cerny CZ

Local Organizing Committee

Prof. Anastasios P. Vassilopoulos, EPFL

Prof. Véronique Michaud, EPFL

Angélique Crettenand and Mirjam Kiener, Lausanne Tourisme

And all those who helped, colleagues who reviewed abstracts and chaired sessions, and CCLab
and LPAC students and collaborators who worked hard to make this conference a success.




26-30 JUNE

2022

LAUSANNE
SWITZERLAND

[ SHIMADZU

Excellence in Science

suprem

Q 9T LABS

materials

an Open Access Journal by MOPT

S >
Switzerland Tourism. = | ']

U

COMPOSITES
UNITED

& sampe

Switzerland

Sponsors

JEC

GROUP
s
:‘:’:’ Surface Measurement Systems ».a
88 World Leader in Sorption Science INSTRON"

Anton Paar

A=LER

\0

\ 5.559%'.535,%.
\’ln ".

ELSEVIER

Supporting partners

CertBond  E.SENce#-

ﬂ SWISS K sBBCFFFFS

ivald

o © © o o O
au s annae

SWITZERLAND \4




Contents
Implementing structural fuses in CFRP components via microstructurally-engineered crack paths . .
Fractography of polymer composites: futureadvances . . . . ... ... ... ... ........

Study on the mechanical behaviors of 3D printed hybrid composites with various combination patterns
between carbon fiber and glassfiber . . . . . . . . . ... ..o

Effect of weaving patterns on the wettability and mechanical properties of 3D woven i-beam compos-
S . . o e e e e e e e

Damage characterization in multidirectional glass fibre reinforced polypropylene laminates under quasi-
static loading: experiment & simulation . . . . .. ... oL oo

Investigating the effect of silane coupling agent on glass fibre/thermoplastic interfacial adhesion . .
Hybridisation and chemical treatments applied on carbon and flax fibre reinforced composites . . .

Manufacturing and mechanical characterisation of advanced re-formable fibre reinforced vitrimer com-
POSIEES . . . . . e e e e e e e e e e e e e e e e e e e e

Experimental study on the mechanical behaviour of carbon-fibre z-pin reinforced curved composite
laminates under four-pointbending . . . . . . ... L L

Effects of stacking sequences on the interlaminar shear strength of CF/PEKK composites . . . . . .
Test methods for dynamic characterization of polymer-based composite materials . . . . . . . . ..

Characterisation of orthotropic electrical conductivity of unidirectional c/PAEK thermoplastic compos-
S . o e

Mechanical characterization of hot compacted self-reinforced polypropylene laminates in comparison
WIth CURV . . . e e e e e e e e e e

Effect of hybridization on the failure mechanisms of thin/thick hybrid carbon/glass fiber-reinforced com-
posites under flexural loading . . . . . . . . . e e e e

Development of advanced composites through surface characterization of fibers and fillers by inverse
gaschromatography . . . . . . . . .

Experimental and numerical analysis of heat dissipation in hybrid carbon/glass thin-ply composites for
multifunctional applications . . . . . . . . .. e

Development of glass fiber/talc-filled polypropylene composites for use in multilayer sewage pipes ap-
plication . . . . . L e e e e e e e

The effect of polymeric matrix type on the thermomechanical performance and synergy of carbona-
ceous hybrid nanocomposites . . . . . . . L. L e e e e e e e e

Glass-fiber reinforced polyurethane foam composite manufactured by long fiber injection process LFI:
lightweight potential investigations through mechanical properties and micro-structure characteriza-
HON . e e e e e e e

The effect of graphene-based materials in polyamide 6 obtained by in situ thermoplastic resin transfer
moulding (t-RTM) polymerization . . . . . . . . . . . . . . . . .

17

25

32

40

48

56

63

69

75

83

92

98

106

116

122

129

136

144

152



An investigation into the performance of aligned, discontinuous carbon fibre composites produced with
high performance discontinuous fibre (HIPERDIF) 3G . . . . . . . . . . . . .. . ... ...

Design of a bending experiment for mechanical characterisation of pultruded rods under compression
Mechanical testing of 3D composites - aroute to best practice . . . . . .. ... .. ... .. ...
Tapered geometry for testing continuous fiber reinforced thermoplastics under tension . . . . . . .

