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Dedicatory  
 

To Prof. Stephen W. Tsai, that has devoted his career to research in 

composite materials. One of the most renowned composite engineers, he is 

known for the Tsai-Hill failure criterion, lamination parameters, the Tsai-Wu 

failure criterion and strength ratios, the Halpin-Tsai micromechanics model, 

trace, master ply, 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 design, (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 active as an emeritus professor at Stanford University, and his 

lifelong talent and mastery in the field have recently led to the development of 

the Double-Double composite manufacturing and design technique, the theme 

of his new book launched this year (2022). 

 

https://profiles.stanford.edu/stephen-tsai
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Note from  the  Organisers & Editors  

of the 6th BCCM Proceedings Book  
 

Organisers & Editors of this book are responsible for the editing, compilation, 

layout and publication. The authors of each article retain its copyright and are solely 

responsible for the content of the information and due credit to the references used. 

This book has a browse resource by titles through bookmarks. 

A u t h o r s h i p   S t a t e m e n t ς Organising & Editing 

R.J. da Silva: (I) Management of submission and review processes of full 

manuscripts; (II) Template and editing of full manuscripts; (III) Organisation, 

compilation, layout and publication of the book. T.H. Panzera: (I) Supervision of 

submission and review processes; (II) Supervision and review of book editing and 

layout; (III) Resources. 

Note to article authors 

We recommend that you use the ISSN as identifier to register your publication 

in platforms of bibliographic output (ORCID, Lattes CV, etc).  If you wish to make your 

work available on an open access platform (ResearchGate, e.g.), please upload ONLY 

the pages of the book that correspond to your article. Check out this video 

(https://youtu.be/EEVRoa88FOA) on how to make your work available on 

ResearchGate. Check out this video (https://youtu.be/pR0ts2fTOVQ) 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), using et al. if there are more than three (3) 

authorsΦ άArticle titleέΦ Lƴ Proceedings of the 6th Brazilian Conference on Composite 

Materials (Part of ISSN  2316-1337), Organised and Edited by R.J. da Silva & T.H. 

Panzera, 2022, pp. page interval. DOI: https://doi.org/10.29327/566492 

Example: 

wΦWΦ Řŀ {ƛƭǾŀΣ CΦ.Φ .ŀǘƛǎǘŀΣ ¢ΦIΦ tŀƴȊŜǊŀΦ ά¢ƘŜ ±ƛǊǘǳŀƭ Cields Method applied to 

ǎŀƴŘǿƛŎƘ ǎǘǊǳŎǘǳǊŜǎ ǘƻ ƻōǘŀƛƴ ŦƭŜȄǳǊŀƭ ƳƻŘǳƭǳǎ ōȅ ƳƻŘŀƭ ŀƴŀƭȅǎƛǎέΦ Lƴ Proceedings of 

the 6th Brazilian Conference on Composite Materials (Part of ISSN  2316-1337), 

Organised and Edited by R.J. da Silva & T.H. Panzera, 2022, pp. 671-675. DOI: 

https://doi.org/10.29327/566492 

https://orcid.org/0000-0001-8016-3165
https://orcid.org/0000-0001-7091-456X
https://youtu.be/EEVRoa88FOA
https://youtu.be/pR0ts2fTOVQ
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About  

the  

6th BCCM  
 

 
The oldest train in operation in Brazil was inaugurated in 1881 by Dom 

Pedro II  and it travels  12 km between Tiradentes  and São João del -Rei. 

https://www.britannica.com/biography/Pedro-II
https://www.britannica.com/biography/Pedro-II
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6th Brazilian Conference on 

Composite Materials  
 

The 6th BCCM was attended by over 300 participants from 14 countries. 

More than 100 articles have been published and presented orally, with authors 

from more than 60 research, teaching and technology institutions. The 6th BCCM 

was held from 14th to 18th August 2022, in Tiradentes, a charming and warm-

hearted historical city famous for its gastronomy and architecture. Tiradentes was 

founded in 1718, named after Joaquim José da Silva XavierΣ ǘƘŜ άTiradentesέΣ 

patron of the Brazilian Republic. 

Since its first edition in 2012, the Conference congregates Brazilian and 

worldwide students, professors, and researchers from academia and industry to 

promote the recent developments and discuss the challenges in composite 

materials in Brazil and abroad. The range of topics is comprehensive, including 

Damage and Fracture; Simulation in Composites; Adaptive Composites; Durability 

and Ageing; Mechanical and Physicochemical Properties of composites; 

Nanocomposites; Recycling and reuse of composite materials; Experimental 

Techniques; Lignocellulosic Composites; Processing and Manufacturing of 

composites; Health Monitoring in composite structures; Multi-Scale Modelling; 

Industrial Applications. 

 

 

 

  

https://www.britannica.com/biography/Joaquim-Jose-da-Silva-Xavier
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Behind the 6 th BCCM 
 

The 6th Brazilian Conference on Composite Materials was co-organised by 

the Federal University of São João del-Rei (UFSJ), the Federal University of Minas 

Gerais (UFMG), and the Centre for Innovation and Technology in Composite 

Materials (CITeC). 

Ranked among Brazil's top Institutions of Higher Education and located a 

short distance from the state capital city of Belo Horizonte, UFSJ offers 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 on six different campuses, 

three of them located in São João del-Rei and the other three in the towns of 

Divinópolis, Ouro Branco, and Sete Lagoas. The University offers a stimulating 

environment for academic work, and at the same time, situated as it is in the 

historical heart of the state of Minas Gerais, it gives access to a range of cultural 

activities and attractions. 

Placed in the southeast of Brazil, the most industrialized region of the 

country, UFMG, a free-of-charge public educational institution, is the oldest 

university in the state of Minas Gerais. It was founded in September 7th 1927 by 

the name of University 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. 

CITeC is 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 of composite 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 been also a great motivation for our research team. 

https://www.ufsj.edu.br/
https://ufmg.br/
https://panzera5.wixsite.com/citec
https://www.ufsj.edu.br/
https://ufmg.br/
https://panzera5.wixsite.com/citec
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Conference Schedule  

 

Time Sunday 14th Monday 15th 

07:30 

 

Register 

08:00 Opening ceremony 

08:30 
Plenary 1 

(Ramesh Talreja) 

09:20 
Presentation 1 

(Room 1-3) 

10:40 Coffee-Break 

11:05 
Presentation 2 

(Room 1-3) 

12:25 Register Lunch 

14:15 
Short-courses: part I 
(Adriano Koga; Sérgio Pezzin) 

Plenary 2 
(Steven Tsai) 

15:05 
Presentation 3 

(Room 1-3) 

16:25 Coffee-Break Coffee-Break 

16:50 Short-courses: part II 
(Adriano Koga; Sérgio Pezzin) 

Presentation 4 
(Room 1-3) 17:40 

   
 

Time Tuesday 16th Wednesday 17th Thursday 18th 

08:30 
Plenary 3 

(Fabrizio Scarpa) 

Plenary 5 
(Pedro Camanho) 

Technical Lectures 
(Anton Paar; HEXCEL) 

09:20 
Presentation 5 

(Room 1-3) 
Presentation 7 

(Room 1-3) 
Presentation 11 

(Room 1-3) 

10:40 Coffee-Break Coffee-Break Closing ceremony 

11:05 
Presentation 6 

(Room 1-3) 
Presentation 8 

(Room 1-3) 
 

12:25 Lunch Lunch  

13:55 
Plenary 4 

(Eloi Figueiredo) 

Plenary 6 
(Mauricio Donadon)  

14:45 
Short-courses: part I 

(Sandro Amico; Flamínio Levy Neto; Gerson Marinucci) 

Presentation 9 
(Room 1-3) 

 

16:05 Coffee-Break Coffee-Break  

16:30 Short-courses: part II 
(Sandro Amico; Flamínio Levy Neto; Gerson Marinucci) 

Presentation 10 
(Room 1-3) 

 

17:50  

20:00  Dinner  
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Keynote Speakers  ð Plenaries  

Three decades of pattern recognition for 

structural health  monitoring  of bridges  

  
Prof. Elói Figueiredo  

Lusófona University  

Portugal  

Mechanical metamaterials and biobased composites: 

new trends for sustainable high -performance structure s 

 
Prof. Fabrizio Scarpa  

University Of Bristol  

United Kingdom  

Strength prediction of composite laminates 

under uncertainties using theory -guided 

machine learning  

 
Prof. Pedro Camanho  

University of  Porto  

Portugal  

Failure analysis of composite materials towards 

cost/performance trade -off  

  
Prof. Ramesh Talreja  

Texas A&M University  

USA 

The analytic foundation of double -double:  

DD concepts & operation  

 

Prof. Stephen Tsai  
Stanford University  

USA 

A decohesive interface element for static and fatigue 

induce damage predictions in adhesively bonded 

joints under variable loads and debonding mode ratios  
 

 
 

Prof. Mauricio Donadon  
Aeronautics Institute of Technology  

Brazil 

https://www.ulusofona.pt/en/teachers/eloi-joao-faria-figueiredo
https://research-information.bris.ac.uk/en/persons/fabrizio-scarpa
https://sigarra.up.pt/feup/pt/func_geral.formview?p_codigo=240020
https://engineering.tamu.edu/aerospace/profiles/rtalreja.html
https://profiles.stanford.edu/stephen-tsai
http://www.ita.br/~donadon
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Short Courses 

Finite Element Method  

(FEM) 
 

  

Adriano Koga  
Altair  

 Analysis of laminated  

composite beams  

 

 

Prof. Flamínio Levy Neto  
University of Brasília  

Fundamentals of  polymeric  

matrix  composites  
 

 

Prof. Gerson Marinucci  
Nuclear and Energy  

Research Institute  

 

Introduction to  

composite manufacturing  
 

 

Prof. Sandro Amico  
Federal University of  

Rio Grande do Sul  

Self-healing  

composites  

 

 

Prof. Sérgio Pezzin  
Santa Catarina State University  

https://www.linkedin.com/in/adriano-koga-18a13018
http://lattes.cnpq.br/7635726425261305
http://lattes.cnpq.br/1613968961297455
http://lattes.cnpq.br/1395635597581964
http://lattes.cnpq.br/2375722997534058
http://lattes.cnpq.br/2375722997534058


13 

Technical Lectures  

 

Characterisation of mechanical properties 

in composite materials  

 

  

 

HexTow  ® and Toughened HexPly  ® M65-1 

 



 

 

About published 

articles  
 

The 6th BCCM featured the publication of 119 articles, and all 

work presentations were performed orally, distributed in 3 

rooms with 11 presentation sessions each. The ǇǊŜǎŜƴǘŜǊΩǎ ƴŀƳŜ 

is underlined in the manuscript header.  

In this book section, the reader will find  a list with all 

participating institutions (authors' affiliation), a summary with all 

the titles of published articles, and the schedule for the oral 

presentations performed at the conference. 

