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Dedicatory

To Prof. Stephen W. Tsaithat has devoted his career toesearch in
composite materials. One of the most renowned composite engineers, he is
known for the TsaHill failure criterion, lamination parameters, the T¥du
failure criterion and strength ratios, the Halpirsai micromechanics model,
trace, master pt, omni envelopes and unit circle failure criterion, among others.

Prof. Tsai has thus far published nine books (not including conference
series): (1) Introduction to composite materials, (2) Composite Materials: design
and applications, (3) Composites agys (4) Structural behaviour of composite
materials, (5) Analyses of composite structures, (6) Strength & life of composites,
(7) Theory of composites design, (8) Composite Materials Design and Testing, and
(9) Design of Composite Laminates.

He is still ative as an emeritus professor at Stanford University, and his
lifelong talent and mastery in the field have recently led to the development of
the DoubleDouble composite manufacturing and design technique, the theme
of his new book launched this ye@022).



https://profiles.stanford.edu/stephen-tsai
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Note from the Organisers & Editors
of the 6t BCCM Proceedings Book

Organisers & Editors of ihibook are responsible for thediting, compilation,
layout and publication. The authors of eaatticle retain its copyright an@resolely
responsible for the content of the information and due credit to the references used.
This book has browseresource by itles through bookmarks

AuthorshipStatementcOrganising & Editing

R.J. da Silva(l) Management of submission and review processésull
manuscripts (II) Template and editing of full manuscript$ill) Organisation,
compilation, layout and publication of the book.H. Panzera(l) Supervisionof
submission and revieyprocesses(ll) Supervision and review dfook editing and
layout, (111) Resources

Note to article authors

We recommend that you use tH&SN as identifi¢p register your publication
in platforms of bibliographic outgORCID, Lattes CV, etlflyou wish to make your
work available on an open access platform (ResearchGate @egde upload ONLY
the pages of the book that correspond to youarticle. Cheek out this video
(https:/lyoutu.be/EEVR0a88FQAon how to make your work available on
ResearchGateCheck out this videoh{tps://youtu.be/pROts2fTOV{ on how to
make your work available on Zenodo with a free DOI.

How to cite an article from this book

Name(s) of article author(s), usingt al. if there are more than three (3)
authors® Article title¢ ® Pracgedings of the'®Brazilian Conference on Composite
Materials (Part of ISSN 2318337, Organised and Edited by R.J. da Silva & T.H.
Panzera, 2022, ppage interval DOI: https://doi.org/10.29327/566492

Example:
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the 6" Brazilian Conference on Composite Materi@art of ISSN 2318337,
Organised and Edited by R.J. da Silva & T.H. Panzera, 2022, g¥56MDOI.
https://doi.org/10.29327/566492
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About
the
oth BCCM

The oldest train in operation in Brazil was inaugurated in 1881 by Dom
Pedro Il and it travels 12 km between Tiradentes and Sao Joao del -Rei.
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6t Brazilian Conference on
Composite Materials

The & BCCM was attended by ov800 participants from14 countries
More than 100 articles have been published and presented orally, with authors
from more than 60 research, teaching and technologgfitutions. The & BCCM
was held from 1% to 18" August 2022, ifTiradentes a charming and warm
hearted historical city famous for its gastronomy and architectlirdentesvas
founded in 1718, named aftefoaquim José da Silva XaXier (i THr&lentes X
patron of the Brazilian Republic.

Since its first edition in 2012, the Conference congregates Brazilian and
worldwide students, professors, and researchers from acadeand industry to
promote the recent developments and discuss the challenges in composite
materials in Brazil and abroadlhe range of topics is comprehensive, including
Damage andfracture; Simulation iompositesAdaptiveComposites Durability
and Ageing; Mechanical andPhysicochemical Properties of composites;
Nanocomposites; Recycling and reuse of composite materials; Experimental
Techniques; Lignocellulosi€omposites; Processing andManufacturing of
composites;Health Monitoring in composite structuresMulti-Scale Modelling;
Industrial Applications
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Behind the 6 " BCCM

The & Brazilian Conference on Composite Materials wasrganised by
the Federal University of Sao Jodo-Beli (JFS)] the Federal University of Minas
Gerais UFMQ, and the Centre fornnovation and Technology in Composite
Materials CIFQO.

Ranked among Brazil's top Institutions of Higher Education and located a
short distance from the state capital city Belo HorizonteUFS.bffers a wide
selection of over 50 graduate and undergraduate courses in areas such as Health
Sciences, Arts and Humanities, Music, Social Sciences, Engineering and
Technology, and Basic Sciences. Courses are taught oiffesigrd campuses,
three of them located irSao Jodo ddReiand the other three in the towns of
Divinopolis Ouro Brancpand Sete LagoasThe University offers a stimulating
environment for academic work, and at the same time, situated as it is in the
historical heart of the state dflinas Geraisit gives access to a range of cultural
activities and attractions.

Placed in the southeast ofr&il, the most industrialized region of the
country, UFM@G a freeof-charge public educational institution, is the oldest
university in the state oMinas Geraislt was founded in Septembef"7.927 by
the name of Univeity of Minas Gerais (UMG). Nearly one hundred years later
the institution is the national leader when it comes to education, university
extension, culture, scientific research and patent generation in several fields of
knowledge.

CIFCis a research group created in 2011 at UFSJ for the development and
characterisation of laminate, particulate, hybrid and structural composites
consisted of polymer and ceramic matrices for aeronautical, automotive, leisure,
civil construction and orthopaedic applications. One of the pillars of the group is
the research of sustainable materials through the use of natural fibres and
recycled wastes. The group stands out for the use of statistical techniques in the
evaluation ofcomposite materials, counting on a significant number of articles
published in journals of high impact. National and international collaborators
have been contributing to the effective growing of the group. Visiting fellows,
MSc and PhD students have bedgso a great motivation for our research team.
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Conference Schedule

Monday 5t

Register
Opening ceremony
Plenary 1

(Ramesh Talreja)

Presentation 1
(Room 13)

CoffeeBreak

Presentation 2

(Room 13)
Register Lunch
Plenary 2
Shortcoursespart | (S s
(Adriano Koga; Sérgio Pezzin) Presentation 3
(Room 13)
CoffeeBreak CoffeeBreak
Shortcourses: part Il Presentation 4
17:40 (Adriano Koga; SérgRezzin) (Room 13)
Time Tuesdayoth Wednesday' "™ Thursday8®h
, Plenary 3 Plenary 5 Technical Lecture
08:30 (Fabrizio Scarpa) (Pedro Camanho) (Anton Paar; HEXCEL)
, Presentation 5 Presentation 7 | Presentation 11
09:20 (Room 13) (Room1-3) (Room 13)
10:40 CoffeeBreak CoffeeBreak = Closing ceremony
. Presentation 6 Presentation 8
11:05 (Room 13) (Room 13)
12:25 Lunch Lunch
. Plenary 4 Plenary 6
13:55 (Eloi Figueiredo) (Mauricio Donadoh
_ Shortcourses: part | Presentation 9
14:45 (Sandro AmicoFlaminio Levy Netd@erson Marinucci) (Room 13)
16:05 CoffeeBreak CoffeeBreak
16:30 Shortcourses: part Il Presentation 10
17:50 (Sandro Amico; Flaminio Levy Neto; Gerson Marinu (Room 13)
2000

10




Keynote Speakers 0 Plenaries

Three decades of pattern recognition for Mechanical metamaterials and biobased composites:
structural health monitoring of bridges new trends for sustainable high -performance structure s

Prof. EI6i Figueiredo Prof. Fabrizio Scarpa
Luso6fona University University Of Bristol
Portugal United Kingdom
Strength prediction of composite laminates Failure analysis of composite materials towards
under uncertainties using theory -guided cost/performance trade  -off

machine learning

Prof. Pedro Camanho Prof. Ramesh Talreja

University of Porto Texas A&M University
Portugal USA
The analytic foundation of double  -double: A decohesive interface element for static and fatigue
DD concepts & operation induce damage predictions in adhesively bonded
joints under variable loads and debonding mode ratios

Prof. Stephen Tsali Prof. Mauricio Donadon
Stanford University Aeronautics Institute of Technology
USA Brazil

11
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Short Courses

Finite Element Method
(FEM)

Adriano Koga
Altair &5

Fundamentals of polymeric
matrix composites

-
< p
Prof. Gerson Marinucci

Nuclear and Energy
Research Institute

Self-healing
composites

Analysis of laminated
composite beams

Prof. Flaminio Levy Neto
University of Brasilia

Introduction to
composite manufacturing

Prof. Sandro Amico

Federal University of
Rio Grande do Sul

Prof. Sérgio Pezzin
Santa Catarina State University
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Technical Lectures

Characterisation of mechanical properties
In composite materials

/f\/\_) Anton Paar

HexTow ® and Toughened HexPly ©® M65-1

D
HEXCEL @
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About published
articles

The & BCCM featured the publication dfi9articles, and all
work presentations were performed orajlglistributed in 3
rooms with11 presentationsessions eacithe LINS 4 Sy (. S N a
Is underlinedn the manuscript header

In thisbooksection, the reader wilfind a list with all
participating institutions (authors' affiliation® summary with all
the titles of publishedarticles andthe schedule for the oral
presentatiors performed atthe conference.

Serra de Sdo José , with a maximum altitude of approximately 1300 m, is
located between the municipalities of Tiradentes, S&o Joéo del -Rei,
Santa Cruz de Minas , Prados and Coronel Xavier Chaves




Participa ting institutions
( a ut hadfiiafion)
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1 University of Guelma
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Brazil@

1 Aeronautics Institute of Technology

1 Amazonas State University
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9 Federal University of ABC
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1 Federal University of Sdo Paulo
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1 Sdo Paulo State University

1 State University of Campinas
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1 University ofBrasiia

1 University of Caxias do Sul

1 University of Sdo Paulo

15

Chile®

1 Pontifical Catholic University of Valparaiso

Cubae
1 Santa Clara University
1 Technological University of Habana

German)P

9 Federal Institute for Materials Research and Testing
1 Leibniz Institute of Polymer Research Dresden
9 Munich University of Applied Sciences

Italy' )
9 University of Campania Luigi Vanvitelli

Y
Latviawr
T Riga Technical University

Portugal@
9 Luso6fona University
1 University of Porto
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South Korea®™
1 Hanyang University
. Y
Spainw
1 University of Cantabria

Sweder11=

1 KTH Royal Institute of Technology
1 Luled University of Technology

1 Research Institutes of Sweden

1 University of Boras

The Netherlands:

1 Radboud University
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1 Glyndwr University
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1 University of Edinburgh
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91 University of Strathclyd
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Abstract 3D printing has been transforming over the years, moving from simple prototyping to producing obje
and structures with advanced materials. This process, also known as additive manufacturing, allows sivapelex
to be generated with great freedom of creation and low waste of resources. The objects created by this Kin
method were not able to withstand mechanical stress due to its traditional printing materials' lack of good phys
characteristics, mahg largescale printing, impractical. By the growing need for increase mechanical properti
this research evaluated the insertion of vegetable fibers as reinforcement in the printing process. Jute, ramie
sisal fibers were used in the PLA matrix,ifyarg the increase in strength and stiffness of these composite
submitted to tensile tests. As a result, even with low fiber fractions, the reinforced samples achieved gains of 2

in strength and 28.9% in stiffness.
Fundings CAPES, CNPqg e FAPERJ.
1. Introduction

Human development is directly linked to the evolution of materials engineering and manufacturing proces
Technological growth has allowed the industry to seek increasingly sophisticated materials, meeting criter
mechanical, environmentand design performance.

3D printing is a rapid prototyping process for producing a tkdimeensional object layer by layer, generated
from a digital file [1]. It enables the fabrication of projects with complex design, meeting all the user's geom
needs Furthermore, this technique allows a significant reduction in the amount of raw material, leading to m
economical models [2]. However, the originally use of 3D printing was restricted to polymeric prototypes with

mechanical properties, thus not gy suitable for industrial use [1].
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As a form of reinforcement, the use of fibers has been used for decades to increase the properties of polymers.

In 3D printing, several studies with fibers as reinforcement have been carried out. However, there sgsdaeh
that use natural fibers as print reinforcement, even less when it comes to continuous fibers [3]

Vegetable fibers have been used as reinforcement over the centuries, although initially by hand, as in the

of wattle and daub houses, to improyiee mechanical properties of composite materials. More recently, natural

fibers have been used as additives in extrudiaised filaments in 3D printing [4]. This technique of inserting

vegetable fibers in a polymer matrix allows the production of compssitf good strength, lightness and with a

renewable and biodegradable character.

case

The mechanical properties of vegetable fibers vary according to the plant used, the way of planting and climatic

factors during its growth [5]. The printed composite, in tuwill have its properties influenced by the types of

materials used, such as filament and reinforcement, fiber length and fraction, number of voids and factors inherent

in the printing process, like the bonding and diffusion of adjacent roads and I&}ers [

This article aims to develop and analyse biocomposites reinforced with continuous vegetable fibers printe
the FDM method embedding in a modified printhead.
2. Methodology

For 3D printing reinforced with continuous fibers in the form of wires stndgs, it was necessary to create a
new printhead adapted to insert fibers in a traditional FDM printer. For this, this extruder was developed wi
side inlet of the printing nozzle, so that the composite material of fiber and polymer matrix was @eposithe

heated table in a unified way. Figure 1 shows the hot nozzle adapted for the Zmorph VX printer.

Fig.1. Printhead adapted for fiber printing.
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2.1. Materials
For the manufacture of the printed, a 1.75mm diameter polylactid fitament (PLA) was used as a matrix

This material works with a nozzle temperature between 190°C and 220°C. The temperature used was 200°C|whet

the best viscosity was obtained with the lowest porosity. As for the reinforcement, ramie, jute, andsisahere

used in string format as shown in Figure 2. The ramie yarns had diameters of 1 mm, while the jute and sisal/yarn

measured 2 mm.

Ramie Jute Sisal

3

Fig. 2 Yarn of vegetable fiber used.

2.2. Tensile test
Tensile tests were carried out to determine the properties ok Bbmposites reinforced and nereinforced.

For this, five specimens of each type were made. The standard test guidelines were made in accordance with the

standards of the American Society for Testing and Materials (ASTM), following the ASTM B&0R8rd Test
Method for Tensile Properties of Polymer Matrix Composite Materials. The specimens were classified and pre
according to Table 1 with fibers oriented in the main direction.

Print parameters have been set to suit fiber insertion. The layagghteias 1.5 mm, with a width of 2.0 mm
FYR  FAEfLIYSYyd RSLIRaAGAZY AaLISSR 2F mMn YYkad 2AGK
temperature of 60°C.

Tablel. Specimen dimensions.

Type of reinforcement  Length [mm]  Width [mm] Thickness [mm’

No reinforcement 150 13.0£1.0 2.3+0.2
Jute 150 12.0£1.0 2.0£0.2
Ramie 150 14.0+£1.0 1.74£0.2
Sisal 150 14.5+1.0 1.6+0.2

The test was performed on a universal testing machine, EMIC Series 23, me3tl &fuipped with &kN
internal and 5kN external load cell, as well as a digital extensometer for measuring deformation in the ce
section of the specimen as Figure 3. The test was carried out with displacement control and the test speed wal

mm/min to failure.
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EXTERNAL |
LOAD CELL

DIGITAL
EXTENSOMETER

Fig. 3 Test machine EMIC Serie 23, modeBR3

3. Results and Discussions
It was necessary to verify which of the Brazilian vegetable fibers would be potential resources for|the
reinforcement of 3D printing. Table 2 shows the results of terstilength and Elastic modulus of the specimen
The elements reinforced with sisal fibers had the highest strength, reaching an improvement of strength of 28,61%

compared to a nowieinforcement specimen.

Table 2.Tensile test result.

Type of reinforcement  Tensile strength [MPa  Modulus of elasticity [GPe

No reinforcement 55.67 3.35
Ramie 57.18 3.82
Jute 62.77 4.32
Sisal 71.60 4.02

As for the failure modes of the material, there were fragile breaks with some cases of slipping of the fiber,
evidencing the low interfacial adhesion between the fiber and the matrix. However, in the case of composites
reinforced with sisal fiber there wasmore ductile behaviour. Initially, there was an isolated breakage of the matrix,

while the fibers remained integral, resisting part of the load, creating tension transfer bridges as shown in Figure 4.
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Figure 4 Sisal fiber bridges in thensile test.

4. Conclusions
A study was made of the influence of fiber type on mechanical properties in printed composites featuring

new material. The tensile test found significant increases in strength with the use of jute (12.76%) and sisal
(28.61%). On the other hand, the use of jute fiber promoted the smallest deformations and a Young's modul
4.32GPa. This demonstrates that even in low volumetric fractions it is possible to use reinforcing fiber

reinforcement.

From an environmental @&heconomic point of view, the use of plant fibers in composites is a point of interg
for the present and future of research in the country. Therefore, given all the analyses carried out, the us
vegetable fibers as reinforcement can be seen as amredtive in the field of structural engineering.
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Abstract:To meet damage tolerance requirements in the aerospace industry, structural designers have increasingly
adopted predictive numerical tools to model damage onset and evolution over the years. Composite matgrial
structures modellig, for example, presents a direct relation between model fidelity and computational cogt,
potentially leading to greater design iterations and costs. Continuum Damage Mechanics (CDM) benefits from the
smeared cracking approach and displays the potentiahigh fidelity associated with efficient modelling.
Conventional CDM models were initially developed under assumptions that may lead to inconsistencies at |large
deformation analysis. This work presents a brief review on the fundamentals of progressivgedomaulations
for intralaminar damage and proposes a novel consistent methodology. Analytical results were generated for an
elementary level validation for both current and proposed methodologies. These models were implemented as
user material models iAbaqus/Explicit and dependency on the element size discussed. A coupon level validation
was conducted for each formulation, where the same dependency was noted allowing for conclusions to be drawn.
Fundings This study was financed in part by tBeordenago de Aperfeicoamento de Pessoal de Nivel Supgerio
Brazil (CAPES)Finance Code 001 and CNPqg Grant (No. 301069/2R19
1. Introduction

High performance structural behaviour has been the main application for composite materials since their
introduction. For the aerospace industry, however, the increase in performance must be achieved without
compromising safety levels. While in one hand, composites display a potential for structural design optimizgtion,
on the other, timeconsuming complex modelling andste are necessary. Predictive numerical tools for damage

propagation suffer from the rapid increase in computational cost associated with result quality.-Affeasive
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solution is the smeared crack approach, where damage evolution can be related tondes Elastic Fracture
Mechanics (LEFM). Many progressive damage models are implemented in Finite Element (FE) codes,-4lich
for interlaminar damage, and {8] at intralaminar level. However, some hypotheses can be consistent only 1
geometricallylinear problems and can introduce errors at large strains. This work focuses on the developmel
an intralaminar progressive damage material model for FE analysis, suitable for large deformations, in op
mode for regular meshes.

2. Methodology

2.1. Contnuum damage mechanics for oiémensional strain field
Composite materials failure and cracking can be modelled by the CDM, which consists in progressively req

the stiffness of regions that satisfy a set of onset critdtg. (1)displays thestress () xstrain { ) relation for a uri
axial strain field. The stress value can also be computed from the material point opening displatémeat{ng
to a Traction Separation Law (TSL), where the area within the envelope is the criticaE8&ajy Release Rate
(SERR). Assuming dibear TSL, stiffness damage variafile)(is related to separation as Hy. (2) Constitutive
stiffness damage variabl€®() depends on the separation, strain and stiffness damage valueés, Bs. (3) For

linear elastic materials under small strain conditioris 'O and both damage variables are equivalent.