Numerical and digital image correlation based experimental analysis of the deformation behaviour of
stitched unidirectional continuous carbon fibre/epoxy composites with different stitch patterns under
tensileloading . . . . . . .. L

Comparison of interlaminar and interfacial shear strength with recycled carbon fiber . . . . .. ..

Experimental investigation of shielding effectiveness of carbon/epoxy composite materials with varying
configurations . . . . . L L L e e

Interfacial shear strength of flax fibre with sustainable matrices . . . . . . .. ... ... ... ...
Novel z-pin technologies for through thickness reinforcements . . . . . .. ... .. ... .. ...
Temperature dependence of thermophysical properties of carbon/polyamide composite . . . . . .

Integrative material characterization of crystalline nanocellulose reinforced filaments for fused-filament
fabrication . . . . . L L e e

Experimental analysis of glass fibre reinforced nylon-66 under combined tension-torsion loading at low
and highratesof strain . . . . . . . . . L e

Tensile characterisation of HIPERDIF PLA/carbon fibre tape under processing conditions . . . . . . .
Damage delay mechanisms in nanoparticle interleaved composite interfaces . . . . . . . . ... ..
Experimental characterisation of electrical conductivities of carbon/epoxy laminates . . . . . . ..

Experimental investigation and simulation of the intra-ply shear property for the unidirectional prepreg
forming . . . L e e e e e e e e e e

The effects of interleaf architecture on composite toughness . . . . . ... ... ... .......
Process simulation of carbon fiber reinforced polyamide 6/metal-hybrid laminates . . . . ... ..

Investigation and characterization of thermal properties of a metal matrix composite reinforced with a
metallic glass foam (NIGONB20TA20) . . . . . . . . . o i i e e e e e e e e e e e e

Tensile strength of carbon fiber tow/epoxy composites with respect to the microstructure of carbon
fibertow . . . . . e

Understanding the influence of local defects on the tensile behavior of sic/sic filament wound tubes
from a unidirectional compositemodel . . . . . . . ... L

Characterization of damage of a laminated composite with a barrier layer under thermomechanical
loading . . . . . o e e e e

Multi-scale investigation of the effect of sizing chemistry on adhesion and interfacial properties of glass
fibres-reinforced epoxy composites . . . . . . . . . ... e e e e

Optimisation of microwave-assisted acid digestion conditions for volume fraction measurements of
hard to digest fibre-reinforced polymer composites . . . . . . .. ... ..o oL oL

160

167

173

181

189

197

204

212

219

224

232

240

248

255

265

273

281

290

298

306

312

320

328

336



Mechanical properties of the epoxy resin and carbon fibre-reinforced composites modified by core-shell
rubber particles . . . . . . L e e e e e

On the experimental and numerical characterisation of uncured prepreg composite . . . . . . . ..
Identifying microstructural features in unidirectional compositetapes . . . . .. .. ... .. ...

Experimental study of off-axis composite laminates subjected to dynamic compression : the open hole
effect . . e e e e e e e e e

Light-weight new generation of graphene/polymer nanocomposites for hydrogen storage . . . . . .

Experimental and numerical validation of an inter-ply friction model for thermoset based fibre metal
laminates under hot-pressing conditions . . . . . . . . ... L oL o oL

Thermomechanical characterization of 3D interlock carbon composites . . . . . . ... ... ...

Permanent deformation and stiffness degradation of open hole glass/PA6 UD laminates in tension and
COMPIESSION . . . v o e e e e e e e e e e e e e e e e e e e e e e e e e e

Composite prepregs tack change along the processchain . . . . . ... ... ... .........

Surface energy determination of particles used as fillers in polymers: application to lignin/PLA compos-
S . L o e e e e e e e e

Simulating PID for curing in a diaphragm forming station . . . . . ... ... ... ... ......

A cassette-like peeling test system for evaluating the delamination resistance of soft-to-rigid bonding
assemblies . . . .. L e e e e e e e e

Influence of the trigger geometry on the crash behavior of a carbon fiber laminate . . . . ... ..
Residual stress and strain in rapidly cured composites . . . . . . . . ... ... o Lo L.
Measurement of damage growth in ultrasonic spot welded joints . . . . . . ... ... .. .. ..