 

 
Serra de São José , with a maximum altitude of approximately 1300  m, is 

located between the municipalities of Tiradentes, São João del -Rei, 

Santa Cruz de Minas , Prados  and Coronel Xavier Chaves . 
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Participa ting institutions  
(authorõs affiliation)  

Algeria  

¶ University of Guelma 
 

Austria  

¶ FRACTURE ANALYTICS 
 

Brazil  

¶ Aeronautics Institute of Technology 

¶ Amazonas State University 

¶ Braskem S.A. 

¶ Brazilian Army Technological Center 

¶ Catholic University Centre of Santa Catarina 

¶ CH. Vidon Ltda. 

¶ Federal Center for Technological Education of Minas Gerais 

¶ Federal Center of Technological Education Celso S. da Fonseca 

¶ Federal Fluminense Institute 

¶ Federal Institute of Mato Grosso do Sul 

¶ Federal University of ABC 

¶ Federal University of Ceará 

¶ Federal University of Espírito Santo 

¶ Federal University of Itajubá 

¶ Federal University of Lavras 

¶ Federal University of Minas Gerais 

¶ Federal University of Pelotas 

¶ Federal University of Pernambuco 

¶ Federal University of Rio de Janeiro 

¶ Federal University of Rio Grande do Norte 

¶ Federal University of Rio Grande do Sul 

¶ Federal University of Santa Catarina 

¶ Federal University of Santa Maria 

¶ Federal University of São Carlos 

¶ Federal University of São João del-Rei 

¶ Federal University of São Paulo 

¶ Federal University of Western Bahia 

¶ Institute for Technological Research 

¶ Muniz & Spada Ltda. 

¶ National Institute of Technology 

¶ National Laboratory for Scientific Computing 

¶ Nuclear and Energy Research Institute 

¶ Petrobras 

¶ Pontifical Catholic University of Rio de Janeiro 

¶ Rio de Janeiro State University 

¶ Santa Catarina State University 

¶ São Paulo State Technological Colleges 

¶ São Paulo State University 

¶ State University of Campinas 

¶ State University of Londrina 

¶ University of Brasília 

¶ University of Caxias do Sul 

¶ University of São Paulo 
 

Chile  

¶ Pontifical Catholic University of Valparaiso 
 

Cuba  

¶ Santa Clara University 

¶ Technological University of Habana 
 

Germany  

¶ Federal Institute for Materials Research and Testing 
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Abstract: 3D printing has been transforming over the years, moving from simple prototyping to producing objects 

and structures with advanced materials. This process, also known as additive manufacturing, allows complex shapes 

to be generated with great freedom of creation and low waste of resources. The objects created by this kind of 

method were not able to withstand mechanical stress due to its traditional printing materials' lack of good physical 

characteristics, making large-scale printing, impractical. By the growing need for increase mechanical properties, 

this research evaluated the insertion of vegetable fibers as reinforcement in the printing process. Jute, ramie, and 

sisal fibers were used in the PLA matrix, verifying the increase in strength and stiffness of these composites 

submitted to tensile tests. As a result, even with low fiber fractions, the reinforced samples achieved gains of 28.6% 

in strength and 28.9% in stiffness. 

Fundings: CAPES, CNPq e FAPERJ. 

1. Introduction 

Human development is directly linked to the evolution of materials engineering and manufacturing processes. 

Technological growth has allowed the industry to seek increasingly sophisticated materials, meeting criteria of 

mechanical, environmental and design performance. 

3D printing is a rapid prototyping process for producing a three-dimensional object layer by layer, generated 

from a digital file [1]. It enables the fabrication of projects with complex design, meeting all the user's geometry 

needs. Furthermore, this technique allows a significant reduction in the amount of raw material, leading to more 

economical models [2]. However, the originally use of 3D printing was restricted to polymeric prototypes with low 

mechanical properties, thus not being 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 are few research 

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 case 

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

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

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

renewable and biodegradable character.  

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 turn, will 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 layers [6]. 

This article aims to develop and analyse biocomposites reinforced with continuous vegetable fibers printed by 

the FDM method embedding in a modified printhead. 

2. Methodology 

For 3D printing reinforced with continuous fibers in the form of wires and strings, it was necessary to create a 

new printhead adapted to insert fibers in a traditional FDM printer. For this, this extruder was developed with a 

side inlet of the printing nozzle, so that the composite material of fiber and polymer matrix was deposited on the 

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 polylactic acid filament (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 where 

the best viscosity was obtained with the lowest porosity. As for the reinforcement, ramie, jute, and sisal fibers were 

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

measured 2 mm. 

 

Fig. 2. Yarn of vegetable fiber used. 

2.2. Tensile test 

Tensile tests were carried out to determine the properties of PLA composites reinforced and non- reinforced. 

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 D3039 - Standard Test 

Method for Tensile Properties of Polymer Matrix Composite Materials. The specimens were classified and prepared 

according to Table 1 with fibers oriented in the main direction.  

Print parameters have been set to suit fiber insertion. The layer height was 1.5 mm, with a width of 2.0 mm 

ŀƴŘ ŀ ŦƛƭŀƳŜƴǘ ŘŜǇƻǎƛǘƛƻƴ ǎǇŜŜŘ ƻŦ мл ƳƳκǎΦ ²ƛǘƘ ǘƘŜǎŜ ǇŀǊŀƳŜǘŜǊǎ ŀƴŘ ƴƻȊȊƭŜ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ мулϲ/ ŀƴŘ ǘŀōƭŜΩǎ 

temperature of 60°C.  

Table 1. 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  1.7±0.2 

Sisal  150  14.5±1.0  1.6±0.2 

 

The test was performed on a universal testing machine, EMiC Series 23, model 23-30, equipped with a 2kN 

internal and 5kN external load cell, as well as a digital extensometer for measuring deformation in the central 

section of the specimen as Figure 3. The test was carried out with displacement control and the test speed was 2.00 

mm/min to failure. 
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Fig. 3. Test machine EMiC Serie 23, model 23-30. 

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 tensile strength 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 non-reinforcement specimen. 

Table 2. Tensile test result. 

Type of reinforcement  Tensile strength [MPa]  Modulus of elasticity [GPa] 

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 was a more 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 the tensile test. 

4. Conclusions 

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

new material. The tensile test found significant increases in strength with the use of jute (12.76%) and sisal fibers 

(28.61%). On the other hand, the use of jute fiber promoted the smallest deformations and a Young's modulus of 

4.32GPa. This demonstrates that even in low volumetric fractions it is possible to use reinforcing fibers as 

reinforcement. 

From an environmental and economic point of view, the use of plant fibers in composites is a point of interest 

for the present and future of research in the country. Therefore, given all the analyses carried out, the use of 

vegetable fibers as reinforcement can be seen as an alternative 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 material 

structures modelling, for example, presents a direct relation between model fidelity and computational cost, 

potentially leading to greater design iterations and costs. Continuum Damage Mechanics (CDM) benefits from the 

smeared cracking approach and displays the potential of high 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 progressive damage formulations 

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 in Abaqus/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 the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior ς  

Brazil (CAPES) ς Finance Code 001 and CNPq Grant (No. 301069/2019-0). 

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 optimization, 

on the other, time-consuming complex modelling and tests are necessary. Predictive numerical tools for damage 

propagation suffer from the rapid increase in computational cost associated with result quality. A cost-effective 

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


Proceedings of the 6th Brazilian Conference on Composite Materials ISBN 978-65-00-49386-3 

32 

solution is the smeared crack approach, where damage evolution can be related to the Linear Elastic Fracture 

Mechanics (LEFM). Many progressive damage models are implemented in Finite Element (FE) codes, such as [1-4] 

for interlaminar damage, and [5-8] at intralaminar level. However, some hypotheses can be consistent only for 

geometrically linear problems and can introduce errors at large strains. This work focuses on the development of 

an intralaminar progressive damage material model for FE analysis, suitable for large deformations, in opening 

mode for regular meshes. 

2. Methodology 

2.1. Continuum damage mechanics for one-dimensional strain field 

Composite materials failure and cracking can be modelled by the CDM, which consists in progressively reducing 

the stiffness of regions that satisfy a set of onset criteria. Eq. (1) displays the stress („) x strain (‭) relation for a uni-

axial strain field. The stress value can also be computed from the material point opening displacement (‏), leading 

to a Traction Separation Law (TSL), where the area within the envelope is the critical Strain Energy Release Rate 

(SERR). Assuming a bi-linear TSL, stiffness damage variable (Ὀ ) is related to separation as in Eq. (2). Constitutive 

stiffness damage variable (Ὀ ) depends on the separation, strain and stiffness damage values, as in Eq. (3). For 

linear elastic materials under small strain conditions ὑ‏ Ὁ‭ and both damage variables are equivalent. 

„ ρ Ὀ Ὁ‭ ρ Ὀ ὑ‏ ρ 

Ὀ ρ
‏

‏

‏ ‏

‏ ‏
ς 

Ὀ ρ ρ Ὀ
ὑ‏

Ὁ‭
σ 

2.2. Single element traction - separation 

To explore the effects of large ŘŜŦƻǊƳŀǘƛƻƴ ƻƴ ǘƘŜ ¢{[ΩǎΣ ŀ ǎǉǳŀǊŜ ŜƭŜƳŜƴǘ ǿƛǘƘ ƻƴŜ-dimensional strain field is 

proposed, Fig. 1. Eq. (4) relates spatial positions ὼȟώȟᾀ to material reference coordinates ὢȟὣȟὤ. 

 

Fig. 1. Square element subjected to uni-axial strain field. 

 

ὼ  ὢ
‬ό

‬ὼ
ὢ      ώ  ὣ      ᾀ  ὤ τ 

The product of strain value by the element size, at the desired direction, is a commonly adopted methodology 

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

softening laws with different strain measures. As shown in Eq. (5), such prediction is only valid for infinitesimal 

displacements, where ὰὲρ . For large deformation analysis, the separation is underestimated by 

such strategy. 
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‏ ὒ‭ ὒὰὲρ
ὸ‏

ὒ
ὸ‏ υ 

Material point separation prediction can be improved by updating the element size ὒ and calculating the 

displacement increment within the time-step: 

‏ ὒ ɝ‭ ‏  φ 

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

characteristic length of the following: 

ὒ ὃ χ 

where ὃ  is the in-plane area associated with the integration point. Under the assumption of opening 

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

directly from strains as: 

Ὀ Ὀ ρ
‭

‭

‭ ‭

‭ ‭
ψ 

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

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

definitions derived from [7]. Separation values can be interpolated, [12], or obtained directly from the element's 

deformation gradient tensor, evaluated at an integration point. For a 4-noded shell element, with linear 

interpolation functions for in-plane displacements, the deformation gradient becomes: 

Ὂ
ρ
ὸ‏

ὒ
π π

π ρ π
π π ρ

ω 

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

stretch ratio definition, resulting in the following proposed separation prediction: 

‏ ὒ Ὂ Ὂ Ὂ ρ ὸ‏ ρπ 

By the accurate prediction of opening displacements (‏), the geometric Ὀ ) and constitutive (Ὀ ) stiffness 

damage variables can be directly determined, thus resulting in a stretch-based damage. 