., p OO p O 0] p
T
O R
P ¢
o o U
p HT o

2.2.Single element tractionseparation
To explore the effects of large ST 2 NXY I GA 2y 2y (KS ¢ { [-dndedsional stialp igldi5S

proposed,Fig 1. Eq. (4Yelates spatial positionahuitto material reference coordinate®hiono.

6(t)
ﬁ
o 6(t)
ﬁ
.i.

Fig 1. Square element subjected to uakial strain field

W O —O 0 O a & T
T
The product of strain value by the element size, at the desired direction, is a commonly adopted methodg

for predicting opening displacements. However, as discussed in [9], care should be taken on the use of

softening laws with different straimeasures. As shown Iaqg. (5) such prediction is only valid for infinitesimal
displacements, wheré&t ep —  —. For large deformation analysis, the separation is underestimated f

such strategy.
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Material point separation prediction can be improved by updating the element(siznd calculating the

displacement increment within the timstep:

| 0 3 1 ¢

where 0 is the characteristic length associated with the element. Abaqus/Explicit FE code adopts, as defallt, a

characteristic length of the following:

0 0 X
where 0 is the inplane area associatewith the integration point. Under the assumption of opening

displacements linearly related to the element strains (small deformations), damage variable can be calcu

directly from strains as:

O O p — 0

thus, resulting in a sain-based stiffness damage variable definition. This is the modelling strategy currer

ated

implemented in Abaqus/Explicit progressive damage material model, described [8], where characteristic Igngth

definitions derived from [7]. Separation values can keroolated, [12], or obtained directly from the element's
deformation gradient tensor, evaluated at an integration point. For-aoded shell element, with linear

interpolation functions for irplane displacements, the deformation gradient becomes:

pjonn

0 O ©
T p T

T T p

Regardless of the displacement magnitude, the opening displacements can be accurately predicted usir]

stretch ratio definition, resulting in the following proposed separation prediction:
q 0 O 0O O p 10 p T

By the accurate prediction of opening displacemehts the geometric O ) and constitutive(O ) stiffness

damage variables can be directly determined, thus resulting in a stitebd damage.

2.3.Single element solutions
For the field in Eq. 4oth approaches (strathased and stretciipased) were compared to the prescribed

traction-separation envelope. Fracture energies were calculated by the integration of the traepmaration laws
for each element sizéBoth strategies were also implemented a user defined material model in Abaqus/Explicit
(VUMAT). A single foumoded shell element with single -plane integration point (S4R) and prescribed

displacement was modelled, as depictedrig 1. Both implemented user material models adopt the maximun

g the

stress damage onset criterion, which forthe A YSy aA 2yl FTASER [t 2y3 RANBOQOG?
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in Hashin progressivedanfag T2 N dzf | G A2y ® ¢ KS NB-BaBeNBUMAT weee Koingated to the/

predictions of the proposed methodology at three different mesh sizes, ranging from 1 to 0.05 mm.

2.4.Single mode coupon structure simulations
A coupon level modekig 2, was generated to evaluate the effects of different opening predictions in

notched domain in opening mode fracturgig 2.a displays the boundary conditions (BC) and mesh for a given

element size. To avoid the effects of element aspect ratio, a region of square elements aligned with mal

a

erial

directionswas introduced ahead of the notch. Notch width was varied with each mesh size, to guarantee a regular

mesh for crack propagatiofig 2.b displays &ontour plot of opening mode damag€able 1displays the material

properties for both single element and coupon analysis. Elastic material properties assumed are representat

a plain weave composite, as reported in [10]. Tensile strength and c&i€eRR values were chosen to introduce

the large displacements ndinearity, while maintaining the order of magnitude from carbon epoxy composite
properties, as in [10,11].

u, =0 Uuy(t)

| 1 i S 1 =
i I ) B I
| 1 Tttt e —t—t—t T

u, =0

(a)Mesh and boundary condition (b) Damage variable

Fig 2. Coupon finite element model

Tablel. Material properties

58640 58640 1400 0.04 500 200

3. Results and Discussions
3.1.9ngle element results
Fig 3 displays the resultant tractioeeparation relations for each progressive damage approach, whe

opening displacements were obtained from BC at the element's edge. Shaded area in the plotiseshoescribed

TSL envelope. A small deviation from conventional and proposed approaches is obtained for larger element
However, as the element size decreases and reaches the same magnitude order of the displacement frilurg
non-linear effects lead to an under estimation of separation, and therefore an underestimation of damade&gOn
4, the fracture energy ratio is obtained by integrd 2 y 2 F "0l Kafid divifliig yithe @rescribed), as a

function of initial length. The proposed methodology provided a consistent formulation where fracture energ
conserved, regardless of initial element size. The element levdhtialn provided an important insight for the use
of conventional progressive damage formulations. As the element failure openia@ function of fracture energy

and strength, mesh sizes with lengiis 1 should be avoided, to guarantee the prebed critical SERR.
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15 L=1.0[mm] 15 L=0.1[mm] 15 L =0.05[mm]
' —— Deformation gradient (VUMAT) ' —— Deformation gradient (VUMAT) ! —— Deformation gradient (VUMAT)
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&k Sh< Sk
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Fig 3. Traction- displacement plots for different mesh sizes
= Abaqus built-in
1.2 ' ¢ Small strain (VUMAT)
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Fig 4. Critical SERR for different separation predictions

3.2.Coupon results

Elementary level analysis showed that as the element size decreases, an increase in the apparent fracture

toughness is obtained. For the couptike geometry modelled, the same behaviour is observed for the small strgin

opening displacement VUMAT, as tlodtening portion of the plots ifrig 5 are slightly delayed for smaller element
sizes, as in tougher materials. Once again, the deformation gradieettbdUMAT showed no dependency on the

element size and maintained the same overall toughness for all three cases.

Small strain (VUMAT) Deformation gradient (VUMAT)
3000 3000
Z 2000 Z 2000
w —— L=1[mm] w —— L=1[mm]
1000 —— L =0.5[mm] 1000 —— L =0.5[mm]
—— L =0.25 [mm] —— L =0.25 [mm]
00 1 2 3 4 00 1 2 3 4
6 [mm] 6 [mm]

Fig 5. Load x displacement plots for coupon geometry

4. Conclusions

A review on the CDM behaviour liflinear traction separation laws under large deformations was presented

and showed that the strain measure used may lead to a disagreement on energy dissipation. Analytical model fot

a simple domain was implemented and replicated the behaviour of Ab&gp$Lit builtin progressive damage for

composite laminates. Furthermore, a user material model under small strain assumptions was implemented and

showed the same relation to the element size. A correction was proposed for the separation prediction
computing it from the deformation gradient at each step. For both elementary and coupon geometries,
proposed model showed no dependency on the element size, due to thdimesr definition of the stretch ratio.
While the critical SERR and global enatiggipation errors are negligible for most practical cases, the proposs
methodology leads to a consistent progressive damage formulation for large deformations. Despite the prese
study focus on noitinear effects over square elements, the same enatiggipation dependency is observed for

non-regular meshes and are part of the-gning research.
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Abstract: This paper presents a finite element modelling methodology for predicting damage to composite

laminates under the milling process. The proposed modelling methodology allows the prediction
intra/translaminar and interlaminar failure modes by combiningnadel based on continuum damage mechanics
(CDM) with cohesive interface elements. The CDM model takes into acceplahim shear failure, fibre failure (in
tension/compression) and matrix cracking (in tension/compression) at ply level. The implemeigatieriormed
as a UsebDefined Material Model (VUMAT) within single integrated hexahedron solid elements availablg
ABAQUS FE code. Machininduced delamination is predicted using native cohesive interface elements, whg
formulation is based on a bikar tensile separation law, predicting the initiation and propagation of delamination
The proposed modelling approach allows the prediction of machimidgced damage within an energy
framework, combining stredsased failure criteria, fracture mecha&s and damage mechanics approaches in
unified way. Experimental results from open literature are assessed to verify and validate the models. A
general correlation between experimental data and numerical results is obtained.
1. Introduction

Fibre reinbrced composites constitute, nowadays, approximately 7.5% of the total mass of vehicles
According to Hosseinzadeh et al. [2], filseinforced polymers have increasingly replaced steel in the automotiy
industry. As structural components, compositeinforced with glass (GFRP) and carbon fibres (CFRP) can red
the vehicle weight by 285% and 4@0%, respectively [3]. This trend is also notably encouraging in aircraft indus
where Boeing 757 recently used more than 57% by weight of FRCs to obrikeumainframe structure [4],

representing estimated savings of-28% of fuel relative to any othairplanestructure [5].

Tiradentes, Minas Gerais, Brazil
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In general, composite parts manufacturing involves many machining operations, such as drilling and nj
during the final procssing before assembly [6], thereby, strict dimensional tolerances and surface roughness
commonly necessary. However, the machining of abrasive fibres and tougher resin could result in excessive
concentration on the cutting tools, while lead t@sificant damages modes such as fibre pull out, delaminatio
and matrix cracks. Mejias et al. [4] stated that the machining induced damages could affect the surface qua
a machined component and act as potential failure initiation when loadedrivicee An overview of the failure
initiation and development during machining composites highlights that is necessary to thoroughly study
damage formation mechanism under different tool geometries and process variables [7]. As result, a larger nu
of machining trials are needed to understand the effect of processing parameters on the surface roughness
failure initiation during the cutting. However, the high cost associated with the composite materials and cut
tools limit the amount and rangef experimental testing.

Finite element (FE) models could be a exfé¢ctive and an interesting alternative to virtually design machinin
strategies to predict the failure modes of composite structures and to reduce the costs of the test campdign [
The energybased models and the ply discount approach are usually the two types of damage propagations fq
in machining FE models. Different macro and miwale models are developed in both approaches to reduc
stiffeness matrix parameters [4]. Soldamial. [8] stated that the damage is the most sensible factor in FE modelli
of composite cutting. The damage distribution changes significantly not only because of mesh size, shap
orientation, but also, due to the variation of energy neededl¢ad to elemental failure Santiuste et al. [9]
concluded that the matrix damage and chip formation are strongly dependent on the energy necessary to L
the element completely. This energy also characterizes the composite behaviour (brittle/ductile) machging.
CepereMejias et al. [4] reviewed that the implementation of continuum damage mechanics (CDM) approac
composite cutting models realistically predict the fracture behaviour of the translaminar interface between fil
matrix. However, in thexasting FE models few works covering this approach were founded.

This work presents an energpased formulation for a treglimensional ply failure model to investigate the
milling process behaviour of UD carbon fibre laminate. The proposed model comtmnéisuum damage
mechanics and stredsased fracture mechanics approaches within a unified context, enabling the analyse of

damage initiation and damage propagation. The constitutive model was implemented into ABAQUS/Explicit
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VUMAT subroutine. Ehproposed formulation was verified against experimental data in terms of cutting force and

sub-surface damage provided by the works of Wang et al. [10] and Yan Le et al. [6].

2. Constitutive models
2.1.Intralaminar damage model
The intralaminar model formulatiocombines four modelling approachédailure criteria, fracture mechanics,

plasticity and damage mechanics as proposed by Oliveira et al. [11] and Donadon et al. [12]-Pastdssiteria
was used to detect the damage initiation for fibre failure @mgion and compression, for matrix failure in tension
and compression, and for-plane shear failure. The fracture and damage mechanics was combined within a uni

context by using the smeared cracking approach, which relates the specific energyanRépresentative Volume
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Element (RVE) with the fracture energy of the material for each particular failure mode. THaesmity originated
from the micracracks and the iplane shear behaviour were modelled by the plasticity. Damage evolution lays
are stablished onhermitian cubicsoftening law employed to degrade the local stresses and avoid numerical

instability. Table 1 shows the failure criteria to detect the damage onset at ply level.

Table 1.Failure criteria for damage onset detection.

Failure node Failure criteria
Fibre in tension O Y_ P8t
. . . N S S
Fibre in compression (O N P8I
Matrix in tension "o, ht At 2 f f 3t
" ~ ~ v P
L . . N T T
Matrix in compressior "0 , ht ht P8t
Y ‘ ” Y ‘ ”
In-plane shear O T SrTS pat

The parameters i@, Sie S26 S26 S3, S2 are the tensile strength and compressive strength in the fibre
direction, the tensile and compressive strength in the matrix directionabytlane shear strength and the-piane
AKSI NI aGNBYyIiIKE NB & IISH »@peSHe dtadses gpRied inkh8 fibee andBidtri Giraction,

ax

and the outof-plane and irplane shear stresses, respectively. The friction coefficientng tn= G KS  &,0 NB
_nZ nt and the outof-plane shear strength,$ are the Puck and Schurmann failureteria [13] parameters. A
detailed description of the damage evolution laws associated with each failure criteria can be found in Oliveira et
al. [11].
2.2.Interlaminar damage model

The ABAQUS/Explicit formulation code, which uses an exqaittitaldifference time integration, was used to
build the interlaminar constitutive model. Cohesive interface elements associated with general contact formulgtion
and failure propagation were applied between adjacent plies. The contact formulation andhhbsive zone model
enables the prediction of failure initiation and damage evolution by means of a trastiparation law. The
traction-separation formulation assumes initially linear elastic behaviour in terms of separation st{essmal
direction), ts (13 direction) and:t(23 direction) associated with mode | delamination followed by the shear stress
in the first direction associated with mode Il delamination and the shear stress in second direction associated with
mode Ill delamination. Detailsnahe damage onset criterion, damage parameters and propagation criterion are

given in Oliveira et al. [11].

2.3. Finite element modelling
The milling process was modelled considering a dynamidinear finite element using an explicit integration.

A brick éement C3D8Rygvailable in ABAQUS Expligifs used to model the UD composite carbon/epoxy. The mesh
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size applied was 0.15 mm per 0.15 mm in the cutting region and 0.6 mm per 0.3 in the clamp region. The speg

imen

have a total of 16 plies, where each plys 0.19 mm in thickness and 76.9 mm in length, the total thickness is 3,04

mm. For the adjacent plies interaction, which represents the resin area between layers, a cohesive coptact

formulation was implemented. The tool was modelled considering an isothlerigid body. The miller cutter was
simplified based on the tool code 2N012 produced by SANDVIK Cordhtit 6 mm of diameter. The
displacement of the tool was considered only in the cutting direction. The rotation and the linear movement of

tool were constrained at the reference point (RP). Different cutting speeds were implemented at the RP in

the
the

cutting direction, according to the work from Wang et al. [10]. The material interlaminar strength, elastic and

fracture properties were extracted frordexPly 8552 data sheet from the carbon fibre plies manufacturer Hexg

and characterised in the Laboratory of New Concepts in Aeronautics (LNCA).

3. Results and discussions
The five failure modes predicted by the proposed damage model are showed in FHgr #ach of the five

el

failure mechanisms, the fibre damage and matrix crack failure are depicted by the red elements. According to the

Puck and Schurmann failure criteria [13], the matrix cracking in tension was dominant in the zone beneath the

machine suidce, followed by matrix crushing damage. These two damage mechanisms covered most of
machined surface because of the stress state of material during milling met the matrix failure initiation. The t
crushing (compression) and-ptane shear failuravere also significant, where the shear failure have a large

damage surface area than the fibre failure.

Fig 1. Damage parameters for milling process: (a) fibre in tension, (b) fibre in compression, (c) matrix in teng

(d) matrix in compression ar(@) Inplane shear.

Fig. 2 shows the failures mechanism leading to the formation of chip. As the tool advances in the workp

the

ibre

=

ion,

iece,

two mechanisms control the chip formation: delamination and the combination of crushing (Fig. 1b, d) and shearing

(Fig. 1e) othe fibres/matrix. Primarily, the compression of the laminate under the tool edge takes place and then

is torn by the tensile stresses (Fig. 1c). Once the interface has failed, shear stresses build up in the cutting tool. |

this way, the failure propages perpendicularly to the cutting direction due to the fibretrix debonding under
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the effect of shear stress. Experimental observations of Zenia et al. [14] and Santiuste et al. [9] are in
agreement with these numerical predictions.

Delamination Milling cutter CFRP Chipformation
damage

Delamination
Interfacialfailure damage

Fig 2. Failure modes and chip formation.

Fig. 3 shows a comparison of the numerical prediction and experimental milling forces from Wang et al
Cutting forces are predicted at each increment of time during the feed of the cutter in the cutting direction. Gi
the different geometry of cutting tools and unidirectional CRFP properties, the cutting force correlates well
the findings of Wang al. [10]. The numerical peak values (178.5 N) have similar values for cutting force obta
experimentally (180.7 N). This small difference can be explained by the changing in the contact conditi

ABAQUS/Explicit, as well as the element deletion rioiteused to remove damaged elements.

Force [N]

Time [sec] %1073

Fig 3. Comparison between numerical predictions and experimental results from Wang et al. [10].
4. Conclusions
A FE based numerical modelling methodolégrycomposite laminates under the milling process has bee

presented in this paper. The following contributions can be drawn:

9 The proposed 3D finite element methodology was able to identify the failure mechanisms occurring at se
points throughout the chip formation process;

9 The model accurately predicted fibreilfae mode, matrix cracking characteristics, interlaminar failures an
cutting forces. The matrix cracking was the most significant damage in the zone beneath the machine surfact
9 An overall good correlation between numerical predictions and experimeetallts was obtained using the
proposed threedimensional ply failure formulation for composite laminates.
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Abstract Given the increasing importance of sustainability in product design, tootesigning products with low
environmental impact are important for tackling problems in the future. One important measure of environmental
AYLI OG0 Aa tAFS OeO0fS SySNHE& O6[/ 903 gKAOK dzaSaiméKS ¢
as a proxy for environmental impact. In this work, the core topology and face sheet thickness of a sandwich bean
are optimized for different material compositions with the goal to minimize the life cycle energy of the beam. A
constraint on the mean coptiance of the beam is used as a proxy for functional requirements. The problem is
solved using a mixeithteger programming extension of the established Topology Optimization of Binary Structures
(TOBS) method. Numerical examples indicate that the methadblie to find feasible minimum LCE solutions with

varying topologies and face sheet thicknesses.

Fundings Vinnova (Grant Number 2043%19) and the European Commission (Grant Number 881807).
1. Introduction

Nowadays, the need for vehicles with low environmental impact is growing ever more important. A traditional
approach to reducing the environmental impact of a vehicle is to reduce the environmental impact associated|with
operation of the vehicle. This appach, however, bears the risk of shifting the environmental impact of the vehicle
towards other phases of its life cycle [1]. An example would be using lightweight materials to reduce the mass of &
vehicle. While the reduced mass would lead to lower endd® y & dzY LJGA 2y RdzZNAYy 3 (KS @

environmental impact associated with the production phase of the material or with the processing of the vehicle

Tiradentes, Minas Gerais, Brazil
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at the end of its life span could potentially be increased. This can lead toptimbal desigd ¥ N2 Y |
perspective that do not take into account the impact of the vehicle over its entire life cycle, but only focus on
operational phase [1].

A method that has been developed to deal with this design problem is the life cycle energwapim{LCEO)

methodology [1]. In this method, the smalled life cycle energy (LCE), which is the cumulative amount of ene

the

gy

consumed by a vehicle over the course of its entire life cycle is used as a proxy for the overall environmental impac

of the vehicle. The LCE is then used as the objective function in an optimization problem.