Comparison of pulsed, pulse-phase, lock-in and standard deviation thermography techniques for non-
destructive evaluation of composite materials . . . . . . . . . ... ... o

Surface and subsurface damage assessment of multi-directional composite laminates utilizing a full field
imagingtechnique . . . . . . . . . L e e e e e e e

Multimodal NDT monitoring of textile reinforced cementitious composite sandwich beams in bending
Shearography non-destructive testing of a composite ship hull section subjected to multiple impacts

Assessment of complex structural scale composite structures by adapting thermoelastic stress analysis
for 3D perspective imaging . . . . . . . . L. e e

Assessing porosity morphology in composite materials by analysis of ultrasonic analytical signal fea-
TUFES © . e e e e e

Application of machine learning methods on the defect detection in shearographicimages . . . . .
Termination criteria for fatigue tests of endless fiber reinforced polymers . . . . . .. .. ... ..

Weak-bond detection in single-lap shear bonds by evaluating vibroacoustic modulations with artificial
neural networks . . . . . L L L L e e e

A computational study of acoustic emission due to fiber break and fiber matrix DEBONDING in model
COMPOSItE . . . . . o e e e e

344

352

358

364

367

374

382

385

393

401

409

417

423

431

439

448

454

461

469

475

483

492

502

509

517



Study on predicting conductivity of oriented silver nanowires-polydimethylsiloxane composites via ter-
ahertz time domain spectroscopy . . . . . . . . . L. e e e e e e e e

Non-destructive testing of carbon fibre non-woven using novel anisotropic eddy current analysis . .
Self-powered structural health monitoring of novel thermoelectric energy harvesting GFRP composites

Detection of micro delamination in glass fiber reinforced polymer composites using terahertz wave with
convolutionneural network . . . . . . . . L

Non-destructive evaluation for crystallinity and moisture content of polyethylene terephthalate using
pulsed terahertzwave . . . . . . . .. e e e e e e

Characterisation of experimental lamb waves propagation in CFRP laminates with the method of wavelet
transform . . . . L e e e

Applications of Raman spectroscopy on carbon-based composites . . . . . . ... ... ... ...

525

532

540

548

554

560

568

Study on predicting electrical conductivity and percolation threshold of multi-walled carbon nanotube/epoxy

composites using terahertz time domain spectroscopy . . . . . . ... . Lo oL
Non-destructive evaluation of interfacially engineered composites . . . . . ... .. ... .. ...

Development of a new methodology for automated quantification of impact induced damage pattern
in CFRP measured by IRT and x-ray radiography . . . . . . . . . . . . . .. ... .. ... .....

Investigation of bamboo nodes structural characteristics with x-ray micro-ctimaging . . . . . . ..

Analysis of crack path transitions in mode | loaded UD carbon fibre composites using in situ 3D com-
puted tomography and the extended finite element method . . . . . . . ... ... ... ... ..

Fibre stress concentrators caused by fibre ends in short aligned glass fibre composites . . . . . . .

Detailed micro computed tomography investigation of damage progression in notched CFRP speci-

Analysis of voids in filament wound composites using a machine-learning-based segmentation tool
The role of matrix boundary in the microstructure of unidirectional composites . . . . . ... ...

Detailed microstructure characterisation of 3D printed carbon-fibre/PEEK using x-ray computed tomog-
FaPhY . e e e e

Micro-computed tomography for mesoscale analysis of woven fibre-reinforced composites . . . . .

Microscale 3D strain mapping at fiber-matrix interface using synchrotron computed tomography and
digital volume correlation . . . . . . . . L

Electricalimpedance tomography for damage detection and localization on carbon fibre reinforced poly-
Mer COMPOSITES . . . . . . . e e e e e e e e e e e e e e e

Creation of digital material twin (DMT) geometric models of high performance composites based on
x-ray microtomography . . . . .. e

Evaluation of porosity using through-thickness ultrasound and x-ray tomography for out-of-autoclave
cured CFRP laminates . . . . . . . . . . o e e e e e e e e e e e

Coupling rheometry and computed tomography to study the evolution of voids during the consolidation
of c/PEKK composites . . . . . . . . . . e e e