2.3. Single element solutions 

For the field in Eq. 4, both approaches (strain-based and stretch-based) were compared to the prescribed 

traction-separation envelope. Fracture energies were calculated by the integration of the traction-separation laws 

for each element size. Both strategies were also implemented as a user defined material model in Abaqus/Explicit 

(VUMAT). A single four-noded shell element with single in-plane integration point (S4R) and prescribed 

displacement was modelled, as depicted in Fig. 1. Both implemented user material models adopt the maximum 

stress damage onset criterion, which for the uni-ŘƛƳŜƴǎƛƻƴŀƭ ŦƛŜƭŘ ŀƭƻƴƎ ŘƛǊŜŎǘƛƻƴ м ƛǎ ŜǉǳƛǾŀƭŜƴǘ ǘƻ !ōŀǉǳǎΩǎ ōǳƛƭǘ 
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in Hashin progressive damagŜ ŦƻǊƳǳƭŀǘƛƻƴΦ ¢ƘŜǊŜŦƻǊŜΣ IŀǎƘƛƴΩǎ ŀƴŘ ǘƘŜ ǎǘǊŀƛƴ-based VUMAT were compared 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 model, Fig. 2, was generated to evaluate the effects of different opening predictions in a 

notched domain in opening mode fracture. Fig. 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 material 

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

mesh for crack propagation. Fig. 2.b displays a contour plot of opening mode damage. Table 1 displays the material 

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

a plain weave composite, as reported in [10]. Tensile strength and critical SERR values were chosen to introduce 

the large displacements non-linearity, while maintaining the order of magnitude from carbon epoxy composites 

properties, as in [10,11]. 

 

(a) Mesh and boundary condition 

 

(b) Damage variable 

Fig. 2. Coupon finite element model. 

 

Table 1. Material properties. 

Ὁ ὓὖὥ  Ὁ ὓὖὥ  Ὃ ὓὖὥ  ’   ὢ ὓὖὥ  Ὃ ὯὐȾά  

58640  58640  1400  0.04  500  200 

3. Results and Discussions 

3.1. Single element results 

Fig. 3 displays the resultant traction-separation relations for each progressive damage approach, where 

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

TSL envelope. A small deviation from conventional and proposed approaches is obtained for larger element sizes. 

However, as the element size decreases and reaches the same magnitude order of the displacement failure (‏), 

non-linear effects lead to an under estimation of separation, and therefore an underestimation of damage. On  Fig. 

4, the fracture energy ratio is obtained by integraǘƛƻƴ ƻŦ ǘƘŜ ¢{[Ωǎ όὋ ) and dividing by the prescribed (Ὃ), as a 

function of initial length. The proposed methodology provided a consistent formulation where fracture energy is 

conserved, regardless of initial element size. The element level validation provided an important insight for the use 

of conventional progressive damage formulations. As the element failure opening ‏ is a function of fracture energy 

and strength, mesh sizes with lengths ὒ  .should be avoided, to guarantee the prescribed critical SERR ‏
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Fig. 3. Traction - displacement plots for different mesh sizes. 

 

 

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 coupon-like geometry modelled, the same behaviour is observed for the small strain 

opening displacement VUMAT, as the softening portion of the plots in Fig. 5 are slightly delayed for smaller element 

sizes, as in tougher materials. Once again, the deformation gradient based VUMAT showed no dependency on the 

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

 

Fig. 5. Load x displacement plots for coupon geometry. 

4. Conclusions 

A review on the CDM behaviour of bi-linear 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 for 

a simple domain was implemented and replicated the behaviour of Abaqus/Explicit built-in 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, by 

computing it from the deformation gradient at each step. For both elementary and coupon geometries, the 

proposed model showed no dependency on the element size, due to the non-linear definition of the stretch ratio. 

While the critical SERR and global energy dissipation errors are negligible for most practical cases, the proposed 

methodology leads to a consistent progressive damage formulation for large deformations. Despite the presented 

study focus on non-linear effects over square elements, the same energy dissipation dependency is observed for 

non-regular meshes and are part of the on-going 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 of 

intra/translaminar and interlaminar failure modes by combining a model based on continuum damage mechanics 

(CDM) with cohesive interface elements. The CDM model takes into account in-plane shear failure, fibre failure (in 

tension/compression) and matrix cracking (in tension/compression) at ply level. The implementation is performed 

as a User-Defined Material Model (VUMAT) within single integrated hexahedron solid elements available in 

ABAQUS FE code. Machining-induced delamination is predicted using native cohesive interface elements, whose 

formulation is based on a bilinear tensile separation law, predicting the initiation and propagation of delaminations. 

The proposed modelling approach allows the prediction of machining-induced damage within an energy 

framework, combining stress-based failure criteria, fracture mechanics and damage mechanics approaches in a 

unified way. Experimental results from open literature are assessed to verify and validate the models. A good 

general correlation between experimental data and numerical results is obtained. 

1. Introduction 

Fibre reinforced composites constitute, nowadays, approximately 7.5% of the total mass of vehicles [1]. 

According to Hosseinzadeh et al. [2], fibre-reinforced polymers have increasingly replaced steel in the automotive 

industry. As structural components, composites reinforced with glass (GFRP) and carbon fibres (CFRP) can reduce 

the vehicle weight by 20-35% and 40-60%, respectively [3]. This trend is also notably encouraging in aircraft industry 

where Boeing 757 recently used more than 57% by weight of FRCs to construct the mainframe structure [4], 

representing estimated savings of 15-20% of fuel relative to any other airplane structure [5]. 
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In general, composite parts manufacturing involves many machining operations, such as drilling and milling 

during the final processing before assembly [6], thereby, strict dimensional tolerances and surface roughness are 

commonly necessary. However, the machining of abrasive fibres and tougher resin could result in excessive stress 

concentration on the cutting tools, while lead to significant damages modes such as fibre pull out, delamination 

and matrix cracks.  Mejias et al. [4] stated that the machining induced damages could affect the surface quality of 

a machined component and act as potential failure initiation when loaded in service. An overview of the failure 

initiation and development during machining composites highlights that is necessary to thoroughly study the 

damage formation mechanism under different tool geometries and process variables [7]. As result, a larger number 

of machining trials are needed to understand the effect of processing parameters on the surface roughness and 

failure initiation during the cutting. However, the high cost associated with the composite materials and cutting 

tools limit the amount and range of experimental testing.  

Finite element (FE) models could be a cost-effective and an interesting alternative to virtually design machining 

strategies to predict the failure modes of composite structures and to reduce the costs of the test campaign [4-7]. 

The energy-based models and the ply discount approach are usually the two types of damage propagations found 

in machining FE models. Different macro and micro-scale models are developed in both approaches to reduce 

stiffeness matrix parameters [4]. Soldani et al. [8] stated that the damage is the most sensible factor in FE modelling 

of composite cutting. The damage distribution changes significantly not only because of mesh size, shape and 

orientation, but also, due to the variation of energy needed to lead to elemental failure. Santiuste et al. [9] 

concluded that the matrix damage and chip formation are strongly dependent on the energy necessary to break 

the element completely. This energy also characterizes the composite behaviour (brittle/ductile) during machining. 

Cepero-Mejias et al. [4] reviewed that the implementation of continuum damage mechanics (CDM) approach in 

composite cutting models realistically predict the fracture behaviour of the translaminar interface between fibre-

matrix. However, in the existing FE models few works covering this approach were founded.  

This work presents an energy-based formulation for a tree-dimensional ply failure model to investigate the 

milling process behaviour of UD carbon fibre laminate. The proposed model combines continuum damage 

mechanics and stress-based fracture mechanics approaches within a unified context, enabling the analyse of the 

damage initiation and damage propagation. The constitutive model was implemented into ABAQUS/Explicit using 

VUMAT subroutine. The proposed 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 formulation combines four modelling approaches: failure criteria, fracture mechanics, 

plasticity and damage mechanics as proposed by Oliveira et al. [11] and Donadon et al. [12]. A stress-based criteria 

was used to detect the damage initiation for fibre failure in tension and compression, for matrix failure in tension 

and compression, and for in-plane shear failure. The fracture and damage mechanics was combined within a unified 

context by using the smeared cracking approach, which relates the specific energy within a Representative Volume 
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Element (RVE) with the fracture energy of the material for each particular failure mode. The non-linearity originated 

from the micro-cracks and the in-plane shear behaviour were modelled by the plasticity. Damage evolution laws 

are stablished on hermitian cubic softening 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 mode  Failure criteria 

Fibre in tension  Ὂ „
„

Ὓ
ρȢπ 

Fibre in compression  Ὂ „
ȿ„ȿ

Ὓ
ρȢπ 

Matrix in tension  Ὂ „ ȟ†ȟ†
„

Ὓ

†

Ὓ

†

Ὓ
ρȢπ 

Matrix in compression  Ὂ „ ȟ†ȟ†
†

Ὓ ‘ „

†

Ὓ ‘ „
ρȢπ 

In-plane shear  Ὂ †
ȿ† ȿ

Ὓ
ρȢπ 

 

The parameters S11t, S11c, S22t, S22c, S23, S12 are the tensile strength and compressive strength in the fibre 

direction, the tensile and compressive strength in the matrix direction, out-of-plane shear strength and the in-plane 

ǎƘŜŀǊ ǎǘǊŜƴƎǘƘΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ !ƴŘ ǘƘŜ ǎǘǊŜǎǎŜǎ ˋ1Σ ˋ2Σ ˍ23Σ ˍ12 are the stresses applied in the fibre and matrix direction, 

and the out-of-plane and in-plane shear stresses, respectively. The friction coefficients µnt and µnlΣ ǘƘŜ ǎǘǊŜǎǎŜǎ ˋnn, 

ṉlΣ ˍnt and the out-of-plane shear strength S23
A are the Puck and Schurmann failure criteria [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 explicit central-difference time integration, was used to 

build the interlaminar constitutive model. Cohesive interface elements associated with general contact formulation 

and failure propagation were applied between adjacent plies. The contact formulation and the cohesive zone model 

enables the prediction of failure initiation and damage evolution by means of a traction-separation law. The 

traction-separation formulation assumes initially linear elastic behaviour in terms of separation stress tn (normal 

direction), ts (13 direction) and tt (23 direction) associated with mode I delamination followed by the shear stress 

in the first direction associated with mode II delamination and the shear stress in second direction associated with 

mode III delamination. Details on the 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 dynamic non-linear finite element using an explicit integration. 

A brick element C3D8R, available in ABAQUS Explicit, was 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 specimens 

have a total of 16 plies, where each ply has 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 contact 

formulation was implemented. The tool was modelled considering an isothermal rigid body. The miller cutter was 

simplified based on the tool code 2N012 produced by SANDVIK CoromantTM with 6 mm of diameter. The 

displacement of the tool was considered only in the cutting direction. The rotation and the linear movement of the 

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

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

fracture properties were extracted from HexPly 8552 data sheet from the carbon fibre plies manufacturer Hexcel 

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 Fig. 1.  For each of the five 

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 surface, followed by matrix crushing damage. These two damage mechanisms covered most of the 

machined surface because of the stress state of material during milling met the matrix failure initiation. The fibre 

crushing (compression) and in-plane shear failure were also significant, where the shear failure have a larger 

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 tension, 

(d) matrix in compression and (e) In-plane shear. 