In [1], the LCE of a sandwich plate was minimized with constraints on the deflection of the plate to ce
loads and on the eigenfrequencies of the plate. The LCE wasatettbased on the energy required to produce
the virgin materials and the energy required to operate the vehicle, and in [2] and [3] this was extended to inc
the effects of enebf-life modelling into the framework as well as the effects of vehiclgpstand the aerodynamic

drag.

tain

lude

Since the groundbreaking work of Kikuchi and Bendsge [4], topology optimization has been applied to a vas

amount of different problems, including phenomena such as static compliance, free vibration, buckling and fg
vibration [5]. A number of different methods have been developed, including solid isotropic interpolation w
penalization (SIMP) [5], bidirectional evolutionary structural optimization (BESO) [6], level set [7] and topqg
optimization of binary structures (TB3) [8]. The work presented in this paper seeks to apply topology optimizati
to the LCEO of a sandwich beam, with the goal of minimizing the LCE of this beam by concurrently optimizir
topology of the core and the thickness of the face sheets. Thblpm is solved using a mixéuteger linear
programming (MILP) extension of the TOBS method.

2. Methodology
The LCE of a vehicle can be expressed by [1]

O® O® O O &h 0
whereO is the life cycle energ{) is the energy required to produce the virgin materal,is the energy required
to operate the vehicl€Q is the energy consumed or recovered by the @fidife processing of the vehicle ama
is the vector of design variables. The LCE optimizatioblem can be formulated as

i ED &

g8 Q& "mh S

where "Q & is thej:th constraint representing a given functional requirement afids the upper bound on this
constraint.
The general topology and thickness optimization problem can beulated as

G Qt Qoafd (88 "Qflfbv " ) -
WN TP hON A h
where Gis some cost functionpis the vector of binary topology design variables, where 0 indicates absence

material and 1 indicates presence adi$ a vector of continuous design variables. Linearizing Eq. (3) yields
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—a

aQE—3w —30 I8 —ww —w T Qw
w To W 0 ) _
W T wp w hwda h

—a

where 3wand3a-0are the changes in the topology and continuous design variables.

The finite element formulation for an elastic structure subjected to static loading is governed by the equation

Lo " U
where U is the global stiffness matrix%, is the global vector of nodal displacements d0ik the vector of nodal
loads. The static compliance is defined in [5] as

6 "Oo6h o)
where is the static compliance aritYdenotes the transpose of a vector wratrix.

The problem of minimizing the LCE of a sandwich beam can now be formulated as
GQt0 w88 6 o of
G mip ho X
where 6lis the upper bound on the static compliance,are the topology variables of the sandwich core anib
the thickness of the sandwich face sheets.
In order to formulate Eq. (4), the sensitivities of the LCE and the static compliance are needed. In [1] itis g
that the different terms on the rigt-hand side of Eq. (1) are linear functions of mass for the core and face shee
Op @ ra o h Of o 4 o h U
where Oy and'Oj;, are the energy consumptions caused by the core and face sheets resped@yeipnd Q; are
the energy costs per unit mass, andd are the mass of the core and face sheets and 0FYO refers to the
different stages of the life cycle. Differentiation of Eq. (8) yields the sensitivities of the LCE
1o ~ 1a 10 w1
o o fe  hieC @
The sensitivities of the compliance with regards to the topology variables are

6 4 PO L0 4F
: 0 ; Wi L O n
Ton 0 ® nwp p

where wp, is the topology variable of elemefn is a penalization factorp  is the lower bound of the design
variables for void elements arid and0 are the nodal displacement vector and stiffness matrix of eler@nt

The sensitivity of the compliance with regards to the face sheet theskise

—a

(VI

T o
0 h pPp

i 6 —
To To

whereo is the nodal displacement vector of elemé@and( is the stiffness matrix of elemer®

The sensitivities were filtered in order to prevent checkerboarding and rdeplendent soltions. The filtering

is done according to the method described in [6].
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3. Results and Discussions
The proposed method is demonstrated on a clamped sandwich beankige& The beam is 8 m long, has a

-

core thickness of 0.2 m and is 5 cm wide. A pressur®@fkPa is acting on a 0.4 m wide section in the middle ¢

the beam. Only the right half of the beam is modelled explicitly due to symmetry. The beam dimensions were

chosen so that the lengtto-thickness ratio was large enough to prevent the deformati@mfibeing dominated

by shear.
0.4 m
-
38m 100 kPa 0.2m
1‘ N (Y
3 At
8m |

Fig 1. lllustration of the model problem

The LCE of this beam is minimized subjected to the constraint that the static compliance is lower than 28000

13%

Nm. Two material combinations are investigated, glass fiber (G&rbon fiber (CF) face sheets, and PVC cor

Two different driving distances are also tried, 60,000 km and 360,000 km. The data for the different materials are

found in [1] and are summarized in Table 1. The-&Hde data is based on Eraf-life scenam number 2 in [2]

and the usephase energy is calculated based on the data in [1]. The results from the optimization are seen in Table

2 and Fig. &.
Tablel. Properties of the different constituent materials
Elastic . _ _ _ Q for Q for
_ Poisson Density Q Q
Material modulus 60,000 km 360,000
number [kg/mq] [MJ/kg] [MJ/kg]

[MPa] [MJ/kg] km [MJ/kg]
GF 18,794 0.3 1940 72.84 -10 11.69 70.16
CF 57,379 0.3 1500 226.44 -32 11.69 70.16
PVC 130 0.3 110 56.7 -22.9 11.69 70.16

Table2. Numerical results from the optimization

Materials and distance ~ Face thickness [mm  Corevolume [cnf] LCE [MJ/1000 km  Mass [kg]

GF/PVC 60,000 km 4.86 28,940 7 6.66
CF/PVC 60,000 km 1.70 24,970 5.38 3.51
GF/PVC 360,000 km 5.13 25,720 2.27 6.56
CF/PVC 360,000 km 1.92 19,620 1.41 3.11
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Fig 2. GF /PVC sandwich cdmpology for 60,000 km driving distance.

RN ANNNIECOL

Fig 3. CF /PVC sandwich core topology for 60,000 km driving distance.

WLAANAANAANAANAANI AT

Fig4. GF/PVC sandwich core topology for 360,000 km driving distance.

NAANAANININININS\

Fig 5. CF /PVC sandwich core topology for 360,00@ kwing distance.

From Table 2 it can be seen that the CF sandwich outperforms the GF sandwich for both driving distances
in terms of mass and LCE, however the relative difference in mass is much greater than the relative differer
LCE. The CBlstions feature less material in the core compared to the GF solutions. The trend that a longer dri
distance leads to solutions with lower mass is recognized from the results in [1] and [2].

One case that is particularly interesting is the 60,000 kseavith CF face sheets. In Fig. 6 and Fig. 7 the L
and mass are shown as function of the number of iterations. The LCE and mass have different histories, sh

that the LCE is not strictly connected to the mass.
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Figure6. LCE history during theptimization Figure?7. Mass history during the optimization

4. Conclusions
A mixedinteger programming method for concurrent optimization of core topology and face sheet thickng

has been proposed for the minimization of life cycle energysaridwich structures. The method has been
demonstrated on a clamped sandwich beam and the results have been discussed. The results show that toy

and size optimization can be successfully combined to LCEO problems for sandwich beams.
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Abstract Sandwich panels have been used $porting goods to aerospace components. The new guidelines

in

engineering designs, whenever possible, have driven towards sustainable and biodegradable materials, minimisin

disposal costs and environmental impact. This work describes the physical andnitatiproperties of sandwich
panels made of aluminium skins, circular honeycomb core with bamboo rings and-bediased adhesive.
Bamboo rings are placed side by side with a gap in order to make the panels lighter, aiming to obtain higher sj

mechanical properties and reduce manufacturing costs.

Fundings CNPQ (PD 163562/202) and CNPq (PQ 309885/261p
1. Introduction

The demand for sustainable and recyclable materials in engineering projects has risen worldwide, mainly
a focus on minimisingnvironmental impacts. Composite sandwich panels withd@nsity core material have high
specific flexural stiffness, strength and favourable compressive behaviour as structural characteristics. T
features make them suitable for aerospace, sportdpmotive and other applications [1]. A variety of materials
have been developed and evaluated as sandwich cores, the most common being hexagonal alveolar cells m

aluminium and stainless steel [2]. Some researc®]Bas shown the advantages of ustngular honeycombs to

Tiradentes, Minas Gerais, Brazil
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improve the mechanical performance of panels. This work describes afni@edly sandwich panel composed of

aluminium skins, bamboo ring core and biobased adhesive. Bamboo rings are placed side by side in a hex

agor

packing with ad without gaps. Gaps are inserted to reduce panel density and enhance specific mechanical

properties, as well as reducing manufacturing costs.

2. Methodology
2.1.Materials and Manufacturing
The sandwich panels are produced by a haratle process. The materialeeamade with aluminium sheets

(type 1SO 2024 with 0.4 mm thick) as skins and bamboo rings as the core. BamboBaimbega tuldoidgsare

obtained at the Federal University of Sdo JoaceRl (CSMBrazil). Based on previous work, bamboo rings with a

diameter of 30£2mm are selected [9, 10]. An abrasive diamond saw is used to cut the bamboo rings with 14+

in height. The rings are placed following a hexagonal packing, adding a 15 mm gap between them, correspg

to their radius, and without gaps (in otact). Bamboo rings are bonded to the upper and lower aluminium skins

with an adhesive thickness of 1.5 mm. The adhesive is a thermosetting polymer based on a castor oil polyure
system sourced bimperve® (Brazil). The bonding process is carriedad@5°C and 55+5% humidity. Sandwich

panels are produced with dimensions of 240 x 90 x 15 mraccordance with ASTM C393.

2.2.Mechanical and physical tests
Mechanical properties are obtained through a thyeeint bending test following ASTM C393peed test of

6 mm/min and a span length of 150 mm is considered (Figure 1a). An Instron testing machine equipped with

2mm

ndin

than

a 5(

kN load cell is used. Two core arrangements are investigated, without gaps (Figure 1b) and with gaps (Figure 1.

under a hexagonalgeking distribution. Three replicates are produced for each experimental condition. The panels

are weighed and measured (using a digital calliper) to obtain their equivalent density dividing mass per volun

Fig. 1 Threepoint bending (a), hexagonal @packing arrangement without gaps (b) and (c) with gaps.

3. Results and Discussions
Table 1 describes the physical and mechanical properties of the sandwich composites produced. Panel

gaps between bamboo rings increase 90% of empty voids, leading to a 20% reduction in equivalent density
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the hexagonal core packing arrangementthout gaps. The incorporation of gaps reduces the mechanic
properties of the panels significantly. There is a 63% reduction in mean maximum load and ultimate st
However, the small size of the samples may contribute to this behaviour, as repor@itl/ayet al. [11]. In other

words, deformation is predominant in the core, as the dimensions of the specimen are smaller (ratio between g
width and panel thickness << 20). As the gaps between bamboo rings tend to reduce the core rigidity
mechanichproperties of the panels are expected to decrease, particularly if the loading configuration leads to n
deformation of the core. This consideration is demonstrated by the greater deformation suffered by the pa
made with gaps between bamboo ring®., there is an increase of 125% in the mean ultimate strain. Moreove
the slope of the straighline portion of the mean bending strestrain curve of rigid core panels with small
dimensions is closer to the overall flexural modulus of the core [@his way, incorporating gaps tend to reduce

core flexural modulus by 84%.

The load versus displacement curves are shown in Figure 2a. The primary fracture mode is debonding

arrows in Figure 2b and Figure 2c), due to the occurrence of skin dinfpdilhgw circles in Figure 2b and Figure

2c). There are also cracks in bamboo ring at the edges close to the local vicinity of the indenter (Figure 2d).

latter probably occurs due to the transverse shear load generated by the compresgigadfende stresses ()
in the upper and lower skins, respectively. The debonding failure mode also indicates a smaiterceken
adhesive contact area by the absence of rings. It is noteworthy that the reduction of equivalent density with
introduction ofgaps does not compensate in terms of mechanical properties, since the specific properties of p3g

with gaps are still lower.

Tablel. Physical and mechanical properties of the sandwich structures.

Panel Properties Without gaps With gaps Gap effect (%]
Empty voids (mm?) 7035 13397 +90%
Equivalent density (g/cm?3) 0.500 £0.014 0.400 % 0.005 -20%
Maximum load (N) 1931 + 40 719 £ 95 -63%
Mean ultimate stress (MPa) 18.68 + 0.32 7.00 £0.87 -63%
Meanultimate strain (%) 0.88+0.14 1.98+£0.48 +125%
Core flexural modulus (GPa) 3.45+0.24 0.56 £0.03 -84%
Panel Specific Properties Without gaps With gaps Gap effect (%]
Maximum load (N.cm?/g) 3866 + 161 1797 £ 218 -54%
Meanultimate stress (MPa.cm?/g  37.39 + 1.45 17.49+1.98 -53%
Core flexural modulus (GPa.cm3/ 6.91 £ 0.46 1.40 £0.08 -80%
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"\

-~ - With gaps
— Without gaps

] 2 4 3 8 10 12 14
Displacement (mm)

\, 7

Fig. 2 Bending load versus displacement curves (a); debonding fracture of panels without gaps (b) and with gaps

(c); bamboo ring cracks at the edges near the local vicinity of the indenter (d).

4. Conclusions
Percentage reductions of 20%, 63% and 84 % in equivalent densityhdasidg capacity (maximum load and

ultimate stress) and core flexural modulus, respectivelgre achieved by panels made with gaped bamboo ring

cores. This behaviour is probably related to the dimensions of the specimen used in the tests, whose loading

configuration provides greater deformations in the core. Investigations of specimens itusatuidimensions (with

larger span length) should provide less difference between the mechanical properties. Equivalent density redyction

did not lead to superior specific properties. Sandwich panels with gaps smaller than 15 mm and larger dimension:

will be the scope of future investigations.
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Abstract This work investigates the effects of water ageing on the tp@iat bendng behaviour of composites
made of castor oil polymer reinforced with short coir fibres treated in a 10% NaOH solution. A Design of Exper
(DoE) is performed to identify the effects of the factors (levels), fibre treatment (untreated and treated), &
immersion exposure time (0, 8, and 16 days) on the flexural modulus and strength of the biobased composites
exposure time significantly affects flexural modulus, while both factors affect flexural strength. Higher expo
times and fibre treatmentdad to lower mechanical properties attributed to the easier percolation of water by th

excessive lignin removal.

Fundings CAPES MSc scholarship (#88887.488889/202@nd CNPq (PQ 309885/261p9
1. Introduction

The consumption of plastic products oveethears has generated a large number of wastes which accumula
in landfills, causing considerable environmental problems [1].-Blodegradable plastics or polymers contribute
significantly to these problems, as they have high resistance to degradationgtyears to decompose. Therefore,
researchers and industry have been looking for alternatives to minimise the environmental impacts caused b
improper disposal of products made from plastics [2]. The use of biodegradable polymers is an ecdiegiatilzal
to reduce the environmental impacts. Among the biodegradable polymers, the ones that have attracted the 1

attention are those obtained from renewable sources due to their lower environmental impact.

Tiradentes, Minas Gerais, Brazil

14-18" August 2022
Copyright ©2022Authors retain the copyright of this article.
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Castor bean is an abundant plant in Braail] its use can be relatively simple. Castor oil represents a promisi
raw material due to its low cost, low toxicity, and availability as a renewable agricultural resource. Coir fibres
obtained from the coconut husk and correspond to about 30% ofrthie Coconut husk is a lignocellulosic material
corresponding to 8@5% of the fruit's weight. Coir fibres are highly lignified, and their chemical composition val
according to weather conditions and fruit maturation. Coir fibre has a relative adganh abundance and cost, as
Brazil is a major worldwide consumer of green coconut [3].

The effect of moisture ageing on epoxy and flax fibre composites was reported [4]. Samples were plag
climatic chambers with humidity of 50% and 21°C, and remamedturation for 2, 4, 8 and 16 days. Other sample
were immersed in water and kept in saturation for 2, 4 and 8 days. The results showed that water absorj
increases progressively with ageing time, compromising the flexural properties of the coespdsirthermore,

the loss in flexural properties occurs much faster in a fully saturated environment.

The ageing caused by water and alkaline solutions in epoxy composites reinforced with jute and basalt
was investigated [5]. The jute fibres undemt alkaline treatment in NaOH with a concentration of 5% for 3
minutes. Another group of samples underwent treatment with silane, with a concentration of 3% for 2 hours.
fibre composites made with (i) untreated fibres, (i) treated with NaOH aipdré@ated with silane; and basalt fibre
composites made with untreated fibres were evaluated in four different ageing conditions: 180 days underw,
at 20°C and 40°C, and under alkaline solution at 20°C and 40°C. The results showed that the juteesogajiroesit
more weight than the basalt ones and that the treatments reduced water absorption, increasing the tensile stre

of the composites.

This work investigates the effects of water saturation on the thpeat bending behaviour of coir fibre
compostes composed of a castor oil biobased matrix phase. Short coir fibres, randomly arranged, are treateq
10% NaOH solution for short periods (up to 8 hours). The flexural modulus and strength (ASTM D790 [6
evaluated considering the factors (levelibre treatment (untreated and treated) and exposure time (0, 8, and 1
days).

2. Methodology

2.1.Fibre characterisation
The natural fibres were previously treated with NaOH solution in 10% concentration for 1, 2, 4 and 8 hou

ng
5 are

ies

ed in

=

D

ntion

ibres

D

Jute

ater

ngth

1 in a

) ar
6

S, as

reported by [7]. Aftetreatment, all conditions are exposed to 55% relative humidity for ten days. Subsequently,

the fibres are tested in tension using an Instron® testing machine equipped with a 50 kN load cell (Figure 1 A

According to ASTM D3822 [8], at 2 mm/min, five défe conditions are tested without treatment and four
treated conditions. The fibre diameters are measured using a Scanning Electron Microscopy (Figure 1 B) a

ImageJ software. Forty (40) samples are considered to obtain mean tensile strength andsnodu

2.2.Compositesdbrication
The composite plates (280 x 280 x 3.5 mm3) are fabricated by cold pressing and randomly arranged casto

matrix and short coir fibres. A constant fibre mass fraction of 30% is considered, as reported by [9].
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The untreated ad treated fibres that achieved the best results from the tensile test of individual fibres dre

used to fabricate the composite plates. The curing process considers 15 days at 21°C and constant humidity &

approximately 55%. Subsequently, the compositesfally immersed in water for 8 or 16 days.

2.3. Composites lzaracterisation
The threepoint bending tests are performed according to ASTM D790 (Figure 2) to tiddlexural modulus

and strength of the composites. Ten (10) samples (65 x 13 x 3.5 mm3) and one replica per condition are testeg

a Shimadzu® testing machine with a 100 kN load cell at 2 mm/min and 60 mm span length.

Fig. 1 Tensile test of indidual fibres (A) and Fig. 2 Threepoint bending.
fibre diameter measurement by SEM (B).
3. Results and Discussions
The histograms for the probability distribution of the elastic modulus tmsile strength of the fibres are
shown in Figure 3. The treatment lasting 8 hours proved to be more effective in improving the mechat
performance of the fibres, being chosen for the manufacture of composites. Alkaline treatment can remove p4d

the lignin leading to a reorientation of the microfibril angles, with consequent mechanical improvement [4].

0.012

Treatment
time

2h 0.010
0.008
0.006
0.004

0.002

SE PN e

12 16 0 60 120 180 240 300
Elastic modulus of fibres (MPa) Tensile strength of fibres (MPa)

Fig. 3 Histograms for the probability distribution of the elastic modulus and tensile strength of the fibres.
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19}

Figure 4 shows the mean stresisaincurves obtained for the composite (16 days exposure time) under thre
point bending and a typical sample fracture image. Afiioite rupture is evidenced on the bottom side of the beam
under tensile stresses.