574

580

588

596

604

612

620

628

636

644

652

660

666

674

682

690



Translaminar fracture of thin-ply composites: a novel design for 4D synchrotron computed tomogra-
PRY . o e e e e e e e e e e e e e

Development of the ASTM D8336 21: standard test method for characterizing tack of prepregs using a
continuous application and peel procedure . . . . . . . ... e

Comparing local fiber angles from draping experiments to simulations . . . . . . ... ... . ...
Experimental characterization of transverse fabric compressibility by means of in-situ-impregnation

Measurement of textile compaction response and out-of-plane permeability: 2nd international bench-
marking exercise . . . . . . L. e e e e

Determination of a racetracking pass-fail criterion for edge flow permeability measurement
First insights from the virtual permeability benchmark on a fibrous microstructure . . . . . . . ..

Failure of composite laminates under fatigue loading: a focus on the effect of matrix damage on residual
strength . . . . L L e e e e e e e

Global sensitivity analysis of an s-n curve-based fatigue cohesive zone model and validation through a
benchmarktest . . . . . . . .

Fatigue life study of laminated composites carbon-epoxy manufactured from unidirectional plies and
2D-woven plies combining thermo-mechanical analysis and a residual strength model . . . . . . . .

Fatigue damage and life prediction of unidirectional composites in tension-tension loading . . . . .
Fatigue response of carbon/epoxy laminates under multiaxial stresses for different lay-up parameters
Creep-fatigue interaction damage model for GFRP laminates based on thermodynamics . . . . . . .
Life time estimation of 3D-printed continuous fibre reinforced parts under fatigue loading . . . . .
Fatigue characterisation and monitoring in 3D printed short fibres reinforced polyamide . . . . . .
Progressive damage accumulation process of CFRP cross-ply laminates during the early fatigue life .

Toward the prediction of the fatigue lifetime of laminated composites, using an incremental damage
model with observablevariables . . . . . . . . ...

Fatigue life prediction of GFRP laminates using progressive damage modeling considering viscoelastic
behavior . . . . . e e e e e e e e e e

Probabilistic fatigue life model of composite laminas under cycle loading . . . . . . . . . ... ...

Fatigue behavior of continuous-discontinuous sheet molding compounds under application related load-
ingconditions . . . . . L L L e e e

Tensile and flexural fatigue lives of unidirectional CF/PP composites . . . . . . .. ... ... ...

Experimental investigation on fatigue damage growth in thin-ply open-hole composite laminates under
tension . .. L L e

Influence of viscoelasticity on fatigue behaviour of short fibre reinforced polymers depending on mean
stress and fibre orientation . . . . . . .. L L

Characterization of fatigue crack initiation and propagation in thermoplastic-based hybrid laminates

Micro-fatigue test - a new dimension towards a cyclic loading test for interface characterisation

696

702

710

718

726

733

741

749

757

765

769

775

783

791

798

806

813

821

830

838

845

853

861

869

877



Fatigue behavior of glass fiber reinforced composite laminates based onrecycledpet . . . . . . . . 883

Experimental and numerical analysis of post-buckling delamination of composite plate under fatigue
loads . . . . . e e 890

Impact of curing on residual stresses formation and fatigue behaviour of carbon/epoxy laminate com-
posites - application for racingyachts . . . . . . . . .. ... e 898

Fatigue characterization of glass fibre/bio based thermoset composite intended for offshore renewable
energy applications . . . . . . L L e 905

Mechanical characterization of highly thermo-oxidized reinforced thermoplastic and fatigue life predic-
tions using a through process modelingtool . . . . . . . ... ... ... L L. 913

Thermomechanical analysis of the high cycle fatigue behavior of a PEEK CF30 for compressive loadings