 

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

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

(Fig. 1e) of the 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. In 

this way, the failure propagates perpendicularly to the cutting direction due to the fibre-matrix 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 good 

agreement with these numerical predictions. 

 

Fig. 2. Failure modes and chip formation. 

 

Fig. 3 shows a comparison of the numerical prediction and experimental milling forces from Wang et al [10]. 

Cutting forces are predicted at each increment of time during the feed of the cutter in the cutting direction. Given 

the different geometry of cutting tools and unidirectional CRFP properties, the cutting force correlates well with 

the findings of Wang et al. [10]. The numerical peak values (178.5 N) have similar values for cutting force obtained 

experimentally (180.7 N). This small difference can be explained by the changing in the contact condition in 

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

 

Fig. 3. Comparison between numerical predictions and experimental results from Wang et al. [10]. 

4. Conclusions 

A FE based numerical modelling methodology for composite laminates under the milling process has been 

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

¶ The proposed 3D finite element methodology was able to identify the failure mechanisms occurring at several 

points throughout the chip formation process; 

¶ The model accurately predicted fibre failure mode, matrix cracking characteristics, interlaminar failures and 

cutting forces. The matrix cracking was the most significant damage in the zone beneath the machine surface; 

¶ An overall good correlation between numerical predictions and experimental results was obtained using the 

proposed three-dimensional ply failure formulation for composite laminates. 
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Abstract: Given the increasing importance of sustainability in product design, tools for designing products with low 

environmental impact are important for tackling problems in the future. One important measure of environmental 

ƛƳǇŀŎǘ ƛǎ ƭƛŦŜ ŎȅŎƭŜ ŜƴŜǊƎȅ ό[/9ύΣ ǿƘƛŎƘ ǳǎŜǎ ǘƘŜ ŎǳƳǳƭŀǘƛǾŜ ŀƳƻǳƴǘ ƻŦ ŜƴŜǊƎȅ ŀ ǇǊƻŘǳŎǘ ŎƻƴǎǳƳŜǎ ƻǾŜǊ ƛǘǎΩ ƭƛŦŜǘime 

as a proxy for environmental impact. In this work, the core topology and face sheet thickness of a sandwich beam 

are optimized for different material compositions with the goal to minimize the life cycle energy of the beam. A 

constraint on the mean compliance of the beam is used as a proxy for functional requirements. The problem is 

solved using a mixed-integer programming extension of the established Topology Optimization of Binary Structures 

(TOBS) method. Numerical examples indicate that the method is able to find feasible minimum LCE solutions with 

varying topologies and face sheet thicknesses. 

Fundings: Vinnova (Grant Number 2016-0519) 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 approach, 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 a 

vehicle. While the reduced mass would lead to lower energy ŎƻƴǎǳƳǇǘƛƻƴ ŘǳǊƛƴƎ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ǳǎŜ ǇƘŀǎŜΣ ǘƘŜ 

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

https://orcid.org/0000-0001-8016-3165
https://orcid.org/0000-0001-7091-456X
https://doi.org/10.29327/566492
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at the end of its life span could potentially be increased. This can lead to sub-optimal designǎ ŦǊƻƳ ŀ ǎȅǎǘŜƳΩǎ 

perspective that do not take into account the impact of the vehicle over its entire life cycle, but only focus on the 

operational phase [1]. 

A method that has been developed to deal with this design problem is the life cycle energy optimization (LCEO) 

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

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

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 certain 

loads and on the eigenfrequencies of the plate. The LCE was calculated based 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 include 

the effects of end-of-life modelling into the framework as well as the effects of vehicle shape and the aerodynamic 

drag. 

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

amount of different problems, including phenomena such as static compliance, free vibration, buckling and forced 

vibration [5]. A number of different methods have been developed, including solid isotropic interpolation with 

penalization (SIMP) [5], bidirectional evolutionary structural optimization (BESO) [6], level set [7] and topology 

optimization of binary structures (TOBS) [8]. The work presented in this paper seeks to apply topology optimization 

to the LCEO of a sandwich beam, with the goal of minimizing the LCE of this beam by concurrently optimizing the 

topology of the core and the thickness of the face sheets. The problem is solved using a mixed-integer linear 

programming (MILP) extension of the TOBS method.  

2. Methodology 

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

Ὁ ὢ Ὁ ὢ Ὁ ὢ Ὁ ὢȟ ρ 

where Ὁ is the life cycle energy, Ὁ  is the energy required to produce the virgin material, Ὁ  is the energy required 

to operate the vehicle, Ὁ  is the energy consumed or recovered by the end-of-life processing of the vehicle and ὢ 

is the vector of design variables. The LCE optimization problem can be formulated as 

ÍÉÎὉ ὢ

ίȢὸȢ  Ὣ ὢ ὫӶȟ
ς 

where  Ὣ ὢ is the j:th constraint representing a given functional requirement and ὫӶ is the upper bound on this 

constraint. 

The general topology and thickness optimization problem can be formulated as 

άὭὲὧὼȟὸ ίȢὸȢ Ὣ ὼȟὸ ὫӶ

ὼɴ πȟρ  ȟὸɴ ᴙ ȟ
σ 

where ὧ is some cost function, ὼ is the vector of binary topology design variables, where 0 indicates absence of 

material and 1 indicates presence and ὸ is a vector of continuous design variables. Linearizing Eq. (3) yields 



Proceedings of the 6th Brazilian Conference on Composite Materials ISBN 978-65-00-49386-3 

45 

άὭὲ
‬ὧ

‬ὼ
ɝὼ  

‬ὧ

‬ὸ
ɝὸ ίȢὸȢ

‬Ὣ

‬ὼ
ῳὼ

‬Ὣ

‬ὸ
ῳὸ  ὫӶ Ὣ ὼ

ῳὼɴ π ὼȟρ ὼ ȟῳὸɴᴙ ȟ
τ 

where ɝὼ and ɝὸ are 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 

ὑό Ὂȟ υ 

where ὑ is the global stiffness matrix, ό is the global vector of nodal displacements and Ὂ is the vector of nodal 

loads. The static compliance is defined in [5] as 

ὅ Ὂόȟ φ 

where ὅ is the static compliance and Ὕ denotes the transpose of a vector or matrix. 

The problem of minimizing the LCE of a sandwich beam can now be formulated as 

άὭὲὉ ὼȟὸ ίȢὸȢ ὅὼȟὸ ὅӶ

ὼᶰπȟρ ȟ ὸ πȟ
χ 

where ὅӶ is the upper bound on the static compliance, ὼ are the topology variables of the sandwich core and ὸ is 

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] it is shown 

that the different terms on the right-hand side of Eq. (1) are linear functions of mass for the core and face sheets, 

Ὁȟὼ Ὧȟά ὼ ȟὉȟ ὸ Ὧȟά ὸȟ ψ 

where Ὁȟ and Ὁȟ are the energy consumptions caused by the core and face sheets respectively, Ὧȟ and Ὧȟ are 

the energy costs per unit mass, ά  and ά  are the mass of the core and face sheets and ὐɴ ὖȟὟȟὉ refers to the 

different stages of the life cycle. Differentiation of Eq. (8) yields the sensitivities of the LCE 

‬Ὁ

‬ὼ
Ὧȟ
‬ά

‬ὼ
ȟ
‬Ὁ

‬ὸ
Ὧȟ
‬ά

‬ὸ
Ȣ ω 

The sensitivities of the compliance with regards to the topology variables are 

‬ὅ

‬ὼȟ
ό
ρ ὼ

ρ ὼ
ὴ ὼȟ ὑ όȟ ρπ 

where ὼȟ is the topology variable of element Ὥ, ὴ is a penalization factor, ὼ  is the lower bound of the design 

variables for void elements and ό and ὑ are the nodal displacement vector and stiffness matrix of element Ὥ. 

The sensitivity of the compliance with regards to the face sheet thickness is 

‬ὅ

‬ὸ
ό
‬ὑ

‬ὸ
ό

 ɴ 

ȟ ρρ  

where ό is the nodal displacement vector of element Ὧ and ὑ  is the stiffness matrix of element Ὧ. 

The sensitivities were filtered in order to prevent checkerboarding and mesh-dependent solutions. 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 beam, see Fig. 1. The beam is 8 m long, has a 

core thickness of 0.2 m and is 5 cm wide. A pressure of 100 kPa is acting on a 0.4 m wide section in the middle of 

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

chosen so that the length-to-thickness ratio was large enough to prevent the deformation from being dominated 

by shear. 

 

Fig. 1. Illustration of the model problem. 

 

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

Nm. Two material combinations are investigated, glass fiber (GF) or carbon fiber (CF) face sheets, and PVC core. 

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 End-of-life data is based on End-of-life scenario number 2 in [2] 

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

2 and Fig. 2-5. 

Table 1. Properties of the different constituent materials. 

Material  

Elastic 

modulus 

[MPa] 

 
Poisson 

number 
 

Density 

[kg/m3] 
 

Ὧ 

[MJ/kg] 
 

Ὧ  

[MJ/kg] 
 

Ὧ  for 

60,000 km 

[MJ/kg] 

 

Ὧ  for 

360,000 

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 

 

Table 2. Numerical results from the optimization. 

Materials and distance  Face thickness [mm]  Core volume [cm3]  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 core topology for 60,000 km driving distance. 

 

 

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

 

 

Fig.4. GF/PVC sandwich core topology for 360,000 km driving distance. 

 

 

Fig. 5. CF /PVC sandwich core topology for 360,000 km driving distance. 

 

From Table 2 it can be seen that the CF sandwich outperforms the GF sandwich for both driving distances, both 

in terms of mass and LCE, however the relative difference in mass is much greater than the relative difference in 

LCE. The CF solutions feature less material in the core compared to the GF solutions. The trend that a longer driving 

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 km case with CF face sheets. In Fig. 6 and Fig. 7 the LCE 

and mass are shown as function of the number of iterations. The LCE and mass have different histories, showing 

that the LCE is not strictly connected to the mass.  

 

Figure 6. LCE history during the optimization. 

 

Figure 7.  Mass history during the optimization. 

4. Conclusions 

A mixed-integer programming method for concurrent optimization of core topology and face sheet thickness 

has been proposed for the minimization of life cycle energy of sandwich structures. The method has been 

demonstrated on a clamped sandwich beam and the results have been discussed. The results show that topology 

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

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

disposal costs and environmental impact. This work describes the physical and mechanical properties of sandwich 

panels made of aluminium skins, circular honeycomb core with bamboo rings and castor-biobased adhesive. 