9

8 Pris SESiery

Stress (MPa)

- - -Composite with
untreated fibres

—— Composite with
treated fibres

0 1 2 3 4 5 6 7 8
Strain (%)

Fig. 4 Mean stressstrain curves for tread and untreated fibre composites (16 days exposure time).

Table 1 shows the DoE model data. The main factors or their interactions are only analysed if they are
significant with 95% confidence-@I f dzS > ndnp X KA IKE A I K (abtlR affacts thé fRxufdlo (&
modulus, while strength is affected by both factors. Interaction effects are not significanvalsés are greater

than 0.05.

Table 1 DoE model analysis.

Assumptions under verification: residuals are normdisiributed and have equal variance

Flexural Modulus Flexural Strength
R 86.01% 89.35%
R (@d) 74.35% 80.47%
P-ValueAP (RESD 0.225 0.179
P-Value® (RES) 0.746 0.702
P-ValugTreatment 0.116 0.011
P-ValugExposure 0.004 0.003
P-Value™ 0.521 0.867

Re determine how well the model fits the dataZ Rd)is the percentage of the variation in the responses that is
explained by the model;-RalueAP (RESlis the Anderson Darling test of residuals and values greater than 0.05
indicate normal distribution; ®alueB®ReSk 5§ G KS . I NI S dn@vlue$ Gréater thauF0.0BBdICAtR dzI £ &
homogeneity of variances;PalueTreament R\/glueExrosuregnd RValue!™: indicate, respectively, if the treatment

of fibres, the exposure time and the interaction of factors influence responses, and valueghess@.05 indicate

significant influence.
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Figure 5 shows the main effect plot for exposure time for the adjusted means of flexural modulus, which v
from 0.23 to 0.49 MPa. The immersion exposure time substantially reduces the composite stiffriesS31)6%).
The percolation of water inside the composite can hinder the interfacial bonding condition, especially due ta
natural fibre swelling [4, 5].

Figure 6 shows the main effect plots for the adjusted means of flexural strength, which varieS.8bno
13.58 MPa. Composites made with treated fibres lead to reduced flexural strength (35.17%), as well as the exg
time with a substantial drop up to 57.00%. This behaviour can be attributed to the excessive removal of lign
the alkaline treament, facilitating the percolation of water, especially when considering a long time of exposu

The microstructural analysis will be the scope of future investigations to understand such mechanisms better

050 Fibre treatment Exposure time of composites

. 13.58

0.45
0.40
B

41.53%

57.00%
9 3517%

Mean of Flexural Modulus {MPa)

Mean of Flexural Strength (MPa)
=

0.20 : 6 ¥ 5.84
0 days 8 days 16 days

E ti f it
¥paosure time of composites Untreaded Treated 0 days 8 days 16 days

Fig. 5Main effect plot for flexural modulus. Fig. 6 Main effect plots for flexural strength.
4. Conclusions
Theeffects of fully wateimmersed ageing on the flexural properties of coir fibre composites composed
biobased polymer were investigated using a statistical design. Flexural modulus was affected by immersion
while strength was affected by immersi@xposure time and fibre treatment. Although the fibre treatment
increased the tensile properties of the fibre, the same trend was not evidenced when incorporated into
composite material. Reductions in flexural stiffness and strength were observeddneréased exposure time,

mainly for treated fibres, attributed to excessive lignin degradation and faster water percolation, which might h

aries

the

osur

n by

time

the

ave

compromised the interface condition. Further microstructural analysis will perform for better understanding such

mechanisms.
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Abstract Fused deposition modeling (FDM) is -® Jrinting process that generates parts by successive lay,

addition. These layers are typically orthotropic and can be treated as composite laminae, but predicting

er

their

structural charaatristics experimentally it is still very difficult. Thus, this work has the goal of developing a

methodology to obtain the mechanical behavior of FDM printed components through a multiscale analysis, ai
future dataset generation for constitutive mod¢ld @Al | NIAFAOALFE ySdz2NI f yS

ming

R

material, a mesoscale representative volume element (RVE) model is developed based on the finite element

method (FEM). The periodicity of the model is assured by periodic boundary conditions Q& 0 X | YR A
is automated though a Python script for the finite element (FE) software. Timd® finite element C3D8R is

0 a

selected to mesh the model, and a mesh sensitivity study is performed. The model verification was carried through

the comparison of numerical stresdrain curves and experimental results for tensile and shear tests available

n

the literature. The stress vs. strain responses of the RVE are adequate, although the mathematical model may b

improved for future mechanical bavior dataset generation.

Fundings Rio Grande do Sul State Research Support FounddiibRERGS.
1. Introduction

FDM is an additive manufacture (AM) process that has been used to meet the growing need for lightwg
structures and this technique enabldset generation of optimized structures [1, 2]. Also, FDM printed structure

are formed by thin stacked layers, and owing to their typically orthotropic design, induced by heterogene

Tiradentes, Minas Gerais, Brazil
14-18" August 2022
Copyright ©2022Authors retain the copyright of this article.
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morphologies, they might be treated as composite laminates. Due tathigotropic behaviour, the stiffness and
failure mechanisms observed in these parts are particularly complex when compared to heterogenous mats
[3].

Anoop and Senthil [2] developed a multiscale approach to determinate the elastic properties of Fe&rstgen
structures. Wang et al. [4] applied Hill anisotropic yield model to describe the mechanical behaviour of mate
manufactured through stereolithography (SLA), for different printing parameters. Howevetineam effects are
poorly covered, whiclotherwise would result in high computational cost increase [5]. In order to reduce the
O2a0az adNNR3IAIGS O2yadAilddziagdS Y2RStAy3a GAl ! bbQa
an open hole laminate plate RVE to generate tlaning data for the algorithm. It was concluded that the method

proposed enables 50% decrease in computation cost when compared to the FEM.

The present work aims to develop a methodology, through a literature available algorithm, to obtain
orthotropic elastoplastic behaviour of structures manufactured through FDM. A multiscale approach is adop
and a mesoscale RVE constructed based on the FEM is used.

2. Methodology

The FDM printing process is selected to perform the multiscale analysis. |&simate composites, it is
considered that the printing layers are stacked in the normal direction to the load plapglane), and the
orientation of these layers is given in degrees fromxiuirection to the printing orientation), as shown in Fig. 1
for 0° and 90° samples. THhe2-3 system represents the local coordinate system, asydzxthe global coordinate

systan. The material properties are defined for the2-3 system, i. e., for the layer [7].

3, 3,

0° 90°

Fig.1. Coordinate systems adopted.

To generate the RVE, the script methodology proposed in [6] is used. In these scripts, it is developed th
programmed applicA A 2y 2F 02dzyRF NBE O2yRAGAZ2Yy & 0./ Q&sirgss dtaeNJ
resulting in an autonomous code for simulations of the proposed model, including elastoplastic behaviour.

PLA filament is used as material during the simutetiovhere Abaqu¥ software is used to solve the RVE. The
Stlrad2LiladAld YFGSNARAFE LI NFYSGSNEQ 6SNB 206Gl AYySR
MPa and the Poisson ratio of 0.35 [2] were used as elastic parameters and Johrastidazamki [9] methodology
is applied to stablish the nonlinear behaviour. One model was performed using linear and other nonliy
behaviour. It was used Anoop and Senthil [2] study to define the right geometry to the mesoscale model, me

with C3D8R elaents, presented in Fig 2a.
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restrain the translation of the model during the load, as Fig. 2b presents. A mesh convergence study is perfo

to select the element size of the model.

< RP_shear
i

7 \x

3 RP_normal

(a) (b)
Fig. 2 (a) Mesh and (b) boundary conditions f@NF RVE.

3. Results and Discussions
The mesoscale RVE model was solved with the FEM, on which its characteristic morphology was deter,

based on the study of Anoop and Senthil [2], and the parameters for the FE software elastoplastic model

selected through the tensile stressrain curve for an extruded PLA filament [8]. Thereafter, it was developed the
preLINE ANF YYSR LI AOFGA2Yy 2F ./ Qax t./Qa FyR LI yYyS$

of its mechanical behavior datis performed by the scripts based on Gulikers [6], which showed satisfact

operation and promoted huge time optimisation for creating the FE model.

A convergence study analysed four different models with C3D8R elements, which were divided in ®d8, 1

rmed

mine

were

U7
Q)

pry

0a

12 seeds in their outer edges. A normal displacement in direction 1 was applied to each configuration and the

tensile load was captured from the history outputs. The load value for the 12 seeds model was stablished as

reference, and a +10% tolerance ws to select the least refined mesh that had shown satisfactory results. T

adopted model is the RVE with 8 edge seeds, presented in Fig. 2a.

The elastic and elastoplastic models were compared with the experimental results achieved by Ferreira

et al.

[10], according to the ASTM D638 and ASTM D3518 standards. Figs. 3a, 3b and 3c show the numerical at

experimental stresstrain curves for loads in directions 1, 2 and 12, respectively. It can be noticed good fit for hoth

elastic and elastoplastic models tfoe tests results. The linear model is able to capture well the initial stiffness
all directions studied. However, nonlinear effects are observed at higher stress levels, which makes the non

model more accurate.

The slight divergences betweenmarical and experimental results might justified by the anisotropy induce
in the extrusion process of the filament through the printer nozzle, which is responsible for mechanical stre
increase in direction 1 and decrease in directions 2 and 12 [49, #ie crossectional area morphology found in

Anoop and Senthil [2] samples might show variances when compared to the ones used in Ferreira et al. [10].
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4. Conclusions
This study has developed a multiscale methodology to obtain the elastoplastic behaviour ofB[Pkh&d
structures. The mesoscale model selectedepresent the macroscale was defined according the morphology of
real sample, and a Python script was adapted to automatically generate and simulate the RVE. The model is d
with an elastoplastic model, on which its parameters were obtained thinoa tensile test performed with an
SEGNHZRSR t[! FAEFIYSyGo faz2y GKS Fdzi2YlFIGAO | LILX A
experimental tests, although some limitations of the model do not allow greater convergence, e. g. the 1
inclusion of a ductile damage onset and evolution criteria and the neglect of anisotropic effects on the prir
filaments. In general, the mechanical responses of the developed RVE are adequate and the mathematical
can be improved for future apphtions.
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Abstract Circular Cylindrical shells structures play an important role, mainly iadh@space sectors. In general,
they are subjected to external loads and internal pressure due to internal storage such as a propulslarttisel.
work, a semianalytical model using Ritz method is proposed to evaluate the axial critical load of busrkding
internal pressure behavior of composite cylindrical shells. Simulations were performed for two different lamir
stacking sequences based on unidirectional tape carbon/epoxy. Conditiaranapededges are evaluated. The

model consists of using tigometric functions to approximate the displacement field in the Ritz formulation. |

ate

n

this case, the functions are chosen to meet the geometrical boundary conditions and a suitable number of terms in

the Ritz method is chosen to achieve convergence resiilte Ritz method formulation is based on the total
potential energy combined with the ReissAdindlin hypothesis in the straidisplacement relationships. The

critical buckling loads and buckling modes are obtained from the resultant eigenproblem wdéastahpotential

energy is minimized. The results are compared with numerical predictions obtained using the commercial software

Abagus, based on finite element method (FEM).
1. Introduction

Shells differ from the others kind of structures manly due the @nes of curvatures, which can make the
solution methods be complex depending on the approach, load cases and boundary conditions. Many of the
developed for shells, are based on the Kirchlaffe hypothesis that straight lines normal to the undeformeg

midsurface remain straight and normal to the middle surface after deformafiprif the transverse shear strain is

considered, we are referring to the Reissiindlin hypothesis and lines normal to the undeformed midsurface

do not remain straight andormal to the middle surface after deformation anymore.

Tiradentes, Minas Gerais, Brazil
14-18" August 2022
Copyright ©2022Authors retain the copyright of this article.
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Usually, the solution of the differential equations that describes the problem can be approximated by u
semianalytical methods. Many times, these problems are solved by the Finite Element MEBbt), as they are
widely used in commercial software. The Ritz method, based on variational principles, is another alternative. |
case we apply the principle of minimum potential enef2ly The method can be applied, for instance, by choosin
specific shape functions or can be associated to the Moving Least Square method, a meshless method, as pre

studied by the authors of this woflg].

Cylindrical shells have been investigated in different ways, including by the Ritz method. In,giifferaht
approaches are used for the boundary conditions, materials and shape functions. Castj4)] athastigated the
effect of initial imperfection on the buckling of cylinders and cones. Priyadarsini, Kalyanaraman and Siif]vas

reported details of a numerical (FEM) and an experimental study on buckling of carbon fiber reinforced pla

5ing

N this

0
ViOUS

an

stics

(CFRP) layered composite cylinders under displacement and load controlled static and dynamic axial compressiol

Shadmehri, Hoa and Hojj4] studiedbuckling in short cones for different fiber orientation and cone angle.

The objective of this work is to propose a senalytical model using Ritz method to evaluate the axial critica

buckling load and internal pressure behavior of composite cylindsiels. Different relation between the cylinder
radius (R) and thickness (t) has been analysed. For each cylinder, the laminate stacking sequence is fixed w
relation R/t is changed from 200 to 2000. The length L=2R is adopted for all casesnésthizk =0.125 mm is

used. The composite mechanical properties were obtained oA set of trigonometric functions are chosen in

order to meet a clamped edge (cc). A convergency study is performed to evaluate a suitable number of terms

hile tl

to be

usedin the shape function description. The Ritz results are compared with numerical results obtained through finite

element analyses using the commercial software Abaqus.

2. Formulation
Composite cylinders under internal pressure and axial load will be formtblatee. Fig. $hows details about

the loads, constrains, stacking sequence of the laminas, fiber orientation and referenceNais.the axial
distributed load andy, is the internal pressurei, vandw are displacements and RRyandRz are rotations around

X, y and z respectively. The straiisplacement relation is taken froft] in a general form for shells.

— v=w=0(

"<s,,, ,q“ — ) R.=R,=R =0

— u=v=w=0

7y R =R =R.=0

Fig 1. Cylinder details (elaborated by the authars)

2.1. Static problem formulation for composite cylinder subjected to Internal pressure loading

Consider the cylinder showed in the Fig. 1 under internal pressure and clamped edges. The total potential

energy is given by:

: Y oo Y o p
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whereUandW are the strain energy and the work done by the external forces, respectively/ @ritie potential
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of external forces.U is given by:

5
5
Tt

Tt
Tt
5

Il
r

[A], [B], [D] and [4 are the extensional, extermn-bending coupling, bending and cat-plane shear stiffness

° p
0 av? q & aqvwv
. C

matrices for the laminate, respectively. The pressure load potential energy is:

0 T
) 0 m Q7Y )
0 N

In the Ritz method the displacement field can be approximated in a series form where we have to

approximation functions and later, we have to find the Ritz coefficients. The approximation function needs to n

some requirementg[8]: Satisfy the geoetric boundary conditions; ensure the minimum completeness, bg

continuous (as required in the variational methods) and be linearly independent. In this work, we approximate

displacement field for clamped edges in the form:

C“

6o & p (I)ET‘H"QE) p— wéiQp— A MM T
Now, minimizing the total potential energy we can obtain the stiffness matrix and force vector:
7" 1Y) 0 m U
0 O 6 0OYQ—Qua 0]
"0 0 QYQ—Qa X

gN“VW is a matrix containing the polynomials assembled by the Ritz metha{l,is the matrix that relates the

membrane, curvature and owif-plane shear strains with the generalized Dd&g%,q),q; and {}is force

vector obtained from (3). And finally, the Ritz coefficients can be obtained by solving the following set of li
equations:
0
2.2.Buckling problem formulation

In the case of axial compression loading, we hHaw®nsider the VosKarman strairdisplacement relationship

in the potential energy of external loaf):

T

P U

’

®w - —, YQ—Qua W
G o}
In this work, we use the approximation functions for the displacements and rotations agviatiow[10]:
0 N 0 ’|—0 e — p T
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The minimization of the total potential energy (5) results in the following eigenproblem,
O 0 v n 1 pu
Here, Ncrz are the buckling loads an 5] is the geometric stiffness matrix, giveg:b
0 0 0 YQ—Qa (o0
gH* is a matrix containing the displacement derivatives introduced through Eq. (9).

3. Numerical Simulations
3.1. Model description
The mechanical properties used for the numerical simulations are predén the Table 1. For buckling cases

different R/t are used while L=2R is fixed. Static analyses are performed for cylinders subjected to internal pre
of 0.5 MPa, R=100 mm and L=200 mm. For both cases, the edges are clamped (Fig. 1) with @tdbptimp

displacement dor buckling loading case.

Table 1 Lamina properties

E (MPa) E (MPa) 12 G2 (MPa) Giz(MPa) G3(MPa)  Thickness (mm
125774 10030 0.271 5555 5555 5555 0.125

3.2.Buckling analysis
Convergence studies were performed for both Ritz and FEM for the case R/t=100 and L=2R (Fig. 2a and

2b). For Ritz, m=n=25 is adopted. For FEM, 20000 S4R shell elemefit4]jsee adopted.

300 E120
g 250 @ £ 100
Z, 200 % 80
}3150 o 60
5‘ 100 g’ 40
= 50 é 20
5—5’ 0 @ o
3 5 10 15 20 25 30 800 3200 7200 12800 20000
m, n n° elements

Fig 2. Convergence study for the laminates [0/90/90/0] using (a) Ritz and (b) FEM
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Fig. 3a and 3b show the comparison between Ritz and FEM for the critical buckling load for different R/t

relation L=2R is maintained for all cases. Both figures show a gwedment between the Ritz and FEM in most

cases.

. 40 _ 50

S S

E 30 E 40

> > (b)

i g -
3 20 3 —A— Ritz
| = 20

o (o)) ——FEM
£ 10 £ 10 .

= ~

S 4 S i e
m m

0 200 400 600 800 ]Fg)/(t)012001400160018002000

0 200 400 600 800 1R0?t012001400160018002000

Fig 3. Buckling load for the laminates (a) [0°/90°/90°/0°] and (b) [&D7/30°/-30°]

3.3. Static analysis of a cylinder subjected to internal pressure

Fig. 4a and 4b show the transverse displacement for R/t=100 and L=2R for both laminates. OnN

The

the

displacement field is showed here, but stresses and strains, for instance, are easily obtained by taking the

displacement fields derivatives. Fig. 3a and Bivsa good agreement between results obtained through Ritz and

FEM analyses for the transverse displacement field.

0.16 5 . : 0.6
PN i o et o e e s o s P S PO U UUUUY PURUURU SRR S L
oy Vel
12 | — ! .
T 01 | L E04 Ty \
=006 || - -Rw \ Soall ® [--FE ‘!
= Y | @ | FEM i =02 R PRI FEM [
0.04 |i \ 0.1 |f \
0.02 |i i 3
0 > 0

0 20 40 60 80 10h0[120]l40160180200

Lengt

0 20 40 60 80 100120140160 180200
Length [mm]

Fig 4. Transverse displacement for the laminates (a) [0°/90°/90°/0°] and (b)-BW780°/-30°] subjected to an
internal pressure of 0.5 MPa

4. Conclusions

Cylinders with different R/t and L=2R were studied in this work for gutysend angleply laminates. A
convergence study was performed to ensure a suitable number of terms (for Ritz) and elements (for FEM
valuesof transverse displacements for cylinders under internal pressure, the-pipssylinder showed better
results than anglgly. Possible due to the different degree of anisotropy in both laminates. The same is applieq
the buckling behavior. Finally possible to see a good agreement between the proposed formulation for Ritz 3
FEM. Therefore, this seranalytical model showed to be an important contribution for futures studies, making th
analyses less dependent of commercial software. Furthermibrean be used to develop tools that perform
analyses such as parametric studies in general, variable stiffness and inclusion of imperfections.
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Abstract A novel semanalytical (SA) model has been proposed to analyse mode | delamination in bongded
composite structures including fasteners. The DCB speciméivigded in three domains with each a set of

hierarchical shape functions to describe the displacement field.