...................................................... 921
Static and fatigue behavior of bonded, bolted and hybrid FRP joints . . . . . . ... .. ... ... 926
Evaluation of the inter laminar shear fatigue damage progression of 3D woven composites with time-
lapse x-ray computed tomography . . . . . . . . e e e e 934
Fatigue delamination growth of CFRPS modified with electrospun bis-maleimide resin under mode |
remote loading conditions . . . . . . L. 946
Progressive fatigue damage detection and assessment in composite specimens using random vibration
responsesignals . . . . . . L L L L L e e e e e 954
Helicoidal layups and interleaved hybrids: a novel design methodology for impact resistant composite
structures . . . . . e e e e e e e e 962
Analyses of time-dependent damage within carbon woven-ply reinforced thermoplastic composites
laminates at hightemperature . . . . . . . . . . . .. 969
Mechanical characterization and damage tolerance of 3D-printed coextruded continuous carbon-fiber
thermoplastic . . . . . . . L e e e e e e e e 977
In-situ full-field measurements for 3D printed composites undergoing interlayer delamination . . . 983
Impact damage tolerance of thermoset composite with hybrid yarns: advanced manufacturing process

...................................................... 991
Experimental investigation on bearing behavior and failure mechanism of hybrid thin/thick-ply compos-
itelaminates . . . . . . . L e e e e e e e e 999
Assessment of aluminum foils interleaving on the cryogenic impact response of CFRPS: cross-ply, thin-
ply and hybrid configurations . . . . . . . . . ... 1007
Impact performance of out of die UV cured pultruded profiles for vessel structures . . . . ... .. 1015
Hygrothermal interfacial degradation of flax fibre micro-composites using micro-droplettest . . . . 1023
Non-dried flax fibre reinforced thermoplastic composites in wet environments . . . . . . . ... .. 1031
Damage tolerant thin-ply Bouligand CFRP structures . . . . . . . . . . . . . . . . ... . ... ... 1039
Accelerated ageing and moisture absorption in polymer composites . . . . .. .. ... ... 1040

Micro-damage and ultimate failure analysis of hybrid thin-ply carbon/glass laminates . . . . . . . . 1048



The effect of filament winding parameters on damage evolution in carbon fiber reinforced plastic for
high-pressure hydrogenvessels . . . . . . . . . . . e 1055

Influence of kerosene flame on in situ mechanical properties of hybrid fibers reinforced PEEK composite
laminates . . . . . . . e e e e e e 1061

Comparison of glass and carbon long fiber-reinforced polyamide 6 concerning the influence of hy-
drothermal aging on the mechanical properties . . . . . . .. .. ... ... ... .. ... .... 1071

Statistical life prediction of unidirectional CFRP under creep tension load by accelerated testing method-
0logy . . . e 1079

Effect of water sorption in neat poly(ether ketone ketone) and its carbon fiber reinforced composite 1087

Development of a test rig for the temperature-dependent determination of composite material prop-
erties at cryogenic temperatures . . . . . . L. e 1094

Investigation of mode | fracture toughness of carbon reinforced polymers at cryogenic temperatures 1102

Effort reduction of structural health monitoring in additive manufactured structures by total electrical

resistance measurements . . . . L. L L L L L L L e e e e e e e 1110
Cure monitoring of carbon fiber reinforced polymers using a specific impedancemetry method . . . 1118
Flexural toughening of wave shaped short plastic fibers in a cementitiousmortar . . . . . ... .. 1126

Influence of manufacturing procedure on mechanical properties of continuous fiber reinforced ther-
MOPIastics . . . . . L e e e e e 1132

Automated multi-NDT method . . . . . . . . . . . . . e 1140

Effect of aeronautic fluid Skydrol on neat poly(ether ketone ketone) and its carbon fiber reinforced
COMPOSItE . . . o o o e e e e e e e e e e e e e e e e 1146

Braiding characterisation and optimisation: complex geometries . . . . . . ... .. ... .. ... 1152

Explicit modelling of matrix damage in a laminated composite ? comparison between linear fracture

mechanic and cohesive zonemodel . . . . . ... Lo Lo 1159
Building and characterization of symmetric structural battery . . . . . . ... ... ... ... ... 1169
Development of sustainable continuous carbon fiber reinforced polymers . . . . . . ... ... .. 1175
Thermal stability of ELIUM® resin and its composites . . . . . . . .. ... .. ... ... .. ... 1181
Study on the tensile behavior of the tubular braided composite reinforcements . . . . . .. .. .. 1189
Mechanical characterisation of some polymers usedin 3D printing . . . . . . .. .. ... ..... 1196