Bamboo rings are placed side by side with a gap in order to make the panels lighter, aiming to obtain higher specific 

mechanical properties and reduce manufacturing costs. 

Fundings: CNPQ (PD 163562/2020-2) and CNPq (PQ 309885/2019-1). 

1. Introduction 

The demand for sustainable and recyclable materials in engineering projects has risen worldwide, mainly with 

a focus on minimising environmental impacts. Composite sandwich panels with low-density core material have high 

specific flexural stiffness, strength and favourable compressive behaviour as structural characteristics. These 

features make them suitable for aerospace, sports, automotive and other applications [1]. A variety of materials 

have been developed and evaluated as sandwich cores, the most common being hexagonal alveolar cells made of 

aluminium and stainless steel [2]. Some research [3ς9] has shown the advantages of using tubular honeycombs to 
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improve the mechanical performance of panels. This work describes an eco-friendly sandwich panel composed of 

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

packing with and 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 hand-made process. The materials are made with aluminium sheets 

(type ISO 2024 with 0.4 mm thick) as skins and bamboo rings as the core. Bamboo rings (Bambusa tuldoides) are 

obtained at the Federal University of São João del-Rei (CSA-Brazil). 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±2mm 

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

to their radius, and without gaps (in contact). 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 polyurethane 

system sourced by Imperveg® (Brazil). The bonding process is carried out at 25°C and 55±5% humidity. Sandwich 

panels are produced with dimensions of 240 x 90 x 15 mm3 in accordance with ASTM C393. 

2.2. Mechanical and physical tests 

Mechanical properties are obtained through a three-point bending test following ASTM C393. A speed test of 

6 mm/min and a span length of 150 mm is considered (Figure 1a). An Instron testing machine equipped with a 50 

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

under a hexagonal packing 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 volume. 

 

Fig. 1. Three-point bending (a), hexagonal core 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. Panels with 

gaps between bamboo rings increase 90% of empty voids, leading to a 20% reduction in equivalent density over 
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the hexagonal core packing arrangement without gaps. The incorporation of gaps reduces the mechanical 

properties of the panels significantly. There is a 63% reduction in mean maximum load and ultimate stress. 

However, the small size of the samples may contribute to this behaviour, as reported by Silva et al. [11]. In other 

words, deformation is predominant in the core, as the dimensions of the specimen are smaller (ratio between panel 

width and panel thickness << 20). As the gaps between bamboo rings tend to reduce the core rigidity, the 

mechanical properties of the panels are expected to decrease, particularly if the loading configuration leads to more 

deformation of the core. This consideration is demonstrated by the greater deformation suffered by the panels 

made with gaps between bamboo rings, i.e., there is an increase of 125% in the mean ultimate strain. Moreover, 

the slope of the straight-line portion of the mean bending stress-strain curve of rigid core panels with small 

dimensions is closer to the overall flexural modulus of the core [11]. In this 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 (blue 

arrows in Figure 2b and Figure 2c), due to the occurrence of skin dimpling (yellow 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). The 

latter probably occurs due to the transverse shear load generated by the compressive (Fc) and tensile stresses (Ft) 

in the upper and lower skins, respectively. The debonding failure mode also indicates a smaller skin-to-core 

adhesive contact area by the absence of rings. It is noteworthy that the reduction of equivalent density with the 

introduction of gaps does not compensate in terms of mechanical properties, since the specific properties of panels 

with gaps are still lower. 

Table 1. Physical and mechanical properties of the sandwich structures. 

 

 

 

Panel Properties  Without gaps  With gaps  Gap effect (%) 

Empty voids (mm²)  7035  13397  + 90% 

Equivalent density (g/cm³)  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% 

Mean ultimate 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.cm³/g)  3866 ± 161  1797 ± 218  - 54% 

Mean ultimate stress (MPa.cm³/g)  37.39 ± 1.45  17.49 ± 1.98  - 53% 

Core flexural modulus (GPa.cm³/g)  6.91 ± 0.46  1.40 ± 0.08  - 80% 
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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 density, load-bearing capacity (maximum load and 

ultimate stress) and core flexural modulus, respectively, were 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 in structural dimensions (with 

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

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

will be the scope of future investigations. 
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Abstract: This work investigates the effects of water ageing on the three-point bending behaviour of composites 

made of castor oil polymer reinforced with short coir fibres treated in a 10% NaOH solution. A Design of Experiment 

(DoE) is performed to identify the effects of the factors (levels), fibre treatment (untreated and treated), and 

immersion exposure time (0, 8, and 16 days) on the flexural modulus and strength of the biobased composites. The 

exposure time significantly affects flexural modulus, while both factors affect flexural strength. Higher exposure 

times and fibre treatment lead to lower mechanical properties attributed to the easier percolation of water by the 

excessive lignin removal. 

Fundings: CAPES MSc scholarship (#88887.488889/2020-00) and CNPq (PQ 309885/2019-1).  

1. Introduction 

The consumption of plastic products over the years has generated a large number of wastes which accumulate 

in landfills, causing considerable environmental problems [1]. Non-biodegradable plastics or polymers contribute 

significantly to these problems, as they have high resistance to degradation, taking years to decompose. Therefore, 

researchers and industry have been looking for alternatives to minimise the environmental impacts caused by the 

improper disposal of products made from plastics [2]. The use of biodegradable polymers is an ecological alternative 

to reduce the environmental impacts. Among the biodegradable polymers, the ones that have attracted the most 

attention are those obtained from renewable sources due to their lower environmental impact. 
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Castor bean is an abundant plant in Brazil, and its use can be relatively simple. Castor oil represents a promising 

raw material due to its low cost, low toxicity, and availability as a renewable agricultural resource. Coir fibres are 

obtained from the coconut husk and correspond to about 30% of the fruit. Coconut husk is a lignocellulosic material 

corresponding to 80-85% of the fruit's weight. Coir fibres are highly lignified, and their chemical composition varies 

according to weather conditions and fruit maturation. Coir fibre has a relative advantage in 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 placed in 

climatic chambers with humidity of 50% and 21°C, and remained in saturation for 2, 4, 8 and 16 days. Other samples 

were immersed in water and kept in saturation for 2, 4 and 8 days. The results showed that water absorption 

increases progressively with ageing time, compromising the flexural properties of the composites. Furthermore, 

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 fibres 

was investigated [5]. The jute fibres underwent alkaline treatment in NaOH with a concentration of 5% for 30 

minutes. Another group of samples underwent treatment with silane, with a concentration of 3% for 2 hours. Jute 

fibre composites made with (i) untreated fibres, (ii) treated with NaOH and (iii) treated with silane; and basalt fibre 

composites made with untreated fibres were evaluated in four different ageing conditions: 180 days underwater 

at 20°C and 40°C, and under alkaline solution at 20°C and 40°C. The results showed that the jute composites gained 

more weight than the basalt ones and that the treatments reduced water absorption, increasing the tensile strength 

of the composites. 

This work investigates the effects of water saturation on the three-point bending behaviour of coir fibre 

composites composed of a castor oil biobased matrix phase. Short coir fibres, randomly arranged, are treated in a 

10% NaOH solution for short periods (up to 8 hours). The flexural modulus and strength (ASTM D790 [6]) are 

evaluated considering the factors (levels): fibre treatment (untreated and treated) and exposure time (0, 8, and 16 

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 hours, as 

reported by [7]. After treatment, 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 different conditions are tested without treatment and four 

treated conditions. The fibre diameters are measured using a Scanning Electron Microscopy (Figure 1 B) and the 

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

2.2. Composites fabrication 

The composite plates (280 x 280 x 3.5 mm³) are fabricated by cold pressing and randomly arranged castor resin 

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

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

approximately 55%. Subsequently, the composites are fully immersed in water for 8 or 16 days. 

2.3. Composites characterisation 

The three-point bending tests are performed according to ASTM D790 (Figure 2) to obtain the flexural modulus 

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

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

 

Fig. 1. Tensile test of individual fibres (A) and 

fibre diameter measurement by SEM (B). 

 

Fig. 2. Three-point bending. 

3. Results and Discussions 

The histograms for the probability distribution of the elastic modulus and tensile strength of the fibres are 

shown in Figure 3. The treatment lasting 8 hours proved to be more effective in improving the mechanical 

performance of the fibres, being chosen for the manufacture of composites. Alkaline treatment can remove part of 

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

 

Fig. 3. Histograms for the probability distribution of the elastic modulus and tensile strength of the fibres. 
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Figure 4 shows the mean stress-strain curves obtained for the composite (16 days exposure time) under three-

point bending and a typical sample fracture image. A full-fibre rupture is evidenced on the bottom side of the beam 

under tensile stresses. 

 

Fig. 4. Mean stress-strain curves for treated 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 (P-ǾŀƭǳŜ Җ лΦлрΣ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ōƻƭŘύΦ 9ȄǇƻǎǳǊŜ ǘƛƳŜ ǎƛƎƴƛŦƛŎantly affects the flexural 

modulus, while strength is affected by both factors. Interaction effects are not significant as P-values are greater 

than 0.05. 

Table 1. DoE model analysis. 

Assumptions under verification: residuals are normally distributed and have equal variances. 

 Flexural Modulus  Flexural Strength  

R2 86.01%  89.35%  

R2 (adj) 74.35%  80.47%  

P-Value AD (RESI) 0.225  0.179  

P-Value B (RESI) 0.746  0.702  

P-Value Treatment  0.116  0.011  

P-Value Exposure 0.004  0.003  

P-Value int 0.521  0.867  

R2 determine how well the model fits the data; R2 (adj) is the percentage of the variation in the responses that is 
explained by the model; P-Value AD (RESI) is the Anderson Darling test of residuals and values greater than 0.05 
indicate normal distribution; P-Value B (RESI) ƛǎ ǘƘŜ .ŀǊƭŜǘǘΩǎ ǘŜǎǘ ƻŦ ǊŜǎƛŘǳŀƭǎ and values greater than 0.05 indicate 
homogeneity of variances; P-Value Treatment, P-Value Exposure and P-Value Int.  indicate, respectively, if the treatment 
of fibres, the exposure time and the interaction of factors influence responses, and values lesser than 0.05 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 varies 

from 0.23 to 0.49 MPa. The immersion exposure time substantially reduces the composite stiffness (up to 53.06%). 

The percolation of water inside the composite can hinder the interfacial bonding condition, especially due to the 

natural fibre swelling [4, 5]. 

Figure 6 shows the main effect plots for the adjusted means of flexural strength, which varies from 5.84 to 

13.58 MPa. Composites made with treated fibres lead to reduced flexural strength (35.17%), as well as the exposure 

time with a substantial drop up to 57.00%. This behaviour can be attributed to the excessive removal of lignin by 

the alkaline treatment, facilitating the percolation of water, especially when considering a long time of exposure. 

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

 

Fig. 5. Main effect plot for flexural modulus. 

 

Fig. 6. Main effect plots for flexural strength. 