The Principle of Minimal Potential Energy combined with the RayRighMethod are used to determine the set
of equilibrium equations. The totakrain energy of the specimen is defined in terms of, the bending strain energy
of the laminate, the strain energy of the bonding area between thelauiinates, and the fastener strain energy.
The overall displacement field obtained by solving the s& hfdzA £ A 6 NR dzY SljdzZ- A2y a Aa d
compliance function, from which the Strain Energy Release Rate (SERR) can be determined. A Newton Raphs
iteration scheme is used to compute the crack growth with varying loading during the delamipatipagation.
The results of the SA model in terms of ledidplacement curves were compared with FE predictions and
experimental results and a very good agreement was found between the results. The proposed SA model allow:
large parametric studies at welow computational cost, being a powerful tool for preliminary analysis, design, ahd

optimization of boltedbonded composite parts.

Fundings CNPq grant number 301069/2009

1. Introduction
The push for sustainability has increased the design requiremdrasaraft following a demand for greater

performance. Combined with the increased use of composites in aircraft it requires better understanding of| the

Tiradentes, Minas Gerais, Brazil
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material performance. Current assembly methods are restricted due to certification efforts whichsrésult

frequent use of fasteners through bonded composite parts.

A common failure mode within composite laminates is delamination. However, there is no cost and time

effective way to analyse delamination in composite structure where fasteners are incllideccommon method

for prediction of crack growth in those structures is a full Finite Element Analysis (FEA), but this is a computatipnally

expensive process. Therefore, the objective of this study is to develop af®amgtical (SA) model to predict ckac

growth of Mode | delamination in a Double Cantilever Beam (DCB) specimen with fasteners included. It is desirec

that this SA model predicts accurate results with less computational effort than FEA. The results obtained from the

SA model will be compardad experimental results and FEA.

1.1. Model function and overview
The SA model is based on the Principle of Minimum Potential Energy (PMPE) and uses hierarchical

function in combination with the Rayleigh Ritz approximation method to determine a seuditemym equations.

shay

When the set of equations is solved, a description of the displacement field in the specimen is obtained. Afterwards,

the Strain Energy Release Rate (SERR) is determined using the compliance method with the function jof th

displacemenfield, which yields a function of the SERR over the specimen. This SERR function is then used with a

iterative Newton Raphson scheme to determine the crack growth. This completes one cycle of the model.

After the model completes one cycle, the crack kbnig increased according to the calculated crack growth.

The model starts a new cycle with a renewed definition of the shape functions, after which a new set of equilibfium

equations is determined. The cycles are repeated until a preferred conditiotiilied) in this study chosen to be

the loading force reaching chosen values. However, this condition could also be implemented to be number of

cycles, the size of the opening displacement, or the crack length.
The Finite Element (FE) model that is ussdcbmparison of the results is based on Cohesive Zone Modellin
The experimental results were provided by Bast[dhi The dimensions of the DCB specimen were adjusted in tk
SA and the FE model to match those used in the experiments, which were atitardance with specifications
given by ASTM standargi] for DCB testing. The SA model was implemented in MgR]adnd the FE model in
Abaqud4].
2. Methodology
The specimen is a plain DCB specimen with a hole drilled and a fastener installed. Aisabfahmspecimen
is shown in Fig. 1. The specimen is split in half on the symmetry plane and the adhesive between the sublam
is modelled as an elastic foundation. The stiffnesses of the foundati@md k;, are dependent on the layup and
the material properties of the sublaminate, and the fastener stiffnedseandkr, are derived from its dimensions

and material.

e

inate

¢KS Y2RSt dzaSa . I NRStf Op6KLESNRSAROND b Sacein&nSield TH6 drf @

first four order functions are regular cubic interpolation polynomials for displacement and rotation in t

endpoints. Higher order functions are internal displacement functions with zero rotation and displacement in

endpoints. Thushigher order functions can be added without interference of the endpoint location and rotation.
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These functions are multiplied against coefficients and summed to obtain a displacement fufgjigiven in Eq.
(). The specimen is divided into threendains with sets of shape functions, where the middle domain moves alo
with the crack tip to accurately describe the region, indicated by the square brackets in Fig. 1. The size of the

tip domain can be chosen.

-]

. Fastener
J_‘ Half ;s‘ublammate Adhesive |

O / )
| : ‘- z :lh
‘(‘)J : ; L. Symmetry pline
i | L, 5 :
Loy ‘
E.)_‘ Half sublaminate  k, , k, Kee » !flin Xf

la~)

=

o ié%ﬁf$§$f$§$$;$§$§$$$$#$él_vzh
‘ Le

a

(1] [2] B3]

Hg. 1.Schematic of the DCB specimen with a fastener

The PMPE states that there are two forms of potential energy in the system, elastic strain Enanglywork
W. The work done on the system is the loading force times the displacement at the loadtgg= 0. The elastic
strain energy of the system is described in three parts: the elastic bending of the sublaminate, the extensior
rotation of the adhesive layer, and the extension and rotation of the fastener or rivet. Rotation is used tbe&esq
the bending of the fastener as its bending direction is perpendicular to the displacement field function. For a s
equilibrium, the variation in the potential energy must be zero. All elastic terms are described using an integn
the vertical diplacement field function or of its derivative&n example of a strain energy term is given in Eq. (4

in this case the bending strain energy of the laminate. Similarly extensional energy would be an integral ove

specimenoE U @ , orrotationE —

L Y w C

! Tt o
By writing the terms of the potential energy equation in the matrix vector notation of Eq. (1), they can
rewritten using the Rayleigh Ritz method when taking the variation of the potential energy to obtain a linear sys
of equations. The set of equilium equations is shown in Eqg. (5) and (6), where thematrix is the summation
of the elastic strain integrations and whené is the load vector of the shape functions. The hole tastiener are

accounted for in the strain energy integration calcidas.

v 2 o0 20 00 P 000 6 ® O ® dQa
o C Up Up T
0 0 0 0 0 0 v
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O @ O T [0
This system of equations can be solved for the coefficightsvhich can then be substituted back into Eq. (1)
to obtain the displacement field over the specimen. This function of the displacement is dependent on crack le

aand loading forcé. The displacement function can be divided by the loading force toagbegnpliance function

ngth

of the specimen® & . The compliance function is then used for calculation of the SERR using the compliance

method, as shown by Eq. (7). When this function is rewritten to isolate the force using the material critical §

(Go), the critical load at a given crack length is obtained.

06 0 Q6w
Y X

ERR

After the SERR function is established, the critical SERR is subtracted to obtain a function where crack growt

is initiated when its value is zero. This function is then useal Newton Raphson iteration scheme to determing

the crack length growth for a given force change. When the crack growth is determined, the critical loading force,

the critical opening displacement, and the crack length are stored, and a new cycleedd.stdr¢ new cycle starts

with a renewed definition of the shape functions to determine a new set of equilibrium equations.

3. Results and Discussions

———FE analysis
60F — — —Experimental |
—— SA model

0 5 10 15 20 25
2 x v (mm)

Fig. 2.Results of a DCB specimen with a hole of the FE model, experiments, and the SA model

The SA modavas developed in three stages: a plain DCB specimen, a DCB specimen with a hole, and

specimen with a fastener installed. The FE model was developed simultaneously, and the results were analy

the same order. The results of all models and fioret are compared in opening displacement versus loading for¢

plots, as this is the format of results of experimental DCB tests, which are displacement controlled. For brevity
results of the plain DCB specimen will not be shown here as it is singule gropagation. It can be seen in the
other results of the DCB with a hole, and the DCB with a fastener, that the crack propagation is accurately pre
by the SA model.

The results of a DCB specimen with a hole are shown in Fig. 2, where it caenbihatethe linear elastic

a DC
sed |
e

, the

Hicte

opening behaviour of the SA model is less compliant than the FE model. A difficulty in modelling DCB specimens
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the elasticity at the base of the opening arms as it is not a fully clamped boundary condition. The SA model
allow for some elasticity, however it does not provide the similar compliance as the FE model, and it is also s
than the experimental results. The crack growth behaviour of the three curves is interchangeable with each o
In these results, a snaprough can be seen by a sudden drop in the loading force. This snap through hapg
when the crack tip reaches the edge of the hole and there is a sudden reduction in area along the crack tip
The SA model accurately predicts the opening, init@tlc growth, and the snap through compared to the results
of the experiments and the FE model. The increased loading force and secondary snap through after the hol
can be seen in the FE and experimental results could not be replicated by the SAThedelare caused by three
dimensional shaping of the crack tip and the SA model is based on-dirtvemsional simplification. The crack

growth of the SA model after the hole is in good agreement with the FE and experimental results.

701

60

— FE analysis
— — —Experimental
——SAmodel |

6
2 x v (mm)

8 10

Fig. 3.Results oa DCB specimen with fastener installed of the FE model, experiments, and the SA mod

The crack growth behaviour of the SA model of the full DCB specimen with fastener is again identical with
FE and experimental results. The crack arrest is exparibslightly different for the 3 methods. The FE mode
experiences a snap through behaviour before the crack is arrested. This is due the fastener being modelled w

apreload, and Bastiatim® Kl & aK26y SELISNRARYSyY(a périentesimbarbehbdotrNJ

does
stiffer
ther.

ens
front.

D

e tha
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The crack arrest behaviour of the SA model and the experiments are similar with the exception of the moment

of fastener initiation. Both methods experience full crack arrest without a snap through, but the SA model pre
eallier fastener initiation. The smaller opening displacement of the SA model at crack arrest indicates that th
model predicts crack arrest happening at a smaller crack tip length than the experiments. This smaller cra
length results in shorter openg arms at crack arrest for the SA model, which in turn produces a stiffer open

behaviour at crack arrest than the experiments.

Finally, a small parameter optimization has been executed. Relations were established between accurg
the SA model andhape function domain size around the crack tip, and a relation between accuracy and run {
of the SA model with the order of shape functions used for the domains. The computational time for crack gr¢

prediction has been reduced from hours to minutesnpared to full FEA.
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4. Conclusions

The loaddisplacement curves of results from experiments, the FE model, and the SA model were compared.

A very good agreement between the results obtained by the SA model, the FE model, and experiments is found

Further explorations in the optimization of the SA model can improve its performance and accuracy. The red

iced

computational time allows for large parametric studies at low computational cost compared to FEA. The SA model

can be a powerful tool for preliminary awals, design, and optimization of bolted bonded composite parts.
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Abstract This work employs a micromechanical theory and kinemratationships to describe the displacement
field in individual unidirectional composite plies. The technique relies on an incremental approach where
misalignment angle of fibers is the main variable in the analysis. Upon convergence at a certaip leaelin

stresses and strains are evaluated in the fibers and matrix using micromechanics, and a specific failure crite

the

rion i

applied. The Ramber@sgood relations to correct degraded mechanical properties of the resin in the nonlinear

regime is used. ThelashinRotem failure criterion and experimental data obtained by Matsuo [1] are used

validate the technique. It is observed that the numerical and experimental results obtained correlate well.

Fundings CNPq (310742/2020) and FAPESP (2019/0068)7

1. Introduction

(0]

Certification of composite materials for aerospace applications still relies on testing due to their complex

nature and variability in the fabrication of components made from these materials. Failure under longitud

compression in laminatesith fiber misalignment, microbuckling or kink band formation are examples of th

nal

is

complexity, and may be the cause for early failures, since these are often disregarded in the design and analysi

phases. Figure 1 shows a typical kink band configuratiofrigare 1 the symbaos® represents the external
compressive stresg is the initial misalignment fiber anglgijs the additional shear strair,is the shear stressy
is the transverse traction stress on the kink band region arsdthe kink band arig.

About these issues, Rosen [2] was the first researcher to model fiber microbuckling. Two buckling modes
assessed: matrix under shear and matrix under compression. The importance of fiber misalignment was disg

by Wilhelmssoret al.[3], wherea aspects related to fiber curvature were addressed by Pimetnah [4].

Tiradentes, Minas Gerais, Brazil
14-18" August 2022
Copyright ©2022Authors retain the copyright of this article.
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Aligned fiber direction
<>

Fig. 1 Stresses on the kink band [1].

In order to conduct research on failure mechanisms in composites, experimental tests must be done,

and

theoretical criteria must b@roposed. In this way, Matsuo and Kageyama [1] addressed composite thermoplastics

in experimental and theoretical investigations. The study assumed that kink band rupture is produced by ru

under transverse traction, as well as shear and plastic dedtiom. It was deemed that the proposed criterion

ture

accurately represents experimental data and combined stresses. Moreover, it may be applicable to asses:s

compressive strength of other composite materials, including multiaxial laminates.

The importance of tb fiber volume fraction and the characteristics of the resin material is very clear in

all

investigations. Besides, one observes that most investigations assume uniaxial loadings (axial or shear), usual

disregarding multiaxial loadings. Therefore, thegwsal of this work includes relations between micromechanics

and macromechanics, obtained through the knowledge of deformations in the plane due to the multiaxial loaging

of the laminate. The Rambefgsgood curve is used to adjust for the resin materighie nonlinear regime. An

innovative aspect of the proposed approach is that it exclusively considers the fiber angle misalignment increment

as analysis variable to determine convergence. Once convergence is achieved, the fiber and matrix stress
computed, and a specific failure criterion may be assessed. Particularly, the Hrxstieim failure criterion and

experimental data provided by Matsuo (2017) [1] are used to validate the proposed technique.

2. Analysis Technique

Figure 2(a) illustrates a ply imd kinkband region. Three reference systems are used: (i) the structural

reference systenxY, (ii) the principal reference system of the ply 12, and (iii) the reference system of misalignm
xy. The conventional ply angle fs, where the subscript '0'ds been added to emphasize that this is a constan
value. The initial misalignment angle (unloaded conditiom.ig he principal stresses of the lamigg s>, f12 are
also shown. Once loading starts the misalignment angle evolvesttgy and Figure 2{) shows the deformed
configuration.

The position of an arbitrary point in thry reference system before and after deformation is initially
determined using the nowrthogonal coordinatescand /4 indicated in Figure 2(b), where theaxis is parallel ta

and theh axis is parallel t®aPs. Before deformation the coordinates of a point ageyo and, after deformationy,

Y.
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(a) (b)

Fig. 2.(a) Representative volume in the kibknd region (b) Deformed configuration.

Transformation to the 12 reference system yields,

® Al & — AifO OEIOET AT-O0ET OETAT 6 —
w OEF+ — AlTO OEFATTOAT-OAIIO OKTOEL — P
Eqg. (1) is the mapping of positions. It gives the current coordinates of an arbitrary point as a function of its
initial position. The displacements can be therefore computed, it follows that the displacement derivatives can be
also computed; Eq. (2) through Eq. (§) and consequently the linear strains in the matrix are obtained. The angle

gmay not be small. Therefore, the fully nonlinear strains should be g&ag (6) through Eqg. (8)

16 Al & — AItO OELOEIT
T AT & 1 P ¢
) AT-OA11O0 OETOE+R —
T AT & 1 P °
16 AT-O0ET OETAT &6 —
o AT & 1 T
T OE+ — AiItO OEFAIIO
T o AT & 1 v
1o pro pro
Tw ¢Tw ¢Tw @
) T0 ETO BTU
T ¢ 1 ¢ T X
16 ) 16 16 To 10
r o e o 1o 1o 1o b

The methodology to compute angtgs described next. The starting point is the consideration that the lamina
homogenized strainsg, &, g») in the 12 reference system are available. Then, the homogenized stamsg-

are transformed to the reference system of misalignmeytwith the rotation angley+ g.

. - Al 6- — -OEl— — | OEL —AT & — ®
. - O0El— — -AI G- — | OEL —AT & — o
- - OEd— ¢ [ Al & o p o

79




Proceedings of the'®Brazilian Conference on Composite Materials ISBND78-65-00-493863
The expressions for the matrix strains obtained in Eqg8(B)ith respect to the 12 reference system are alsg

transformed to the reference system of misalignmet

- - Al O6- — - OBl—— 1 OEL —AIG& — oG
. - OBl — - ATG- — 1 OEL —Ai & — po
I - - OEd{—¢— 1 AT O ¢— pT

From the theory of micromechanics one can write,
t t t T Owwa 0Og "Og pu
The homogenized lamina shear moduttis may be computed using the classic micromechanics relation,

P W p W

T T 0 i
Equations (14) and (15) can be used to compptey imposing the equality of Eq. (17).
0 91 wm™mn
r o) r r P X

Oncegis available the matrix strainsm, &n and gan are used calculated with the bilinear tractiseparation
law or the Rambergdsgood model [5]. Also, the matrix stressgs, Sym and fym can be evaluated using the

constitutive relations,

. O—, - L o- . O—, - Lo- T or Py
P p
The fiber straingy, s and gy can be evaluated using basic micromechanics,
e e ‘Og t t Og p W
@] , @] ,
" p— - - - p— - - (S

3. Application and Theoretical Validation
In order to validate the technique, the experimental results of Matsuo [1] are used. According to Matsuo,|the

dimensions of te specimen for the compression test, over the central region, are 10 mm width by 2 mm thick, and
the initial misalignmentp was assumed®3 The value of stress for failure under compression of the laminate with

unidirectional fibereexperimentally obtained was 437 MPa, aP@5with fiber volume fraction around 50%.
Therefore, to compare the present technique against experimental results, Table 1 and Table 2 shows the

values required for the numerical analysis.

Tablel. Fibers andesin properties data

Fiber E [MPa] G [MPa] ¥ Vi Resin  Gn[MPa] I
- 10500 1520 0.26 0.50 - 1100 0.34
Available at  [6, p. 699] [1,p.122] [6,p.699] [1,p.120] - [6, p. 699] [7,p. 19]
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Table2. R&O curve and stresglowabledata

Ramberg & Osgood HashinRotem
n B S0 G to Sy sy S L
[ MPa] [MPa]
3.68 4780 520 1520 12.5 437 228 20.1 12.5
[1, p. 122] [8, Tab. 3] [1, p. 122] [1,p.124] [9, p. 34] [1, p. 122]

Determination of anglgin the present technique begins with the knowledge of the strans and g». Then,
using the ultimate strength, presented in Matsuo [1], that gre, , longitudinal ultimate compression stress,

transverse ultimate tension stress anid, , ultimate shear stress, divided by respective modalig and g> can

be estimated

- = ToX 185) nn — o 18 Tup N
(0] PTUTTT ¢cp (0] TYXyYm P
T P&
o poen®eTeT

Therefore, the results for failure condition, witg = 3, are shown in Table 3, along with the valueydiiat

satisfies the condition of the Eq. (17) and accompanying stresses and strains.

Table 3.Results of failure condition: angteconverged

Eq.

(14)  tym=ty (18) (18) (18)  (20) (20) (19)  Crit.