STXM: nanoscale 2D/3D chemical imaging . . . . . . . . . . . . .. L o 1204



Composites Meet Sustainability — Proceedings of the 20" European Conference on Composite Materials,
ECCM20. 26-30 June, 2022, Lausanne, Switzerland

DESIGN OF A BENDING EXPERIMENT FOR MECHANICAL
CHARACTERISATION OF PULTRUDED RODS UNDER COMPRESSION

Gustavo, Quind®, Paul, Robinson®, Richard S., Trask®

a: Bristol Composites Institute, Faculty of Engineering, University of Bristol, BS8 1TL, UK
b: Department of Aeronautics, Imperial College London, SW7 2AZ, UK

Abstract: Carbon fibre pultruded rods are used in structural applications across a wide range of
industries due to their lightweight, corrosion/fatigue resistance and outstanding properties in
the axial direction. While there is available literature on the mechanical characterisation of
pultruded rods under tension and bending, very little has been reported about their compression
response. The characterisation of the mechanical performance of pultruded rods under uniaxial
direct compression is challenging due to the high sensitivity to alignment, stress concentrations
in the gripping zone, and the complexity of specimen manufacturing, especially when the rods
can be of small diameter (~1mm).

Existing literature reports the use of the compression side of a beam under bending to test
materials with high axial stiffness and strength such as carbon fibre laminates. In this work, we
show the applicability of such idea on pultruded rods. We report on the design of a novel bending
experiment to characterise the compression behaviour of pultruded rods, ensuring low strain
gradient and consistent failure within the gauge section.

Keywords: compression; pultruded rod; CFRP; mechanical test

1. Introduction

Continuous fibre non-crimped composite materials usually display their maximum strength and
modulus in the direction of the fibre, in particular, under tensile loads. However, in compression,
due to various factors such as fibre waviness and pre-existing defects, instabilities such as micro
buckling, lead to premature failure, and a poorer compression performance [1-4]. Literature
reports compressive strengths in the fibre direction below 60% the tensile strength [1].

Composite pultruded rods tend to exhibit a better fibre alignment than laminates; therefore,
they stand as an alternative to improve the compression performance of fibre composites [2].
However, measuring the improved compression performance poses a challenge from the
experimental point of view. Materials with high axial stiffness like composites tend to fail in the
gripping areas due to stress concentrations caused by system applying the load.

Direct compression experiments have been previously reported in literature. For example,
Soutis [2] and Clarke [3] made use of direct compression to measure the strength and strain to
failure of carbon fibre pultruded rods. Both studies reported that failure would sometimes take
place in the vicinity of the loading endcaps, due to stress concentrations. In addition, sample
preparation was costly and time consuming, and the system would be highly sensitive to the
final alignment of the assembly.
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An alternative method to introduce compression in a specimen is via bending. In a beam
subjected to bending, one side would be in tension while the opposite side would be loaded in
compression. This approach has been used in composite laminates and sandwich beams [5]. In
this work, we extend that approach to design a novel four-point bending test to conduct
compression tests in pultruded rods that can provide with consistent failure within the gauge
section.

2. Experiment design
2.1 Material and specimen concept

The concept is shown in Figure 1a. It consists of a pultruded rod glued on top a channelled beam
under bending. The beam is loaded symmetrically in four-point bending mode with a total force
P.The spanlengthis L and distance between loading pins of D (Figure 1b). The rod will be loaded
in compression due to bending of the assembly, while the bottom side of the beam will be in
tension. The beam also has a through thickness cut to allow direct view of the composite
pultruded rod.

The material considered for this design exercise was a 0.8mm diameter carbon fibre pultruded
rod, commercially available from Easy Composites (Easy Composites Ltd, UK). The beam was
made of Poly (methyl methacrylate) (PMMA).

(a) 0y
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o

Figure 2. CFRP Pultruded rods used in the study.