4. Conclusions 

The effects of fully water-immersed ageing on the flexural properties of coir fibre composites composed of 

biobased polymer were investigated using a statistical design. Flexural modulus was affected by immersion time, 

while strength was affected by immersion exposure time and fibre treatment. Although the fibre treatment 

increased the tensile properties of the fibre, the same trend was not evidenced when incorporated into the 

composite material. Reductions in flexural stiffness and strength were observed due to increased exposure time, 

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

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

mechanisms. 
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Abstract: Fused deposition modeling (FDM) is a 3-D printing process that generates parts by successive layer 

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

structural characteristics 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, aiming 

future dataset generation for constitutive modeliƴƎ Ǿƛŀ ŀǊǘƛŦƛŎƛŀƭ ƴŜǳǊŀƭ ƴŜǘǿƻǊƪǎ ό!bbΩǎύΦ CƻǊ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ 

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 (t./ΩǎύΣ ŀƴŘ ƛǘǎ ŎƻƴǎǘǊǳŎǘƛƻƴ 

is automated though a Python script for the finite element (FE) software. The 8-node finite element C3D8R is 

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

the comparison of numerical stress-strain curves and experimental results for tensile and shear tests available in 

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

improved for future mechanical behavior dataset generation. 

Fundings: Rio Grande do Sul State Research Support Foundation - FAPERGS. 

1. Introduction 

FDM is an additive manufacture (AM) process that has been used to meet the growing need for lightweight 

structures and this technique enables the generation of optimized structures [1, 2]. Also, FDM printed structures 

are formed by thin stacked layers, and owing to their typically orthotropic design, induced by heterogeneous 
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morphologies, they might be treated as composite laminates. Due to this anisotropic behaviour, the stiffness and 

failure mechanisms observed in these parts are particularly complex when compared to heterogenous materials 

[3]. 

Anoop and Senthil [2] developed a multiscale approach to determinate the elastic properties of FDM generated 

structures. Wang et al. [4] applied Hill anisotropic yield model to describe the mechanical behaviour of materials 

manufactured through stereolithography (SLA), for different printing parameters. However, non-linear effects are 

poorly covered, which otherwise would result in high computational cost increase [5]. In order to reduce these 

ŎƻǎǘǎΣ ǎǳǊǊƻƎŀǘŜ ŎƻƴǎǘƛǘǳǘƛǾŜ ƳƻŘŜƭƛƴƎ Ǿƛŀ !bbΩǎ ƘŀǾŜ ōŜŜƴ ŀǇǇƭƛŜŘ ƛƴ ƘŜǘŜǊƻƎŜƴƻǳǎ ƳŀǘŜǊƛŀƭǎΦ DǳƭƛƪŜǊǎ ώсϐ ǎŜƭŜŎǘŜŘ 

an open hole laminate plate RVE to generate the training 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 the 

orthotropic elastoplastic behaviour of structures manufactured through FDM. A multiscale approach is adopted, 

and a mesoscale RVE constructed based on the FEM is used.  

2. Methodology 

The FDM printing process is selected to perform the multiscale analysis. As in laminate composites, it is 

considered that the printing layers are stacked in the normal direction to the load plane (x-y plane), and the 

orientation of these layers is given in degrees from the x direction to the printing orientation (1), as shown in Fig. 1 

for 0° and 90° samples. The 1-2-3 system represents the local coordinate system, and x-y-z the global coordinate 

system. The material properties are defined for the 1-2-3 system, i. e., for the layer [7]. 

 

Fig. 1. Coordinate systems adopted.  

 

To generate the RVE, the script methodology proposed in [6] is used. In these scripts, it is developed the pre-

programmed applicaǘƛƻƴ ƻŦ ōƻǳƴŘŀǊȅ ŎƻƴŘƛǘƛƻƴǎ ό./ΩǎύΣ ǇŜǊƛƻŘƛŎ ./Ωǎ όt./Ωǎύ ŀƴŘ ƭƻŀŘǎ ŦƻǊ ǘƘŜ ǇƭŀƴŜ-stress state, 

resulting in an autonomous code for simulations of the proposed model, including elastoplastic behaviour.  

PLA filament is used as material during the simulations, where AbaqusTM software is used to solve the RVE. The 

ŜƭŀǎǘƻǇƭŀǎǘƛŎ ƳŀǘŜǊƛŀƭ ǇŀǊŀƳŜǘŜǊǎΩ ǿŜǊŜ ƻōǘŀƛƴŜŘ ƛƴ ǘƘŜ ǿƻǊƪ ƻŦ tǊƛȅŀƴƪŀ Ŝǘ ŀƭΦ ώуϐΦ ¢ƘŜ ŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎ ƻŦ омфл 

MPa and the Poisson ratio of 0.35 [2] were used as elastic parameters and Johnston and Kazanki [9] methodology 

is applied to stablish the nonlinear behaviour. One model was performed using linear and other nonlinear 

behaviour. It was used Anoop and Senthil [2] study to define the right geometry to the mesoscale model, meshed 

with C3D8R elements, presented in Fig 2a. 
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The pre-ǇǊƻƎǊŀƳƳŜŘ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ t./Ωǎ ƛǎ ŦǳƭŦƛƭƭŜŘ ǘƘƻǳƎƘ ǘƘŜ !ōŀǉǳǎTM equation module in the script, as 

ǇŜǊŦƻǊƳŜŘ ƛƴ DǳƭƛƪŜǊǎ ώсϐΦ wŜŦŜǊŜƴŎŜ Ǉƻƛƴǘǎ όwtΩǎύ ŀǊŜ ŜƳǇƭƻȅŜŘ ǘƻ ŀǇǇƭȅ ƛƴ-ǇƭŀƴŜ ƭƻŀŘǎΦ ¢ƘŜ ./Ωǎ ŀǊŜ ǳǎŜŘ ǘƻ 

restrain the translation of the model during the load, as Fig. 2b presents. A mesh convergence study is performed 

to select the element size of the model. 

  

(a)                                                   (b) 

Fig. 2. (a) Mesh and (b) boundary conditions for FDM RVE.  

3. Results and Discussions 

The mesoscale RVE model was solved with the FEM, on which its characteristic morphology was determined 

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

selected through the tensile stress-strain curve for an extruded PLA filament [8]. Thereafter, it was developed the 

pre-ǇǊƻƎǊŀƳƳŜŘ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ./ΩǎΣ t./Ωǎ ŀƴŘ ǇƭŀƴŜ ǎǘǊŜǎǎ ƭƻŀŘǎΦ ¢ƘŜ ŀǳǘƻƳŀǘŜ ƳƻŘŜƭ ŎǊŜŀǘƛƻƴ ŀƴŘ ŀŎǉǳƛǊŜƳŜƴǘ 

of its mechanical behavior data is performed by the scripts based on Gulikers [6], which showed satisfactory 

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 6, 8, 10 and 

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 was set to select the least refined mesh that had shown satisfactory results. The 

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 and 

experimental stress-strain curves for loads in directions 1, 2 and 12, respectively. It can be noticed good fit for both 

elastic and elastoplastic models to the tests results. The linear model is able to capture well the initial stiffness in 

all directions studied. However, nonlinear effects are observed at higher stress levels, which makes the nonlinear 

model more accurate.  

The slight divergences between numerical and experimental results might justified by the anisotropy induced 

in the extrusion process of the filament through the printer nozzle, which is responsible for mechanical strength 

increase in direction 1 and decrease in directions 2 and 12 [1]. Also, the cross-sectional 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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(a)                                                                          (b) 

 

(c) 

Fig. 3. bǳƳŜǊƛŎŀƭ ŀƴŘ ŜȄǇŜǊƛƳŜƴǘŀƭ ώмлϐ ǎǘǊŜǎǎ ǾǎΦ ǎǘǊŀƛƴ ŎǳǊǾŜǎ ŦƻǊ όŀύ ʶ1Σ όōύ ʶ2 ŀƴŘ όŎύ ʴ12 loads. 

4. Conclusions 

This study has developed a multiscale methodology to obtain the elastoplastic behaviour of FDM 3-D printed 

structures. The mesoscale model selected to represent the macroscale was defined according the morphology of a 

real sample, and a Python script was adapted to automatically generate and simulate the RVE. The model is defined 

with an elastoplastic model, on which its parameters were obtained through a tensile test performed with an 

ŜȄǘǊǳŘŜŘ t[! ŦƛƭŀƳŜƴǘΦ !ƭǎƻΣ ǘƘŜ ŀǳǘƻƳŀǘƛŎ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ t./Ωǎ ǿŀǎ ƛƳǇƭŜƳŜƴǘŜŘΦ ¢ƘŜ ǊŜǎǳƭǘǎ ǎƘƻǿŜŘ ƎƻƻŘ Ŧƛǘ ǿƛǘƘ 

experimental tests, although some limitations of the model do not allow greater convergence, e. g. the non-

inclusion of a ductile damage onset and evolution criteria and the neglect of anisotropic effects on the printed 

filaments. In general, the mechanical responses of the developed RVE are adequate and the mathematical model 

can be improved for future applications.  

Declaration of Competing Interest 

The authors declare no conflict of interest. 

CRediT author statement 

E.S.L. da Cunha: Conceptualisation; Methodology; Data curation; Formal Analysis; Writing ς original draft. G.R. 

Ramos: Resources; Methodology; Data curation; Supervision; Writing ς review. S.C. Amico: Resources; 

Methodology; Data curation; Supervision; Writing ς review. M.L.P. Tonatto: Resources; Methodology; Data 

curation; Supervision; Writing ς review. 



Proceedings of the 6th Brazilian Conference on Composite Materials ISBN 978-65-00-49386-3 

64 

References 

[1] M. Somireddy; A. Czekanski. Computational modeling of constitutive behaviour of 3D printed composite 

structures. Journal of Materials Research and Technology, Volume 11, 2021 

[2] M. S. Anoop; P. Senthil. Homogenisation of elastic properties in FDM components using microscale RVE 

numerical analysis. Journal of the Brazilian Society of Mechanical Sciences and Engineering, Volume 41, 2019.  

(10.1016/j.jmrt.2021.02.030) 

[3] M. Somireddy; A. Czekanski; Singh, C. V. Development of constitutive material model of 3D printed structure via 

FDM. Materials Today Communications, Volume 15, 2018.  

(10.1016/j.mtcomm.2018.03.004). 

[4] S. Wang et al. Implementation of an elastoplastic constitutive model for 3D-printed materials fabricated by 

stereolithography. Additive Manufacturing, Volume 33, 2020.  

(10.1016/j.addma.2020.101104) 

[5] S. Milenkovic et al. Effect of the raster orientation on strength of the continuous fiber reinforced PVDF/PLA 

composites, fabricated by hand-layup and fused deposition modeling. Composite Structures, Volume 270, 2021. 

(https://doi.org/10.1016/j.compstruct.2021.114063). 

[6] Tom H. E. Gulikers. An Integrated Machine Learning and Finite Element Analysis Framework, Applied to 

Composite Substructures including Damage. Master of Science Thesis. Delft University of Technology. 2018. 

[7] Arthur K. Kaw. Mechanics of Composite Materials, 2nd Edition, 2006. CRC Press.  