Q) q gym gym Sxm sym txym Sxf Syf txyf R&H
[deg.] [MPa] IL.F.
3.0 0.3039 0.0106 0.0106 -1.85 -6.22 11.37 -27.95 -130.10 11.37 0.92

4. Conclusions
This work proposes a technique to investigate longitudinal failure under compression in laminates with initial

fiber misalignment. Despite using micromechanics as other works developed did, the greatest innovation here is
the use of one single variable ¢iement of angleg) to determine the problem solutiorAs a partial validation,
comparison against the experimental work of Matsuo [1] proved to be encouraging. It is important to highlight that
the results could have been improved provided the tmgsin and fiber mechanical properties were available
Another point to be underlined is that the final angle of approximately &dBeres very well to the value presented
in Matsuo.As future work, a finite element model will be implemented to predicaists in laminates with initial

misalignment, as opposed to the strains obtained by a simple independent relationship where a laminate without

initial misalignment is considered.
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Abstract Tricomponent epoxynatrix nanocomposites were prepared by airbrushing carbon nanotubes (CNT)
glass fiber (GF), aiming to establish a scalable route to produce EMI shielding materials. The CNT depositiof
by airbrushing was evaluated by scanning electron microscopy (SEMingha very reasonable dispersion even
at high CNT concentrations. Measures of electrical conductivity have shown a maximum of&fhCfor GF

with 3.4% wt NTC. Electromagnetic shielding response for tricomponent hanocomposites and GF airbrushe
CNT were analyzed by reflection, absorption and transmission mechanisms and have shown an increasing tr
the CNT content increases, reaching the best result of 7.6 dB of shielding effectiveness {&faispéctra with

3.4% of CNT on tricomponenanocomposite. The results showed that the airbrushing process can be a promis

and easy route for nanocomposite manufacturing with CNT and GF.

Fundings CAPES and FAPESC.
1. Introduction

Electromagnetic waves have been intensively used along the year) olumvations such as mobiles phones,
antennas for data transmission and receiving, and security systems in aircraft and automobiles, amongst o
Therefore, there is a high level of microwave pollution causing interference in electronic equipnagelngléo a
rush for searching new materials with the capacity of attenuating the electromagnetic interference (EMI) cay
by this pollution [1, 2].

EMI shielding is evaluated in terms of reflectance (R), absorbance (A), and transmittance (T) of the,ma
which refer to the fractions of the incident wave reflected, absorbed, and transmitted, respectively. The shiel

efficiency (SE) in terms of T, R and A, can be calculated by Eqg. (1) [3]:

Tiradentes, Minas Gerais, Brazil

14-18" August 2022
Copyright ©2022Authors retain the copyright of this article.
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. Y
YO p 1t | ,%/I’] YO pu¢é Q—p p,Y N YO pmé 'Q—p v p
In nanocomposites containing carbon nanotubes (CNT), the absorption mechanism involves the interag
between electrons in CNT and the incident wave, thus converting the wave energy into heat. The reflection pr
occurs when théncident wave returns from the surface of the material by the difference of impedance (Z) betwe
the surface and the air [4,5]. Impedance is a barrier that electromagnetic waves find to penetrate the material,

it is related to the electrical conducfivi @ 0" 00X FNBIljdzSyO0e 6603 FyR YI3yS§
) | p 0 C
CH

If the effect of multiple reflection between both interfaces of the material is negligible, the relative intens
of the effectively incident EM wave insitlee materials after reflection is based on the quantity aR.1Therefore,
the effective absorbance {( can be described as#(1-RT)/(1-R) with respect to the power of the effectively

incident EM wave inside the shielding material [6].

5
A EA—— o
p Y

Comparing the effective absorbancef)Ai.e. the ratio between the absorbed (A) and the reflected fraction
(2-R), as shown in Eq. 3, is possible to find the overall shielding mechaniggirat#on is higher than reflection
fraction, it suggestin absorptive shielding mechanism, and df &action is smaller than reflection fraction, it
suggest an reflective shielding mechanism.

The major goal in EMI shielding is to increase the attenuation, finding the most adequate combination of §
parameers such as thickness, concentration of CNT and manufacturing techniques. Some techniques to dis
CNT in epoxy resin and GF include sonication with solvent and then deposition by hampd ¢ayventional
painting with paintbrush or growth of CNT on §kffface [5,79], but there are some problems such as waste of ray
materials, thickness control and industrial scalability. Airbrushing could be an efficient method for CNT depog
on GF to achieve a thin layer with high CNT concentration, sinceniessaly controllable process and requires few
devices to perform the deposition.

The use of CNT in nanocomposites with epoxy, other resins and GF for EMI shielding has been reported,
resin/GF with 5% wt has reached 20 dB (99% of effectivened¥) iMBz¢ 1 GHZ with the highest value of electrical
permittivity to composites with 3% and 5% [5] CNT. Another study shows that epoxy resin/GF with 2% wt of
coating reached 18.3 dB (98.54% of attenuation) in tiaixd [8]. Polystyrene composites werealuated as well,
showing 23.5 dB (99.5% of effectiveness) with 7.98:&/0m of electrical conductivity [10]. Epoxy composites with
CNT functionalized with nitric acid have been reported by Phan (2015), with 6.6 dBaimd>and electrical
conductivityof 5.7x1@ S/cm [11]. More recently, tire rubber with 5% wt of CNT has shown 66.9 dB reaching 1(
S/m of electrical conductivity (>99.99% of attenuation), all-beKd [12].

LY OASs 2F GKS /beQa LRGSYGALIE FT2NJ 9aL aKASERA

as thin layers using airbrushing method, looking for a route to impregnate a high CNT content in poly
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composites and study the influence thiis process in EMI shielding properties in a frequency range af 824

GHz.

2. Methodology
2.1. Materials

The nanocomposites were manufactured using epoxy resin Araldite LY 1316 based on diglycidyl ether o

bisphenol A (DGEBA), hardener HY 951 and degagging 4535 (all supplied by Huntsman); acetone (Merck)
multiwalled carbon nanotubes (MWCNT) from Chengdu Organic Chemicals (outer diame&@mi() length: 10
30 um, purity: 90%) and plain weave GF supplied by Abcol Brazil Composites Ltda with agrtadf@0 g/ni.

2.2.Dispersion and deposition of MWCNT on GF surface
For deposition of CNT on GF, a formulation containing 50 g of acetone, 0.5% of MWCNT, 6% of epoxy re

0.8% hardener (weight percentages relative to acetone), were developed usmgantcator (Sonics V&80) for

30 minutes and 40% amplitude to disperse CNTs. The mixture was deposited on GF using an airbrush with

nozzle and pressure of 4 bar, after that it was dried at 60 °C in anir@itating oven for 2 h. The MWCNT mass

gquantities deposited on the GF surface were fixed in 0.05, 0.1, 0.15 and 0.2 g, meaning final concentrations

2.2, 2.7 and 3.4% of MWCNT relative to the GF.

2.3. Preparation of tricomponent nanocomposites
Tricomponent nanocomposites were manufacturedchgting in silicone soft molds, using epoxy resin and th

GF previously coated with MWCNT. Hardener (13% wt) was added to epoxy resin under mechanical stirring
minutes, followed by the addition of the degassing agent under mechanical stirringaandm for 30 minutes to

remove air bubbles. The resin was poured into soft molds containing the coated GF and cured at room tempery

2.4.Characterization

SEM analyses were used to investigate the morphology and the dispersion of CNT after depositi@f.onto

The analyses were performed in a JEOL JSM 6701F microscope at 15kV. Electrical conductivity of the form
measured by 4oint probe method using Electrometer Keithley 6517A, having as sample a film deposited (¢
polymer substrate. EMI shieldimyeasurements were carried out over thebAnd (8.2¢ 12.4 GHz). The coated GF
and tricomponent nanocomposite samples under test were sandwiched between-tveamwaveguide sections,
which were connected to separate ports of an Agilent Vector Network aealy/1644A. SE effectiveness were
calculated using Eq. (1).

3. Results and Discussions

3.1.Morphological analysis
Surface and fracture surface morphologies were assessed by SEM observation of {dVdEHTGF. The

micrograph in Fig. 1(A) shows GF surface coai#davthin layer of MWCNT. There are some uncovered regior
on GF, caused by the space between the GF yarns. These regions were covered as the amount of MWCNT in
This MWCNT/epoxy layer, which remained onto GF after acetone evaporation, can bevistédized in Fig. 1(B),
showing an elevated coverage that is crucial to improve EMI shielding. It can be also noted that there are
regions with agglomerated MWCNT (Fig. 2). This indicates that conditions used to disperse CNT in aceton

not enaugh to overcome van der Waals interactions [13] and achieve a complete dispersion.
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3.2.Electrical conductivity
The MWCNT/epoxy/GF nanocomposites showed electrical conductivity values of 8.anl0.2x1¢ S/cm

for the samples with 2.7% and 3.4% of deposited MWCNT, respectively, evidencing the formation of a condl
path (percolation) network for higher MWCNT concentrations. Electrical conduction is supposed to take plag
electron hopping/tunnelling eross the energy barrier gaps between conducting CNT in matrix [14]. EMI shielg
is improved when electrical conductivity is higher, as it increases the barrier between air and the material sur|

raising the impedance difference and thus preventing Wave penetration across the material [11,12,15].

3.3.EMI shielding analysis for tricomponent nanocomposites
The attenuation by absorbance of tricomponent composites reached 45%08tA10.5 GHz to the

nanocomposite with 3.4% of CNT. A comparison betweeandR Ax suggests a reflective overall shielding
mechanism for all nanocomposites. Shielding effectiveness in tricomponent nanocomposites was increased (
addition of epoxy resin (Figure 3). The voids observed on GF are then filled with epoxpeesasing the shielding
effectiveness even in nanocomposites with just 1.3% MWCNT. The best results obtained for tricompag
nanocomposites were with those containing 3.4% MWCNT, with 83% of electromagnetic wave attenuation,
means 7.6 dB of EMI shiéng effectiveness. Low thickness and presence of defects in microstructure, such
microcracks and pores, may also affect the EMI shielding effectiveness, causing fluctuations [15,16].

variations in absorption can be explained by some differemteaieposited concentrations of CNT on GF, due t

manual process of deposition, causing different absorption levels.
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Fig.3. Shield effectiveness of tricomponent MWCNT/epoxy/GF nanocomposites.

4. Conclusions

The results show that the airbrushing method has proved to be a promising option as a route to deposit carbon
nanotubes on glass fiber fabrics, to obtain thin and light composites. Evaluations of reflectance, absorbance anc
effective absorbance showed aflective value higher than effective absorbance, suggesting that the reflection

mechanism was dominant in MWCNT/epoxy/GF composites. EMI shielding measurements indicated that the thin

tricomponent material can be potentially used as shielding for electgmetc waves, achieving 83% of
electromagnetic wave attenuation for composites with 3.4 wt% MWCNT.

Declaration of Competing Interest
The authors declare no conflict of interest.

CRediT author statement
WR SchusterConceptualization; Methodology; Data ation; Software; Formal Analysis; Writiggriginal

draft. SH Pezzin and FH Lafrat@onceptualization; Supervision; Writiggeview.
Acknowledgements

Theauthorsare grateful to FAPESC (2017TR867) for financial support, -O&HFESthe scholarship to WRS,
andInstituto Tecnoldgico da Aerondutiid@A) for EMI shielding analyses.
References
[1] B. Zhao et al. Flexible, ultrathin and high efficiency electromagnetic shielding properties of poly(vinylig
fluoride)/carbon composites  films. ACS  Appl. Mater. Interfages Volume 9, 2017.
(https://doi.org/10.1021/acsami.7b04935).
[2] W. Song et al. Magnetiand conductive graphene papers toward thin layers of effective electromagne
shielding Journal of Materials Chemistry ¥olume 3, 2015. (https://doi.org/10.1039/c4ta05939¢).
[3] M. Gonzales et alCarbon Nanotubes Composites as Electromagnetic Shielditeyidds in GHz Rangén:
Carbon nanotubes (M.R. Berber, I.H. Hafez), 2016. IntechOpen. (https://doi.org/10.5772/62508).

87

ic

lene



Proceedings of the'®Brazilian Conference on Composite Materials ISBND78-65-00-493863

[4] X.C. TongAdvanced materials and design for electromagnetic interference shiel@®@0. CRC Press.
(https://doi.org/10.1201/978142073591).

[5] K.Y. Park et al. Application of MWCNT added glass fabric/epoxy composites to electromagnetic wave shi
enclosuresComposite Structure¥olume 81, 2007. (https://doi.org/10.1016/j.compstruct.2006.08.029).

[6] Hong et al. Method and apparatusnteasure electromagnetic interference shielding efficiency and its shieldir
characteristics in broadband frequency rangesReview of Scientific Instruments74, 2003.
(https://doi.org/10.1063/1.1532540).

[7] A. Godara et al. Interfacial shear strength of a gfdser/epoxy bonding in composites modified with carbon
nanotubes.Compos. Sci. Technafolume 70, 2010. (https://doi.org/10.1016/j.compscitech.2010.04.010).

[8] L.V. Da Silva et al. Glass Fiber/Carbon Nanotubes/Epoxy-Taomegonent Composites as Radar @bing
Materials.Polymer Composite¥olume 37, 2015. (https://doi.org/10.1002/pc.23405).

[9] O.H. Lee, S.S. Kim, Y.S. Lim. Conduction noise absorption by fiberglass reinforced epoxy composites with
nanotubes.J. Magn. Magn. Mater.Volume 323, 2011hftps://doi.org/10.1016/j.jmmm.2010.10.018).

[10] V.K. Sachdev et al. Electrical and EMI shielding characterization of multiwalled carbon nanotube/polysty
compositesJournal of Applied Polymer Scigngelume 131, 2014. (https://doi.org/10.1002/APP.40201)

[11] H.C. Phan, M. Jaafar, Y.H. Koh. Mild functionalization of carbon nanotubes filled epoxy composites: effg
electromagnetic interference shielding effectivenessl. Appl. Polym. Sci. Volume 132, 2015.
(https://doi.org/10.1002/APP.42557).

[12] L. Jia, Y. LD. Yan. Flexible and efficient electromagnetic interference shielding materials from ground
rubber.Carbon Volume 121, 2017. (https://doi.org/10.1016/j.carbon.2017.05.100).

[13] J. Hilding et al. Dispersion of carbon nanotubes in ligd@lgnal of Digersion Science and Technologglume

1, 2003. (https://doi.org/10.1081/D$20017941).

[14] A. Ramos et al. Conductivity analysis of epoxy/carbon nanotubes composites by dipole relaxation and ho
models.Physica BVolume 499, 2016. (https://doi.org/10.16/j.physb.2016.07.016).

[15] M. Arjmand et al. Electrical and electromagnetic interference shielding properties of flow induced orien
carbon nanotubes in polycarbonat€arbon Volume 59, 2011. (https://doi.org/10.1016/j.carbon.2011.04.039).
[16] Z. Xu, H. Hao. Electromagnetic interference shielding effectiveness of aluminium foams with different porg

Journal of Alloys and Compoun®®lume 617, 2014. (https://doi.org/10.1016/j.je¢im.2014.07.188).

88

eldin

g

carb

rene

eCt of

tire

pping

ted

Sity.




Proceedings of the

6t Brazilian Conference on Composite Materials

ISBN978-65-00-49386-3
Part of ISSN 2316-1337
Organised & Edited by R.J. da Silva & T.H. Panzera

6Th BCCM Content available at:  doi.org/10.29327/566492

An analytical model for the thermoplastic welding process

DB de Castf® ", MV Donadof?, MA Arbel&

(a)¢» 000000022561-5170 (Aeronautics Institute of TechnologBrazil)
(b) ¢ 0000:0001-90165340 (Aeronautics Institute of Technolograzil)
(c)@» 00000001-5541-6773 (Aeronautics Institute of Technologfrazil)

* Corresponding author: danieldbc@ita.com

Keywords composite materials, thermoplastic, welding, analytical model
Abstract Among carbon fiber polymer composites, thermoplastics have interesting advantages compare
thermoset ones, such as recyclability, wear and impact resistance, and wigydallile high melting point of the
thermoplastic resin with the fiber constraints makes it difficult to manufacture complex geometries, which jus
the use of joining techniques. Mechanical fastening and adhesive bonding methods have some drawback
thermoplastic composite welding can eliminate because it is possible to achieve bond performance similar t
properties of the joined materials separated, allowing reprocessing (recycling). Most studies invol
thermoplastic resistance welding are leas on experimental tests. However, for further application ang
certification purposes, consistent models are required. In this paper, an analytical model for the thermopla
welding process is proposed. The model is based ordomensional temperature idtribution around the joint
interface obtained from the transient heat conduction equation. To evaluate the bond strength, a bonding mg
that considers the intimate contact and autohesion was used. The material and the thermal properties v
obtained fom the literature and based on a micromechanical approach.
Fundings This study was financed in part by tBeordenacéo de Aperfeicoamento de Pessoal de Nivel Superi
Brazil(CAPES)Finance Code 001 and CNPq Grant (Nos. 301069/20391972/2026D).
1. Introduction

In applications that demand materials of high strength and lightweight, carbon fiber polymer composites
an attractive alternative to aluminum and steel [1]. CarHilrer-reinforced thermoplastic composites have

interesting advantages cgpmared to thermosetting composites, such as recyclability, wear and impact resistan

Tiradentes, Minas Gerais, Brazil
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and weldability. The high melting point of the resin and the fiber restrictions limit the manufacture of comp
geometries and justify the use of the joining technig@g [

Amid the joining techniques, mechanical fastening methods have some drawbacks related to st
concentrations, galvanic corrosion, incompatibility of the coefficient of thermal expansion of the fasteners relg
to the composite, weight increase, adeélamination during drilling [3]. Adhesive bonding methods require surfag
preparation, most of adhesives have long curing cycles, and the chemically inert thermoplastic matrix can be
to bond [3]. Thermoplastic composite welding can eliminate patthe$e problems because it is possible to achieve
bond performance similar to the properties of the joined materials separately, allowing reprocessing [4].

Most of the work involving thermoplastic resistance welding are based on experimental tests {B¢ Gther
hand, for certification purposes and posterior engineering applications, consistent analytical models are reqt
in order to allow large parametric study aiming at improve the mechanical performance of the welded parts. In
study, an analytal model to evaluate the interfacial bonding quality for the thermoplastic welding process W
proposed.

2. Methodology

The model is divided into four parts: heat transfer modelling, prediction of the degree of intimate cont
'O , degree of autohesionO  (also called degree of healing for some authors), and finally the degree
bonding O
2.1.Heat transfer

The heat transfer model adopted in this work was -@lmensional transient model given by Eq. (1), solved b
the expliét form of the finite difference method [5].

L e A
To 76 | P
where Qs the thermal conductivity of the composiigijs the heat generation rate per unit volunieis the density,

and® is the specific heat.

Onedimensional assuption was adopted because higher temperature variations occur thrabegh
thickness direction of the jointifdirection) [4]. This is the first step towards the development ofla®odel which
is underway by the authors at LNCPA in order to handle nte complex and realistic geometries. The heating
element of thicknesg "Q was considered as a layer of ABBEEK (polyetheretherketone carbon fiber reinforced
composite), similar to the approach done in [4, 6]. The convection heat transfer coeffigiantis'Q[4] andn is
the heat generation rate per unit volumé PEEK resin filif? was used as an interlayer between the heating
element and the composite in order to create a resch region, improving the bonding process. The total-half

thickness employed for the model isand the ambient temperature i% . Figure 1 illustrates the modeling case.

Since the temperature distribution is symmetric about the interface, thermal symmetry boundary conditior
the center of the interfacedy ) wasadopted. The heat generation rate generated within the heating elemen
was considered the mean value of the power input values presented in the works [2, 7] properly convéwed! to

generation rate per unit volume=iber and matrix properties can be fouimd[1]. The micromechanical approach
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was used to compute the laminate properties. It was reported in [6] that for power level ranges Bl@exd

there was no significant difference in the time necessary to achieve the melting considering temperatjre

dependent or independent material properties. In this warlaterid properties (density, specific heat, and thermal

conductivity) were considered temperatuirdependent.

¢ KSN)Y2 L2 (

CKSNY2I0RNMEBOA G
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—1 1 »
I T T w
@nQ " >
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Fig.1. Onedimensional model schematidllustration.