2.2 Design criteria
The following 6 design criteria/guidelines were followed for the design of the experiment.
a. Beam theory

From beam theory, a beam under symmetric four-point bending will have a maximum flexural
stress oy of:

PL D
2o 177 @)

Uf:
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Keeping the total load P constant, a smaller ratio % will be required to obtain a higher maximum
flexural stress. A ratio D/L=1/4 was chosen for this design exercise.

b. Buckling of rod free length

The exposed free length of the pultruded rod is at risk of buckling as it can be considered a
slender structure. Analytically, the critical length for Eulerian buckling was calculated to be 7.4
mm, for the extreme case of pinned ends. A free length of 5mm was selected.

c. Total load

The total load P required to introduce a compressive stress in the pultruded rod high enough to
trigger compressive failure, should be within the limits of available testing equipment.

d. Beam structural integrity

The beam material should not fail in tension or compression before the pultruded rod has
reached a stress equal to its compressive strength.

e. Bending percent in the rod

Under direct compression of a rectangular laminate specimen, the standard ASTM D6641
recommends the use of 2 strain gauges. Even though the specimens do not buckle, opposite
sides of the coupons will exhibit different strains due to a certain degree of bending. The strain
measured with the two strain gauges & and &, define the bending percent B, as in Eq. (2).
According to the standard, the bending percent is acceptable when it is under 10%.

B, = ﬁ x 100% (2)
Similarly, in our proposed experiment, the strains in opposite ends of the specimen will not be
the same. Fig. 3 shows the detail of the exposed free length of the pultruded rod. Following the
definition of bending percent, the strain &; was measured in the “orange” dot, while €, was
measured in the “green” point, in the axial direction in both cases.

[

Figure 3. Detail of the exposed free length of the pultruded rod. The “orange” side will be at a
higher compressive strain than the “green side”

f. Maximum stresses in rod
The final design should yield a maximum stress within the gauge length of the pultruded rod.

Criteria ¢, d, e, and f were verified via the virtual experiment described in the next section.
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2.4 Geometry optimisation and virtual experiment

A virtual experiment (see Fig. 4) was setup using Abaqus 2017 (Dassault Systemes Simulia Corp,
USA). The rods and beam were meshed with linear brick solid elements C3D8R. The behaviour
of the composite pultruded rod and the beam were assumed linear elastic. The loading pins and
roller supports were modelled as rigid parts. The material properties assigned to all parts in the
FE model are summarised in Table 1.

Table 1: Material properties used for the PMIMA beam and the CFRP rod within the FE model.

E,E11(GPa) Ey;(GPa) v (v12) G12(GPa)  Gy3(GPa)
PMMA 3.2 0.33

CFRP 174 8.34 0.31 4.55 2.6
Loading pins/
Rigid
Roller supports

Pultruded rod Loading pin

Roller support

Figure 4. Meshed model of the experiment.

The geometry of the beam was optimised to minimise the bend percent on the pultruded rod
specimen defined in Eq. 2. A manual iteration of the various geometric parameters h, D, L was
conducted to ensure that the resulting B,, is within the acceptable range. The results of the
various values of bending percent for 3 different combinations of geometric parameters, with
the rod loaded at the same compressive stress of 1.2 GPa are shown in Table 2.

Table 2: Iteration of geometric parameters.

lteration h (mm) D (mm) L (mm) By, (%)
1 20 20 60 10.8
2 20 20 80 11.1
3 30 20 80 3.0
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The values of h = 30mm, D = 20mm, L = 80mm was chosen for the final design. For that
case, the axial stresses along 40 mm of the central section of the pultruded rod (Fig. 5a) is
displayed in Fig. 5b. It is observed that the higher stresses are within the gauge section. The
simulation results also showed strains under 2% in the PMMA beam, ensuring that it will not fail
during the test.
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Figure 5. Axial stress along the centreline of the rod: a) Centreline path, b) Axial stress along
path.

3. Experimental

The experiment was conducted in quasi-static regime in the servo-hydraulic machine Instron
8872. The load was acquired with a 25 kN load cell. The pultruded rod was prepared with black
speckle over a white background to obtain the history of strains via digital image correlation.

Fig. 6 shows a snapshot of the free length of the pultruded rod specimen, right after fracture.
The fracture took place within the gauge length suggesting that the design process successfully
minimised stress concentration at the ends.

Figure 6. Compressive failure of the pultruded rod.
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4. Conclusions and future work

The proposed methodology provides with compression fracture within the gauge length and
stands as an advantageous alternative to direct compression due to the simpler specimen
preparation, and the reduction of stress concentrations. The method will be used for a complete
series of specimens of various composite rod systems obtained by pultrusion.
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