(0849396565). 

[8] G. T. L. Priyanka et al. Mechanical reliability of extruded PLA filaments. Materialia, Volume 16, 2021. 

(10.1016/j.mtla.2021.101075). 

[9] R. Johnston; Z. Kazanki. Analysis of additively manufactured (3D printed) dual-material auxetic structures under 

compression. Additive Manufacturing, Volume 38, 2020.  

(10.1016/j.addma.2020.101783). 

[10] R. T. L. Ferreira et al. Experimental characterization and micrography of 3D printed PLA and PLA reinforced 

with short carbon fibers. Composites Part B: Engineering, Volume 124, 2017.  

(10.1016/j.compositesb.2017.05.013).



 

Proceedings of the  

6th Brazilian Conference on Composite Materials  

ISBN 978-65-00-49386-3 

Part of ISSN 2316-1337 

Organised & Edited by R.J. da Silva & T.H. Panzera 

 

Content available at: doi.org/10.29327/566492   

 

 

Tiradentes, Minas Gerais, Brazil 
14-18th August 2022 
Copyright © 2022 Authors retain the copyright of this article. 

 65 

A semi-analytical model for buckling and stress analyses of 
pressurized composite cylinders 

 

PR Santos(a) *, MV Donadon(b) 

 
(a)  0000-0003-0461-6999 (Aeronautics Institute of Technologyς Brazil) 
(b)  0000-0001-9016-5340 (Aeronautics Institute of Technology ς Brazil) 

* Corresponding author: plinioricardodossantos@gmail.com   

 

Keywords: Cylindrical shells, composite, Ritz method 

Abstract: Circular Cylindrical shells structures play an important role, mainly in the aerospace sectors. In general, 

they are subjected to external loads and internal pressure due to internal storage such as a propulsion fuel. In this 

work, a semi-analytical model using Ritz method is proposed to evaluate the axial critical load of buckling and 

internal pressure behavior of composite cylindrical shells. Simulations were performed for two different laminate 

stacking sequences based on unidirectional tape carbon/epoxy. Conditions of clamped edges are evaluated. The 

model consists of using trigonometric functions to approximate the displacement field in the Ritz formulation. In 

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 results. The Ritz method formulation is based on the total 

potential energy combined with the Reissner-Mindlin hypothesis in the strain-displacement relationships. The 

critical buckling loads and buckling modes are obtained from the resultant eigenproblem when the total potential 

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

Abaqus, based on finite element method (FEM). 

1. Introduction 

Shells differ from the others kind of structures manly due the presence of curvatures, which can make the 

solution methods be complex depending on the approach, load cases and boundary conditions. Many of theories 

developed for shells, are based on the Kirchhoff-Love hypothesis that straight lines normal to the undeformed 

midsurface remain straight and normal to the middle surface after deformation [1]. If the transverse shear strain is 

considered, we are referring to the Reissner-Mindlin hypothesis and lines normal to the undeformed midsurface 

do not remain straight and normal to the middle surface after deformation anymore. 
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Usually, the solution of the differential equations that describes the problem can be approximated by using 

semi-analytical methods. Many times, these problems are solved by the Finite Element Method (FEM), as they are 

widely used in commercial software. The Ritz method, based on variational principles, is another alternative. In this 

case we apply the principle of minimum potential energy [2]. The method can be applied, for instance, by choosing 

specific shape functions or can be associated to the Moving Least Square method, a meshless method, as previously 

studied by the authors of this work [3]. 

Cylindrical shells have been investigated in different ways, including by the Ritz method. In general, different 

approaches are used for the boundary conditions, materials and shape functions. Castro et al [4] investigated the 

effect of initial imperfection on the buckling of cylinders and cones. Priyadarsini, Kalyanaraman and Srinivasan [5] 

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

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

Shadmehri, Hoa and Hojjati [6] studied buckling in short cones for different fiber orientation and cone angle. 

The objective of this work is to propose a semi-analytical model using Ritz method to evaluate the axial critical 

buckling load and internal pressure behavior of composite cylindrical shells. Different relation between the cylinder 

radius (R) and thickness (t) has been analysed. For each cylinder, the laminate stacking sequence is fixed while the 

relation R/t is changed from 200 to 2000. The length L=2R is adopted for all cases. A thickness of t =0.125 mm is 

used. The composite mechanical properties were obtained from [7]. A 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 to be 

used in 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 formulated here. Fig. 1 shows details about 

the loads, constrains, stacking sequence of the laminas, fiber orientation and reference axis. zN  is the axial 

distributed load and 0q is the internal pressure. u, v and w are displacements and Rx, Ry and Rz are rotations around 

x, y and z respectively. The strain-displacement relation is taken from [1] in a general form for shells. 

 

Fig. 1. Cylinder details (elaborated by the authors). 

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: 

“ Ὗ ὠ Ὗ ὡ ρ 
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where U and W are the strain energy and the work done by the external forces, respectively, and V is the potential 

of external forces.  U is given by: 

Ὗ
ρ

ς

‐

‖
‎

ὃ ὄ π
ὄ Ὀ π
π π ὃ

‐

‖
‎

ὨὛ
ρ

ς
Ὡ ὅ ὩὨὛ ς 

[A], [B], [D] and [As] are the extensional, extension-bending coupling, bending and out-of-plane shear stiffness 

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

ὠ
ό
ὺ
ύ

π
π
ή
ὨὛ σ 

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

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

some requirements [8]: Satisfy the geometric boundary conditions; ensure the minimum completeness, be 

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

displacement field for clamped edges in the form:  

ἂόȟὺȟύἃ ρ ὧέί
ς“Ὥᾀ

ὒ
ẗίὭὲὮ ρ— ὧέίὮ ρ— ήȟήȟή τ 

Now, minimizing the total potential energy we can obtain the stiffness matrix and force vector: 

“‏ Ὗ‏ ὡ‏ π υ 

ὑ Ὄ ὅ ὌὙὨ—Ὠᾀ φ 

Ὂ ὔ ὪὙὨ—Ὠᾀ χ 

 
uvwNè ø

ê ú
is a matrix containing the polynomials assembled by the Ritz method, []H  is the matrix that relates the 

membrane, curvature and out-of-plane shear strains with the generalized DoFs , ,à ðu v w
ij ij ijq q q  and {}f is force 

vector obtained from (3). And finally, the Ritz coefficients can be obtained by solving the following set of linear 

equations: 

ή ὑ Ὂ ψ 

2.2. Buckling problem formulation 

In the case of axial compression loading, we have to consider the Von-Karman strain-displacement relationship 

in the potential energy of external loads [9]: 

ὠ
ρ

ς
ὔ
‬ύ

‬ᾀ
ὙὨ—Ὠᾀ ω 

In this work, we use the approximation functions for the displacements and rotations given as follow [10]: 

ό ή ὧέί
ά“ᾀ

ὒ
ίὭὲὲ— ρπ 
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The minimization of the total potential energy (5) results in the following eigenproblem, 

ὑ ὔ ὑ ή π ρυ 

Here, crz
N are the buckling loads and [ ]GzK is the geometric stiffness matrix, given by: 

ὑ Ὄᶻ ὌᶻὙὨ—Ὠᾀ ρφ 

*Hè ø
ê ú

 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 presented in 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 pressure 

of 0.5 MPa, R=100 mm and L=200 mm. For both cases, the edges are clamped (Fig. 1) with exception of the top 

displacement u for buckling loading case. 

Table 1. Lamina properties. 

E1 (MPa)  E2 (MPa)  1ˎ2  G12 (MPa)  G13 (MPa)  G23 (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 Fig. 

2b). For Ritz, m=n=25 is adopted. For FEM, 20000 S4R shell elements (see [11]) are adopted.  

 

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. The 

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

cases. 

 

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

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

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

FEM analyses for the transverse displacement field.  

 

Fig. 4. Transverse displacement for the laminates (a) [0°/90°/90°/0°] and (b) [30°/-30°/30°/-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 cross-ply and angle-ply laminates. A 

convergence study was performed to ensure a suitable number of terms (for Ritz) and elements (for FEM). For 

values of transverse displacements for cylinders under internal pressure, the cross-ply cylinder showed better 

results than angle-ply. Possible due to the different degree of anisotropy in both laminates. The same is applied for 

the buckling behavior. Finally, is possible to see a good agreement between the proposed formulation for Ritz and 

FEM. Therefore, this semi-analytical model showed to be an important contribution for futures studies, making the 

analyses less dependent of commercial software. Furthermore, it can 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 semi-analytical (SA) model has been proposed to analyse mode I delamination in bonded 

composite structures including fasteners. The DCB specimen is divided 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 Rayleigh-Ritz Method are used to determine the set 

of equilibrium equations. The total strain energy of the specimen is defined in terms of, the bending strain energy 

of the laminate, the strain energy of the bonding area between the sub-laminates, and the fastener strain energy. 

The overall displacement field obtained by solving the set of ŜǉǳƛƭƛōǊƛǳƳ Ŝǉǳŀǘƛƻƴǎ ƛǎ ǳǎŜŘ ǘƻ ŘŜŦƛƴŜ ǘƘŜ ǎǇŜŎƛƳŜƴΩǎ 

compliance function, from which the Strain Energy Release Rate (SERR) can be determined. A Newton Raphson 

iteration scheme is used to compute the crack growth with varying loading during the delamination propagation. 

The results of the SA model in terms of load-displacement curves were compared with FE predictions and 

experimental results and a very good agreement was found between the results. The proposed SA model allows 

large parametric studies at very low computational cost, being a powerful tool for preliminary analysis, design, and 

optimization of bolted-bonded composite parts. 

Fundings: CNPq grant number 301069/2019-0 

1. Introduction 

The push for sustainability has increased the design requirements of aircraft following a demand for greater 

performance. Combined with the increased use of composites in aircraft it requires better understanding of the 
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material performance. Current assembly methods are restricted due to certification efforts which results in 

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 included. The common method 

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

expensive process. Therefore, the objective of this study is to develop a Semi-Analytical (SA) model to predict crack 

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

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

SA model will be compared to 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 shape 

function in combination with the Rayleigh Ritz approximation method to determine a set of equilibrium equations. 

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 of the 

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

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

After the model completes one cycle, the crack length is 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 equilibrium 

equations is determined. The cycles are repeated until a preferred condition is fulfilled, 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 used for comparison of the results is based on Cohesive Zone Modelling. 

The experimental results were provided by Bastiani [1]. The dimensions of the DCB specimen were adjusted in the 

SA and the FE model to match those used in the experiments, which were still in accordance with specifications 

given by ASTM standards [2] for DCB testing. The SA model was implemented in MatLab [3] and the FE model in 

Abaqus [4]. 

2. Methodology 

The specimen is a plain DCB specimen with a hole drilled and a fastener installed. A schematic of the specimen 

is shown in Fig. 1. The specimen is split in half on the symmetry plane and the adhesive between the sublaminates 

is modelled as an elastic foundation. The stiffnesses of the foundation, ke and kr, are dependent on the layup and 

the material properties of the sublaminate, and the fastener stiffnesses, kRe and kRr, are derived from its dimensions 

and material.  