2.2.Intimate contact
The degree of intimate contact is a relation that corresponds to the amount of surface that is in contact at

the

interface. It depends on the surface roughness, temperature and pressure [9]. The roughness of the material

prevents the molecules from moving across the interface because of the open spaces. Since the viscos
thermoplastics is high, in addition to temperature, the application of pressure is heeded to achieve the proper |

flow [10]. The expression for theedree of intimate contact is defined by Eq. (2) [2, 7, 9, 11]

0 N _
0O o0 & —Q0 ‘ p od) U C

where0 s the applied pressureJ is the geometric factor or roughness parameter, obtained by fjttine
model to experimental data [4], arid is the temperaturedependent fiber matrix viscosity for thePC2 matrix
fiber system [11]. The intimate contact calculations start at the glass transition tempeir&tuvéhen the surfaces
are in completecontact,O p.

2.3.Autohesion
The autohesion or healing process happens when, once into intimate contact, the polymer molecules are

to diffuse across the interface [2, 4], contributing to the strength evolution at the bond areaxXphnession for the

degree of autohesion is given by Eq. (3) [4, 10]
Qo

¢ 0D o

O o 0o 0N o

where 0 is the reptation time;Yis the temperature inv at the timeg, O is the activation energy dfiffusion of
the polymer, 0 is the constant for the reptation timey is the universal gas constarity is the reference

temperature [4, 10]. Autohesion mechanism is complete wken p.

2.4 Degree of bonding
Both intimate contact and autohesion agcsimultaneously, the bonding process is coupled and can be defin

by the evolution of the degrees of autohesion and intimate contact [8]. Without intimate contact there is
autohesion [9] i.e.intimate contact is a requirement for the developmentanftohesion Bonding is complete when

the degree of bondin®  p and it can be calculated by the expression in Eq. (4) [2, 8, 9, 11].
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3. Analytical Model Predictions
3.1.Model input parameters
The model input parameters used imet simulations are listed in Table 1.

Tablel. Input parameters.

Parameter L Q Q Y A 0 3 0 C R Y Y
Value 4 0.06 0.08 25 7.87e8 10 1.4 0.147 57300 0.11 8.3145 673 143
Unit mm mm mm °C Wm3 W/m2C MPa - J/mol - WK Y2 K °C

In the heat transfer model, there were two steps, heating and cooling. In the modeling, the heating elem
was turned on for 45 s and then turned off, cooling down for 45 s, simulating a resistance welding process.
According to [4] andtL0], autohesion calculations are discontinued for temperatures below 270 °C due to {

lack of molecular mobility, with the bonding process being very slow. In this work, it was assumed that

autohesion starts and ends at 280 °C [9]. Since the prdasessupled, the degree of bonding calculations begin

with the autohesion at 280 °C (heating) and ceases at 280 °C (cooling).

3.2.Results and Discussions

ent

he
the

The physics of the molecular chains on the interface during intimate contact and autohesion process is

illustrated in Figure 2(1). The heat transfer model can be seen in Figure 2(2). The curves represent the tempe

distribution across the thickness in the timgwhere the red ones occur on heating and the blue ones on cooling,

both for 45 s each. The miaxum temperature achieved in the center of the interfabe, 1, was 466.7 °C, 123.6°
above the PEEK melting point of 343 °C. According to [8], to achieve effective bondsrystatiine polymers
should be processed above their melting temperatures. Tdet transfer model was previously validated through

comparisons with finite elements analyses predictions performed using ABAQUS FE code.
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Fig. 2 1) Healing of a polymeric interface. (a) Two distintdrfaces; (b) intimate contact; (c) autohesion [7].

2) Temperature distribution.

Adopting a conservative approach as well as [4], the intimate contact and autohesion plot, Fig. 3(1),
calculated on the point at the interface between the PEEKdnd the APQ laminate because the temperature is
slightly lower than the center of the heating element. Figure 3(1) presented a similar shape likewise [8]. Figuré

is a threedimensional plot that shows the degree of bonding on the temperaturegatbe thicknessa
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Degree of Bonding (Db)
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t(s)
Fig. 3 1) Degree of intimate contact, autohesion and bonding for-2fEEK laminate under 1.4 MPa pressure.

2) Degree of bonding on the temperature along the thickriass

According to the thermal model, the time where the temperature at the point at theriate between the
resin film and the laminate reaches 280 °C (the beginning of bonding) is 18.3 s. The intimate contact starts at 4.6
when the temperature at the same spot reachié p 1 @. The timelinedin Figure 3(1) represents the time
where thebonding process begins, i.e., at 18.3 s from the beginning of heating from room temperature. The copling

process can be seen starting in 26.7 s after the beginning of the autohesion process.

4. Conclusions
In this study, a simplified model for evaluating thending quality in a thermoplastic welding process was

carried out. The heat transfer model provided the temperature distribution along the composite for the degre¢ of
intimate contact and degree of autohesion calculations. With that evaluated, it wadiy®$o calculate the degree

of bonding.

For the same conditions tested, full bondifg ( p) would have occurred if the applied pressure was 3.5
MPa. The proposed model allows large parametric studies at low computational cost by varying variabés such
heating rate, heating time, heating element and laminate thickness in order to define the optimum welding
parameters for a given composite joint configuration.
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Abstract This paper presents a simplified computation approach for the winding trajectory of grid structures and

tubes with a circular crossection and angkply or doubledouble layup. The solution for the winding trajectory is

given through controllable degreeof freedom of a two axes filament winding machine (FWM): mandrel rotatig

n

and translation of the delivery eye along axis of the mandrel. Efficiency of the analytical solution for the kinematic

motion of the FWM was ascertained by automated laying theorothread over the geodesic and ngeodesic
groove imprinted on the surface of a cylindrical polylactide mandrel. These results validated the possibilif

manufacturing cylindrical composite structures with angle layup or doubladouble stacking segence, without

y of

the need for expensive software, making the winding technology accessible to society and promoting university

extension.
Fundings A Fundacgé&o de Apoio a Pesquisa do Distrito Fe(fed&lDF), grant number 00:68000809/2021138.
1. Introduction

{SOSNItf O2YYSNOAFIf az2FdglNBE Aa | @grAtlroftS 2y
filament winding machines (FWM) [1]. However, they are not financially affordable foriega@mall companies
and startups, whose activities relate to design and manufacturing of simple composite structures such like ha
a cylindrical shape. Moreover, the analytical solutions provided in scientific literature for the calculation of wing
trajectories [2] demand advanced knowledge in mathematics from a FWM operator. Meanwhile, cylindrical tu
and grid structures with an angfdy and doubledouble (DD) layup can find their application in the wind powe
industry (turbine towers), aeronaigs (fuselages of unmanned aerial vehicle or struts in braced wings) and m

others. Thus, the main objective of the work is to obtain simple and comprehensive analytical equations fo

Tiradentes, Minas Gerais, Brazil
14-18" August 2022
Copyright ©2022Authors retain the copyright of this article.
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trajectory of the delivery eye during filament winding of the mgitical grid structures or tubes. The mathematical

approach adopted in the methodology for the derivation of executive expressions is based only on analytic

geometry. This paper presents the description of the adopted models, brief description of thegvpatameters,
portion of the definitive equations for computation of the delivery eye trajectory and couple of examples of
wound structures.

2. Methodology

2.1.Models
The model of a grid structure under consideration is formed by a series of helical spaes that intersect

on a cylindrical surface (Fig. 1a). In filament wining, these curves are specified by the fiber pathways on the s
of a cylindrical mandrel. It is assumed that the winding cycle corresponds to the laying a fiber (or a tow) frq
reference latitude at one end of a mandrel to another end with a return to the reference latitude. Thus, the str
is the laying of the fiber in the forward or return direction and corresponds to the half of the cycle (Fig. 1b).
fiber crosses any ldtide of a mandrel only once in the forward or return stroke. The stroke can be realized for t
types of the fiber path on the surface of a cylindric mandrel (Fig. 1b): 1) geodesic path with constant winding
T “j ¢ , which corresponds to thregular part of the structuré, and 2) norgeodesic path, where the
GAYRAY3I Fy3at S @I NR S aafrorh 90 degreds & Sandwice/VRrdaBThiSlangiic@rgsPaindé
to the transient part of the structure. The tube model im#ar to the abovementioned model of the grid structure
except the fact that the fiber with a prdefined width covers the entire cylindric surface forming an aipdye

cylindrical laminate.

2.2.Winding parameters
For the tube model, the length is defired by geometry of the structure, while the transition lengths a
function of the friction coefficient between fiber and mandrel surface, radius of the cylindeand winding angle
[
Y A A A i oA
a — OAl— OA+ OAl- OAd p
Gt q C C C
The nmandrel rotation angle is given by a tuanound angld3, which is a function of-zoordinate along the

mandrel. The turraround angles for the regular and transient part of the structure are given respectively by:

The turraround angle for one winding cycle is computed as following
B ¢ a 1B « T
To provide coverage of the mandrel with a composite material in case of the filament winding of a tube,
cycle must be repeated a sufficient number of times with correctly chosen increments of mandrel rdgation

between cycles (or a repetitive numbef cycles). The turaround angld3 , which correspondto the width of
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the tow b, is computed by the formulas published in reference [4]. The same reference defines the angular |

3 and turnaround angle per one flandg that together withi3

structure (or configuration of the grid structure).
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Fig.1. The model of DD layup grid structure (a) with specifying of the regular and transient parts (b)

3. Results and Discussions

Figure 2a shows a cylindrical mandrel with a Cartesian coordinate system, whose origin is at the center
base. Winding is carried out under conditions when the minimum distdh@eS G 6 SSy RSt A S NE
axiszis constant. This paraner is chosen by the FWM operator. The AM curve is the fiber laid on the surface
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pitch
areused to determine the pattern of the wound
oL L, L
b)
Df the
S&

point M where the fiber is tangent to the mandrel surface.

Thecoordinates of the fiber path on the mandrel surface (point M) are functions of the winding pragid

the turn-around anglds , which is equal tg & orl3 & for the regular and transient part respectively:

© YAT®
© 'YOEH v
a YBTOAI
For the transient part the winding angleils computed as following
A O AY ;
r a O Q4 ¢
The coordinates of the delivery eye for the forward stroke are derived in accordance with Fig. 2a:
o YATE® _i ®i®w
O Yi®RB _i W OEE X
a« o _ATDO

An example of trajectory computation is provided for the 80 mm diameter cylindrical structure, whg
characteristics are given in Table 1. The winding angle [+45°] of the regular part is typical fou¢heesrunder

torsional loads. The value efcorresponds to the friction coefficients that is common for a dry (prepreg) winding

fAYyS a9 akKz2ga GKS TAOS
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of the carbonfiber/epoxy combination [5]. The length of the regular part was chosen so that the mandrel makes

complete revoltion o @ ratlone stroke. The turaround angless s andu ware computed for a €ycle grid

structure. For a composite tube these parameters must have the following valyes5.48%ands w = 7.09°.

ZA

AT
| A

\

@) (b)

J

Fig. 2 Fiber path on the surface of a cylindrical mandrel (a) and computed trajectory of the delivery eye for the

half of the mandrel (b).

Tablel. Characteristics of the wound cylindrical structure with a diameter of 80 mm

Geometry Windingparameters
R, mm le, mm ie° b, mm > Iy, mm uc(lo), ° ui(k), ° Up, ° Ut ° Uw, °
40 251 45 3.5 0.2 82.84 359.53 252.50 300.00 35.48 60

To decrease the volume of computation, the origin of a Cartesian coordinate system was placed on the g
symmetry of the mandrel in the interface plane between the regular and transient parts in such way that the &
would be along the axis of symmmg. Fig. 2b shows the fiber path from the center of the regular part to the end
the transient part for only half of the mandrel together with the corresponding delivery eye trajectory. T
minimum distanceY v & @ & was chosen in such mannerthatKk S FAO0SNJ f Sy3GdK < o

regular part of the mandrel and the delivery eye would be equal to 60 mm.

Efficiency of the analytical solution for the kinematic motion of the FWM was ascertained by automated la|
the cotton thread overhe geodesic and negeodesic groove imprinted on the surface of a cylindrical polylactid
mandrel. The fibers were laid exactly in the grooves of the mandrel (Fig. 3a), both geodesic in the regular pa
non-geodesic in the transient part of the mandréhat proves the reliability and effectiveness of the equations
obtained in the work.

At the giverm, the length of the transitional part of a wound structure increases with decreasing winding an

in accordance with Eq. (1). Thus, the transitional gart be much greater than the regular part in the wound
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structures with small winding angles. It makes the structure less effective in some particular loading conditions.

grid structure with a doublelouble configuration shown in Fig. 3b does not haveansitional part. The nen

The

slippage condition at the flanges of the mandrel is realized through application of the pins printed together ith

the mandrel. The geometry and winding parameters of the grid structure are given in Table 2 Nyisemenumbe

of cycles. For a composite tube, some of the parameters must be revaluated to cover the entire cylindric surface of

the mandrel with the tow width 3.5 mm and to form the doukdeuble cylindrical laminate [+20°/+65.4°].

Table 2.Characteristics of thevound grid structure with a DD configuration/layup

Geometry Winding parameters (grid/tube)
i ° R, mm le, mm Ne < mm R, mm U (o), ° Up, ° Ui, ° Bw, °
20.0 40 153.4 9 100.0 52.6 80.00 180.00 0.00/10.00 0.00/5.34
65.4 40 153.4 3 37.6 52.6 480.00 270.00 0.00/15.00 0.00/12.04

The wound grid structure with a DD configuration can find its application in fuselages fesdmtaircrafts
or unmanned aerial vehicles covered with a thin plastic film imitating a skin. The elements wound at small and||
winding angles imitate singers and formers of the fuselage respectively. The wound structures with DD lay
might have lower structural performance than classic semanocoque fuselages, however, are potentially easiefr

and faster in fabrication and therefore cheaper for largedbgproduction.

Fig.3. Examples of the wound structures: a)-&\&le angleply [£45°] grid structure, a) grid structure with a
double-double layup [£20°/£65.4°]

4. Conclusions

arge

up

The presented paper validates the possibility of manufacturing simple axisymmetric structures, such as

cylindrical grid structures and tubes, through filament winding without the use of sophisticated equipment and

commercial software. Equations for controlling a filament winding machine with two controllable axes are obtained

by referring to analytical geoetry only and do not require additional efforts or specific skills from the FWM

operator.
The preliminary winding of grid structures with a circular section and various configurationsidhgle w#g i
doubleR2 dz0t S wpi Kp' B0 &K 2 dagRthe diker ain thé tBleteRrnbdA gBdsldsiR and BoS

geodesic path on the surface of the mandrel.

99




Proceedings of the'®Brazilian Conference on Composite Materials ISBND78-65-00-493863

The suggested solution allows competition teams or technological research and development, startups

small companies to carry out their projects, thuskimg filament winding technology more accessible to society

and promoting university extension.
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Abstract The thermoforming process allows lawst highvolume manufacture of structural textiesinforced
composites with the capability of conforming the lamiaditiank into complex geometries. The frictional behaviour
of the textile material in the tool/ply and ply/ply state is critical to predict the draping response during the process.
Friction influences the deformation mechanisms governing the forming behrawgiothe laminate, neglecting its
effect can cause wrinkles, breakages, and other defects during the process. This paper presentost loyw
experimental setup based on the ASTM D1884test method, able to characterize the friction behaviour of dry
fabrics and prepreg textileeinforced composites. The setup enables the study of static and dynamic friction
between different orientations of fabric, slipping rate, normal force, and temperature. Based on the experimental
results, an anisotropic friction mediis proposed to account for the interply friction anisotropy of dry plagave
fabrics. The friction model will be implemented into a constitutive thermoforming model under development| at

LNCATA.
Fundings FUNDEP Grant No. 1651#205, CNPq Grant N801069/20190 and 311972/202@®.

1. Introduction
The thermoforming process applied to composites consists of a flat tegiiléorced blank, which is heated

to the forming temperature and conformed into a 3D geometry by a mould press punch.

Tiradentes, Minas Gerais, Brazil

14-18" August 2022
Copyright ©2022Authors retain the copyright of this article.
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During the thernoforming process, the deformation mechanisms are categorized as microscopic, mesoscopic,

and macroscopic by Sachs et al. [1]. Microscopic is the shear and elongation strain of the fibre, matrix, and
interaction. Mesoscopic mechanisms govern fibre diaeg, resin percolation, and transverse fibre flow.
Macroscopic deformation mechanisms are ply bendingglame and intesply shear [12].
Friction is the inteiply shear mechanism during thermoforming. It acts on two fronts, in thepbgobnd ply

ply friction. For dry fabrics, the contact between plies is direct, having no influence from the resin viscosity. B
called Coulomb friction, it is proportional to the normal force, independent of the sliding veloeily Fowever,
for wet fabricreinforced prepregs, the resin has a massive influence in the friction behaviour, a product of
viscosity. During the thermoforming process, the hydrodynamic friction occurs between two surfaces that

completely separated by a thin layer of fluid lubricatiihgn, which is shear rate dependent-[g§. For a satisfactory

theil

eing

ts

are

quality part, the prepreg depends on the forming rate and temperature when conformed. A low temperature and

high forming rates will produce poor sliding, wrinkles, and slippage at cornersw Aolming rate at high

temperatures allows the lubricating layer to decrease the friction between plies and tool, producing the optimal

result [3], [4], and [8].

To successfully simulate the thermoforming process, all those mechanisms must be implenméotduk i
model. This paper focuses on the iMay shear characterization setup of dry fabrics and wet texglaforced
prepregs.

The friction characterization device was based on the sliding sled ASTM-DAg#1C device [9] and matched
the Universityof Orléans apparatus from Sacésal [1]. The sliding sled setup was selected for the practicalit
regarding low cost; the puthrough and pullout types of devices presented in-8l entail an increased complexity
of fabrication and cost. From the riewed bibliography, the sliding sled devices produced similar results compat
to the other cited devices. To validate the device with the literature, a st friction test is required.
2. Methodology

The sliding sled setup in Fig. 1 measuresftitee and displacement of the sled being pulled through the

surface. With the normal force applied by the weight of the sled, the friction coefficient can be calculated.

niversal Testing Machine

Fig. 1.Friction Setup; a) Machine Setup; b) Device Description.

The bottomplate was fixed using an Instron 4206 Universal Testing Machine with a 5500R load frame if

traction configuration with a 2.5 kN load cdlhe testing surface, sled, fork, and pulley were installed on the botto
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plate. For the ambient temperature deecthe fork was 3D printed using an ABS prototype. The sled was made of

steel with 45 x 45 x 12.4 mm dimensions. The weight of the sled provided the normal force used in the test. A 0.4

mm diameter nylon monofilament was fixed in the upper crosshead, pg#isiough a low friction pulley, and fixed
in the sledFor this article, the HexForce AGPI®ary plairweave carbon fibre fabric with HexCel AS4 GP 3K yarns

and 193 g/m2 dry fibre weight was tested at ambient temperatures [10].

The experiments were madby varying the weight from 2.1 N to 4.1 N. The orientation, sliding speed, and
material were also studied, varying frodV0°, 0°/45° to 45°/45°, the sliding speed from 20, 60 to 200 mm/min,
and the materials in piply, tookply, and tooltool configurdions. The friction coefficient was then calculated for
the presented device, where F is the pull load and N is the normal force:

0

b p

3. Results and Discussions

LY CAId HEI GKS y2YSyOfl GdzNBE - ck, ¢ KIaSRQXa IFa oliNAD
The static friction coefficient is the maximum value presented at the first peak. The portrayed dynamic friction is

the mean friction coefficient after the first peak, with the error bars displaying the minimum and maximum.valyes
0.7

e ﬂ M ﬂ ﬂ Dstatic

B Dynamic

Friction Coefficient
e o o
w - w«

el
~

b
N

20 mm/min 60 mm/min 200 mm/min 0°/0° 45°/45° 0°/45° 2.1N 41N Ply-Ply Ply-Tool Tool-Tool

Fig. 2.a) Ply/Py0°/0° Sliding Rate Comparison; b) Ply/Ply at 20 mm/min rate Orientation Comparison; c) Ply/Tool

0° Weight Comparison; d)°"Material Comparison.

From Fig. 2a, when comparing friction from different rates, there is a noticeableetiffe when the static
friction is accounted for, increasing with the rate. The difference can be from the load to movement delay caused
by the nylon elastic behaviour in the load peaks: an inextensible steel filament needs to be tested to verify this
assunption. The dynamic friction, however, presents no significant difference between the mean of the three rates.
It follows the Coulomb friction characteristic, with no influence from the shear rate. The sliding rate comparison
can also be seen in Fig. 3at lith a sinusoidal oscillating characteristic.

The 0°/0° fabric means that the weft is parallel to the sled motion, while the warp is perpendicular. With that,
the direct contact between the warp from the base and sled functions as a movement barneasimg the nylon
monofilament load to surpass the blockage. When the load is enough to bypass the inertia, the sled moves,
decreasing the load charge, repeating for every contact between warps, presenting the oscillation.

In Fig. 2b and Fig. 3b, the 0°/0° and 45°/45° orientations present a similar mean friction coefficient, showing

that when the orientation of the base and sled are the same, the friction is similar. However, when the base| and
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sled orientations are differenthere is no significant blockage from warp and weft, since angled; instead, they slide
with a decreased inertia, reducing the friction coefficient. The 0°/0° and 45°/45° are the maximum, and the 09/45°

is the minimum friction coefficient.

Friction Coefficient
| | 1
Friction Coefficient

H
|
st
o ———20 mm/min ||
0.05 ———60 mm/min | |
i ——200 mm/min
. L L 1

. .
0 10 20 30 40 50 80 70 80
Displacement (mm)

Friction Coefficient
°
©

Friction Coefficient

—21N-0/45° |
—41N-0/45°
T

L . 1 . . . . . ' "
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Displacement (mm) Displacement (mm)

Fig.3. a) Ply/Py0°/0° Sliding Rate Comparison; b) Ply/Ply at 20 mm/min rate Orientation Comparison; c) Ply/Tool

0° Weight Comparison; d)°’Material Comparison.

The friction force (pull load) must be proportional to the normal force to be a Coulomb frictgpr2d=and Fig.
3c prove that they are proportional, with corresponding results for both normal forces. The 4.42% difference in the
mean dynamic friction can be from the warping of fabric originated from the nine tests between them, or the
increased presge applied in the contact between surfaces.

Fig. 2d and Fig. 3d evaluate the friction between different materials. Friction coefficient between ply and {tool
was the highest captured, since no mould cleaner, sealer, or release agent were used to eaffertre durface
roughness. Piply was the intermediary friction coefficient, a result of the weft contact portion, parallel to the sled
motion. For the tookool test, the curve followed the Coulomb friction characteristic and showed the same results
as he [7] steelsteel test, with a friction coefficient of 0.15 + 0.02, validating the friction setup with the literature.

For the anisotropic model, through a decomposition of forces from the sum of the weft and warp friction, the
plainrweave fabric anisotnoy friction can be calculated by:

SRR § o) C

Where' is the converted friction coefficient, is the original friction coefficient aneHs the orientation of
the* ply. The model was not tested with unbalanced fabric weaves, it wagddire another decomposition of
forces. Note that the equation can only calculate for differeii¥’X since they are the same whfiX°. In addition,
friction from the 0°/0° and 90°/90° are the same, so it is only necessary to calculate from 0°Ra@48°shows the

anisotropic model applied to the measured values. In Fig. 4b, as in Fig. 2, the static friction coefficient is again the
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maximum value captured at the first peak. The highlighted values in the dynamic friction are the mean frig

coeffident and the error bars present the maximum and minimum values.

05 0.45

0.4

----- 0°/45* Model
wwenanees 0%/30° Model

0.35

0.3
025 0.23 0.20 0.23 019

0.2

Friction Coefficient
Friciton Coefficient

0 10 20 a0 40 50 60 70 80
Displacement (mm)

0°/0 Measured 0°/0° Model 0°/45° Measured 0°/45" Model 0°/30° Model

Fig. 4.Anisotropy Model of Friction Comparison; a) Curves Comparison; b) Static and Dynamic Comparisa

The measured and model curves match in a scalar proportion, but the curve chaticisrthe same as the
original friction curve. The model 0°/45° and 0°/30° curves used the 0°/0° original value, whereas the model
used the 0°/45° original curve. To convert from 45° to 0°, the Eq. (2) is modified to divide by the cosine tlegta @
instead of multiplying.

Though it is a simple device, it can reproduce satisfactory results with only one inconsistency, which i
swinging of the sled while the testing machine is pulling it. When the sled is not well aligned, or if the warp
weft from the base and sled entangle, it can produce a sled rotation, disturbing the oscillatory characteristic, sh
at the end of the 45°/45° b) curve in Fig. 3. A device that locks the rotation while it is being pulled can solve
problem for future fiction setups, being the intermediate of the ptiirough and sliding sled devices.

4. Conclusions

The developed friction setup measured the dry plaave carbon fibre fabric HexForce AGRPXBiction at
ambient temperature and the influence of the orietitan, sliding velocity, weight, and material in the friction
coefficient. In addition, an anisotropic friction model was implemented and validated by the shown tests. The
tests followed all the Coulomb characteristics successfully.

The next step is tcevaluate a prepreg fabric at resin melt temperatures, testing the hydrodynam
characteristics, measuring the friction coefficient of the tldgered lubricating film between the pjyly and tool
ply surfaces, necessary for the thermoforming process.

Declaration of Competing Interest
The authors declare no conflict of interest.

CRediT author statement

PR Foltran:Conceptualisation; Methodology; Data curation; Formal Analysis; Witiagginal draft. MV
Donadon Conceptualisation; Methodology; Supervision; Resources; Writqhgreview. MA  Arbelo:
Conceptualisation; Methodology; Supervision; Resources; Wtiagiew.5 Y 5 S Q \BriNdg §ré&vfew. RCM

SalesContint Writing ¢ review; SSL MarquesdNriting ¢ review.

105

tion

0°/0°
ingl

5 the
and

own

2 this

dry

ic




Proceedings of the'®Brazilian Conference on Composite Materials ISBND78-65-00-493863

Acknowledgements
This project is partially funded by FUNDEP Grant No. 165248, CNPq Grant No. 301069/260.%nd

311972/20209. The authors also would like to thank the Laboratory of New Concept in Aeronautics (LNCA) an
Laboratory of Materia and Processes of ITA.

References

[1] U. Sachs et al. Characterization of the dynamic friction of woven fabrics: Experimental methods and bench
results. Composites Part A: Applied Science and Manufacturingolume 67, 2014.
(https://doi.org/10.1016/j.conpositesa.2014.08.026).

[2] S. Morris, C. Sun. An investigation of interply split behaviour in AS4/PEEK at forming tempeCatnegssites
Manufacturing Volume 5, 1994. (https://doi.org/10.1016/0956143(94)901363)

[3] Y. Larberg, MAkermo. On the interply frison of different generations of carbon/epoxy prepreg systems
Composites Part A: Applied Science and ManufacturingVolume 42, 2011.
(https://doi.org/10.1016/j.compositesa.2011.04.010).

[4] L. Wang et al. Characterization of ir@y slipping behaviors in haiaphragm preforming: Experiments and
modelling. Composites Part A: Applied Science and Manufacturingolume 121, 20109.
(https://doi.org/10.1016/j.compositesa.2019.03.012).

[5] C. Pasco et al. Experimental investigation on interply friction propertieseofibset prepreg systemsournal

of Composite Materials/olume 53, 2019hftps://doi.org/10.1177/0021998318781706

[6] Y. Zhao et al. Characterization of prepggpreg and prepregool friction for unidirectional carbon fiber/epoxy
prepreg during hot didpagm forming process. Polymer Testing Volume 84, 2020.
(https://doi.org/10.1016/j.polymertesting.2020.106440).

[7]J. Kim et al. Study on intpty friction between woven and unidirectional prepregs and its effects on th
composite forming process. Composite Structures Volume 267, 2021.
(https://doi.org/10.1016/j.compstruct.2021.113888).

[8] X Bian et al. Effects of processing parameters on the forming qualitysbégged thermosetting composite
laminates in hot diaphragm forming processApplied Composite Matals, Volume 20, 2013.
(https://doi.org/10.1007/s10443012-9310-7)

[9] ASTM D18944, Standard Test Method for Static and Kinetic Coefficients of Friction of Plastic Film and Sheg
ASTM International, 2008. (https://www.astm.org/d1894.html).

[10]] SEOSTt o | SEC2 MDS garbon | DRalmicoo Product  Data. HEXCEL, 201

(https:/lwww.hexcel.com/user_area/content_media/raw/DSF_agpd®pdf), accessed 10 May 2022.

106

d the

mark

oting.

2.




Proceedings of the

6t Brazilian Conference on Composite Materials

ISBN978-65-00-49386-3
Part of ISSN 2316-1337
Organised & Edited by R.J. da Silva & T.H. Panzera

P
E
:

:

¥
%
ol
2
:

'

6Th BCCM Content available at:  doi.org/10.29327/566492

Artificial intelligence framewok for the uniaxial compressioanalysis of polymers

T. Doc&® ", P.G. Marques Fla¥y S.M. da LU, Z. AIMaqgdasi®, R. Joffé), N. Emanf?, S.C. Amid®

(a)¢» 0000-:0001-5376:5590 University of Brasilig Brazi)

(b) ¢ 0000:000291638610 University of Brasiliq Brazi)

(c)@» 0000000222230021 University of Brasilig Brazi)

(d) ¢» 0000:0001-55502962 Luled University of Technologysweden)

(e) ¢ 0000:000252104341 (uled University of Technologysweden)

(f) » 0000:0001-8676:8819 Luled University of Technologysweden)

(9) ¢ 0000:000348732238 Federal University of Rio Grande do &Brazi)

* Corresponding authodoca@unb.br

Keywords Al framework, Uniaxial compression, Polymers

Abstract An artificial intelligence framework is employed for the numerical analysis of selected pure polymers

often used as composite matrices. The efficiency and accuracy of the proposed scheme for predeting th

mechanical behaviour of acrylonitrile butadiene styrene (ABS) and Polycarbonate (PC) at compressive Igads

investigated. The method encompasses four building blocks: an experimental data set is obtained from star
mechanical characterization tests;finite element model (FE) of a nonlinear frictional contact problem is used
expand the database; the proposed artificial neural network (ANN) is trained via supervised machine learning
simulations of uniaxial compression are used for validatioh @mparison. Results show low computational cos
in both memory bandwidth and processing time, good accuracy, and scalability. These attributes make
proposed scheme a promising tool for the search of the optimal fibre concentration in a compositégrahe
analysis of complex conditions such as environmental effects and multiaxial loading, traits highly desired b
industrial sector.
1. Introduction

The study of the application of numerical methods for the evaluation of materials with polymeiawibeh is
an important branch of the study area concerning computational methods applied to engineering materials. U
metals, for which most commercial software has a wide library of models to describe the behaviour of either lin

plastic and elasttviscoplastic, there are few models implements for the elagscoplastic evaluation in polymers,

Tiradentes, Minas Gerais, Brazil

14-18" August 2022
Copyright ©2022Authors retain the copyright of this article.

107

ndarc
to

; anc
t
the

y the

nlike

ear,



https://orcid.org/0000-0001-8016-3165
https://orcid.org/0000-0001-7091-456X
https://doi.org/10.29327/566492

Proceedings of the'®Brazilian Conference on Composite Materials ISBND78-65-00-493863

among the software commonly used. The presence of models for these materials in most cases covers no

than the hyperelastic behaviour.

mor

One of the firsworks on the numerical study of polymers was presented by Arruda and Boyce [1993]. Later,

Boyce et al. [1994] presented studies of numerical models in large deformations for crystalline polymers, more

specifically the PC and PPMA (polymethylmethacryl&eyeral studies use the model proposed by ArBdgce

[1993] or by models based on it and can be found in the following studies: Antoine and Batra [2014], Torres and

Frontini [2016], Kermouche et al. [2013]; Tomas et al. [2015], Mulliken and Boycd,[26#g others.

When evaluating the increasing use of Machine Learning in the most diverse areas of research, it is identifiec

that such a methodology has great potential to be applied for a satisfactory evaluation of the mechanical behayiour

of polymerbased materials. Thus, the objective of this work is to present a mixed methodology (Artific

Intelligence framework and Finite Element Method) for the characterization of the mechanical behaviour

polymerbased materials, more specifically for the cheterization of the stresstrain curve of such materials. This
work seeks a methodology that allows such characterization with a lower computational cost and good accu

regarding the Atrtificial Intelligence framework, supervised training is used.

1.1. Modified MullikenBoyce Model
Mulliker. 2 2 0SQa ydzYSNAOIf Y2RSf LINBaSydaa AGasStT | a

[1993]. In this model, instead of using one viscoplatic network, there are two networks in parallel called by activ

molecular processes, each with their respective elastic and viscoplastic properties, as represented in the Fig.

(B) (B)
=

Fig.1. MullikenBoyce Model: One dimensional rheological representation.

¢CKS AYGSNN2TSOdz I NJ O2yGNROGdziA2Y 2y (GKS aGNBaa
spring in a lineaelastic domain, as show in eq.1.
v P = y -
Yi 5 I TYR NQ oyl p

The MullikenBoyce model describes the nonlinear hardening stress component (backstress) due to

entropic resistance of the molecular alignment as:

6 | .
Y — — 0 G
ol o

where,6° representsthe deviatoricpart of the left CauchygreenTensor$ the rubberymodulus,( the

limiting chainextensibility,and} isreferringto the principaldistortion stretches.

108

al

of

racy.

ated
1.

the




Proceedings of the'®Brazilian Conference on Composite Materials ISBND78-65-00-493863

Due to some limitations of the MullikeBoyce model previaly implemented to obtain the behaviour of the

material for strain magnitudes greater than 60%, a modification was carried out, changing the description of the

non-linear hardening behaviour from thedhain. The Cauchy stress for the description of thelinear hardening
phase can be determined according to the following equation:
A P

Y TﬁQQU Qu p O (0)

¥)
where, A represents a rigidity parameter,0 is a dimensionless parameter that controls the limited chain

extensibility at largestrains,Qis the bulk modulus an®is the first invariant 06 ”.
The total stress in the polymer is given by the tensorial sum of the contributions of the intermolecular
aiNBaasSa h IyR i +ta ¢Sttt a GKS y2yftAySIN KIFNRS
YoY% YR Y T

1.2. Numerical Model for the analysis of uniaxdéaimpression tests

y A

The numerical modelling of the uniaxial compression test is carried out using the commercial package ABAQUS

Due to symmetry, it is possible to introduce boundary conditions such that only 1/4 of the cylinder geometry needs

to be addressé. A depiction of the boundary conditions and mesh is shown in Fig. 2.

Fig.2. Finite element numerical model of the cylindrical specimen uniaxial compression test.

The analysis of uniaxial compression of the cylindrical specimenmydsmented from a structured mesh
O2yaAraitAiry3 az2tSte 2F SELXAOAG KSEF3I2ylt StSySyia
conducting a study mesh convergence. Due to the presence of large deformations in the analyses conducte
use of mesh distortion and full integration controls was defined.
2. Methodology

The methodology adopted for the prediction via ANN of the material parameters of the modified Mullikg
Boyce model was based on the creation of a dataset generated via Fimitertis in the commercial software
Abaqus. The numerical models adopted are previously calibrated from experimental tests of uniaxial compre
and the accuracy of the numerical model adopted was 99%.

The adopted model presents 16 material parametergrevious sensitivity analysis enabled the identification
of the most meaningful parameters in the mechanical description of the material. Thus, the parameters consid

in this work are% 6 , 2 dzy 3 Q a- alpha éhdiri)adza(activation energy alpha dain), E (softening slope
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alpha chain)Q (preferred states of thermal shear strengths), dimensionless paramaterigidity parameter and
0 (dimensionless parameter).

The ANN is created to perform two different types of prediction: Modgb(@glicting the material parameters
through an experimental stresstrain curve, and Model (2) prediction of the stredgin curve of a given material
through the material parameters belonging to the MullikBoyce model. To create the database, a regtdar
distribution was used to define the input material parameters, within ageéned range for each of the properties,
for the FE model.

The flowchart (fig. 3) below presents the second explanation. In the case of the first explanation, there

inversion of what is considered input and output.

Stress (MPa)

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7
Strain

Ey, M;, Jp, Sss, hy and AG;. Target of analysis
Input (experimental)

Dataset
E\, M;, Jn, Ss, hy and AG,.

E> /¥/ E> Prediction
Output Ey, M;, Jp, Sss, by and AG,.

Dataset

FEM Model

Fig. 3 Methodology adopted for the prediction of mechanical behaviour via ANN.

In order to evaluate the hypothesis of neural network application to determine the coefficients relevant to
use of themodified MullikernBoyce model (the numerical model implemented for the PC/ABS elastioplastic
evaluation), a supervised deep learning algorithm was implemented in Python programming language, using n
the Keras library.

The neural network was imgnented via TensorFlow. For the prediction of material parameters, the strate
adopted was based on the implementation of different neural networks for each of the evaluation parameters.
strategy presented the best accuracy results. For each of ¢éueah networks, different considerations regarding
the number of neurons and layers were considered.

3. Results and discussions

The implemented ANN model was validated for two different materials, PC and ABS. For each of the mat
three different database sizes were used for the training: Database A with 364, Database B with 193, and Dat
C with 97 data. The comparativetdeof the stressstrain curve obtained by the ANN model for each of the 3
trainings in comparison with the stressrain curve obtained via experiment is presentedigs. 4 and 5 for PC and

ABS, respectively.
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/

100

STRESS (MPA)

Database A Database B Database C ® Experimental

0,3 0,4 0,5 0,6 0,7 0,8
STRAIN

Fig.4. Stressstrain curve obtained viaMN for different dataset sizePC.

Fig.5. Stressstrain curve obtained via ANN for different dataset siz&BS.

To determine the stresstrain curve via ANN, the two models presented in chapter 2 are used. Initially, 1
first ANN model is applietb, from the stressstrain curve obtained experimentally, obtain the relevant materia
parameters regarding the modified MullikdBoyce model. Subsequently, these parameters are inserted into th

second ANN model to generate the streggin curve via dificial intelligence.

As can be identified by the figs. 3 and 4, the size of the dataset used in the training has an influence o

he

e

n the

accuracy of the model, however differently for PC and ABS. This occurs due to the visible difference in the

mechanical beaviour between both materials, mainly in the ntinear yield and hardening zone.

When evaluating the results for PC and ABS in parallel, the use of Database C presents better accul
pertinent observation is the fact that for ABS, the use of DataBagresents worse accuracy than Database C. Th
conceivably occurred due to the process of splitting the database between training and testing (random prog
Possibly the database used for ABS training contains few sthess curves with similar chacteristics.
4. Conclusions

Results have shown that both ANN models developed can yield an accurate representation of the behg
of polymers in uniaxial compression. The first model proposed can be used for the determination of esse

material parameters at a low computatiohzost while the second ANN model allows the description of mechanig

111

acy.
is

ess).

vioul
ntial

al









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