¢ƘŜ ƳƻŘŜƭ ǳǎŜǎ .ŀǊŘŜƭƭΩǎ ƘƛŜǊŀǊŎƘƛŎŀƭ ǎƘŀǇŜ ŦǳƴŎǘƛƻƴǎ ώрϐ ǘƻ ŘŜǎŎǊƛōŜ ǘƘŜ ǎǇŜŎƛƳŜƴΩǎ ŘƛǎǇlacement field. The 

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

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

endpoints. Thus, higher 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 function v(x), given in Eq. 

(1). The specimen is divided into three domains with sets of shape functions, where the middle domain moves along 

with the crack tip to accurately describe the region, indicated by the square brackets in Fig. 1. The size of the crack 

tip domain can be chosen. 

ὺὼ ה ὼὧ ὔὼ ὧ ρ 

 

Fig. 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 energy U, and work 

W. The work done on the system is the loading force times the displacement at the loading point, xp = 0. The elastic 

strain energy of the system is described in three parts: the elastic bending of the sublaminate, the extension and 

rotation of the adhesive layer, and the extension and rotation of the fastener or rivet. Rotation is used to describe 

the bending of the fastener as its bending direction is perpendicular to the displacement field function. For a static 

equilibrium, the variation in the potential energy must be zero. All elastic terms are described using an integral of 

the vertical displacement field function or of its derivatives. An 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 over the 

specimen of Ë ὺὼ , or rotation Ë . 

ɩ Ὗ ὡ ς 

ɿɩ π σ 

By writing the terms of the potential energy equation in the matrix vector notation of Eq. (1), they can be 

rewritten using the Rayleigh Ritz method when taking the variation of the potential energy to obtain a linear system 

of equations. The set of equilibrium equations is shown in Eq. (5) and (6), where the ὑ matrix is the summation 

of the elastic strain integrations and where ὗ  is the load vector of the shape functions. The hole and fastener are 

accounted for in the strain energy integration calculations. 

Ὗ
ρ
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ὉὍ
Ὠὺ
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ὑ ὧ ὗ π φ 

This system of equations can be solved for the coefficients ὧ  which 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 length 

a and loading force P. The displacement function can be divided by the loading force to give a compliance function 

of the specimen, ὅὥ. 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 SERR, 

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

Ὃὥ
ὖ

ςὦ

Ὠὅὥ

Ὠὥ
χ 

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

is initiated when its value is zero. This function is then used in a Newton Raphson iteration scheme to determine 

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 cycle is started. The new cycle starts 

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

3. Results and Discussions 

 

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

 

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

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

the same order. The results of all models and functions are compared in opening displacement versus loading force 

plots, as this is the format of results of experimental DCB tests, which are displacement controlled. For brevity, the 

results of the plain DCB specimen will not be shown here as it is simple crack propagation. 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 predicted 

by the SA model. 

The results of a DCB specimen with a hole are shown in Fig. 2, where it can be seen that the linear elastic 

opening behaviour of the SA model is less compliant than the FE model. A difficulty in modelling DCB specimens is 
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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 does 

allow for some elasticity, however it does not provide the similar compliance as the FE model, and it is also stiffer 

than the experimental results. The crack growth behaviour of the three curves is interchangeable with each other.  

In these results, a snap through can be seen by a sudden drop in the loading force. This snap through happens 

when the crack tip reaches the edge of the hole and there is a sudden reduction in area along the crack tip front. 

The SA model accurately predicts the opening, initial crack 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 hole that 

can be seen in the FE and experimental results could not be replicated by the SA model. These are caused by three-

dimensional shaping of the crack tip and the SA model is based on a two-dimensional simplification. The crack 

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

 

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

 

The crack growth behaviour of the SA model of the full DCB specimen with fastener is again identical with both 

FE and experimental results. The crack arrest is experienced slightly different for the 3 methods. The FE model 

experiences a snap through behaviour before the crack is arrested. This is due the fastener being modelled without 

a preload, and Bastiani ώмϐ Ƙŀǎ ǎƘƻǿƴ ŜȄǇŜǊƛƳŜƴǘǎ ǿƛǘƘ ΨŦƛƴƎŜǊ ǘƛƎƘǘŜƴŜŘΩ ŦŀǎǘŜƴŜǊǎ ŜȄperience similar behaviour.  

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 predicts 

earlier fastener initiation. The smaller opening displacement of the SA model at crack arrest indicates that the SA 

model predicts crack arrest happening at a smaller crack tip length than the experiments. This smaller crack tip 

length results in shorter opening arms at crack arrest for the SA model, which in turn produces a stiffer opening 

behaviour at crack arrest than the experiments.  

Finally, a small parameter optimization has been executed. Relations were established between accuracy of 

the SA model and shape function domain size around the crack tip, and a relation between accuracy and run time 

of the SA model with the order of shape functions used for the domains. The computational time for crack growth 

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

The load-displacement 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 reduced 

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

can be a powerful tool for preliminary analysis, design, and optimization of bolted bonded composite parts.  
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Abstract: This work employs a micromechanical theory and kinematic relationships to describe the displacement 

field in individual unidirectional composite plies. The technique relies on an incremental approach where the 

misalignment angle of fibers is the main variable in the analysis. Upon convergence at a certain loading level, 

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

applied. The Ramberg-Osgood relations to correct degraded mechanical properties of the resin in the nonlinear 

regime is used. The Hashin-Rotem failure criterion and experimental data obtained by Matsuo [1] are used to 

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

Fundings: CNPq (310742/2020-0) and FAPESP (2019/00917-8) 

1. Introduction 

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 longitudinal 

compression in laminates with fiber misalignment, microbuckling or kink band formation are examples of this 

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

phases. Figure 1 shows a typical kink band configuration. In Figure 1 the symbol s¤ represents the external 

compressive stress, f0 is the initial misalignment fiber angle, g is the additional shear strain, t is the shear stress, sT 

is the transverse traction stress on the kink band region and b is the kink band angle. 

About these issues, Rosen [2] was the first researcher to model fiber microbuckling. Two buckling modes were 

assessed: matrix under shear and matrix under compression. The importance of fiber misalignment was discussed 

by Wilhelmsson et al. [3], whereas aspects related to fiber curvature were addressed by Pimenta et al. [4]. 
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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 be proposed. 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 rupture 

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

accurately represents experimental data and combined stresses. Moreover, it may be applicable to assess 

compressive strength of other composite materials, including multiaxial laminates. 

The importance of the 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), usually 

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

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

of the laminate. The Ramberg-Osgood curve is used to adjust for the resin material in the 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 stresses are 

computed, and a specific failure criterion may be assessed. Particularly, the Hashin-Rotem 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 in the kink-band region. Three reference systems are used: (i) the structural 

reference system XY, (ii) the principal reference system of the ply 12, and (iii) the reference system of misalignment 

xy. The conventional ply angle is f0, where the subscript '0' has been added to emphasize that this is a constant 

value. The initial misalignment angle (unloaded condition) is q0. The principal stresses of the lamina s1, s2, t12 are 

also shown. Once loading starts the misalignment angle evolves to q + q0 and Figure 2(b) shows the deformed 

configuration. 

The position of an arbitrary point in the xy reference system before and after deformation is initially 

determined using the non-orthogonal coordinates x and h indicated in Figure 2(b), where the x axis is parallel to x 

and the h axis is parallel to PAPB. Before deformation the coordinates of a point are x0, y0 and, after deformation, x, 

y. 
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(a) 

 

(b) 

Fig. 2. (a) Representative volume in the kink-band region (b) Deformed configuration. 

 

Transformation to the 12 reference system yields, 

ὼ
ώ

ÃÏÓ— — ÃÏÓ‍ ÓÉÎ—ÓÉÎ‍ ÃÏÓ—ÓÉÎ‍ ÓÉÎ‍ÃÏÓ— —
ÓÉÎ— — ÃÏÓ‍ ÓÉÎ—ÃÏÓ‍ ÃÏÓ—ÃÏÓ‍ ÓÉÎ‍ÓÉÎ— —

ὼ
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Eq. (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 ς Eq. (2) through Eq. (5) ς, and consequently the linear strains in the matrix are obtained. The angle 

q may not be small. Therefore, the fully nonlinear strains should be used ς Eq. (6) through Eq. (8) ς. 
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The methodology to compute angle q is described next. The starting point is the consideration that the lamina 

homogenized strains (e1, e2, g12) in the 12 reference system are available. Then, the homogenized strains e1, e2, g12 

are transformed to the reference system of misalignment xy, with the rotation angle q + q0. 

‐ ‐ÃÏÓ— — ‐ÓÉÎ— — ‎ ÓÉÎ— — ÃÏÓ— — ω 

‐ ‐ÓÉÎ— — ‐ÃÏÓ— — ‎ ÓÉÎ— — ÃÏÓ— — ρπ 

‎ ‐ ‐ ÓÉÎς— ς— ‎ ÃÏÓς— ς— ρρ 
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The expressions for the matrix strains obtained in Eqs. (6)-(8) with respect to the 12 reference system are also 

transformed to the reference system of misalignment xy. 

‐ ‐ ÃÏÓ— — ‐ ÓÉÎ— — ‎ ÓÉÎ— — ÃÏÓ— — ρς 

‐ ‐ ÓÉÎ— — ‐ ÃÏÓ— — ‎ ÓÉÎ— — ÃÏÓ— — ρσ 

‎ ‐ ‐ ÓÉÎς— ς— ‎ ÃÏÓς— ς— ρτ 

From the theory of micromechanics one can write, 

t  t  t  ᷉ Ὃ ὼώά Ὃ g Ὃg ρυ 

The homogenized lamina shear modulus G12 may be computed using the classic micromechanics relation, 
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Equations (14) and (15) can be used to compute q, by imposing the equality of Eq. (17). 
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Once q is available the matrix strains e1m, e2m and g12m are used calculated with the bilinear traction-separation 

law or the Ramberg-Osgood model [5]. Also, the matrix stresses sxm, sym and txym can be evaluated using the 

constitutive relations, 
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The fiber strains exf, eyf and gxyf can be evaluated using basic micromechanics, 
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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 the specimen for the compression test, over the central region, are 10 mm width by 2 mm thick, and 

the initial misalignment q0 was assumed 3o. The value of stress for failure under compression of the laminate with 

unidirectional fibers experimentally obtained was 437 MPa, at 25oC with 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. 

Table 1. Fibers and resin properties data. 

Fiber  Ef [MPa]  Gf [MPa]  nf  Vf  Resin  Gm [MPa]  nm 

-  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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Table 2. R&O curve and stress allowable data. 

Ramberg & Osgood  Hashin-Rotem 

n  E0  s0  G0  t0  
ult

xfs   
ult

yfs   
ult

yms   
ult

xymt  

  [ 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 angleq in the present technique begins with the knowledge of the strains e1, e2 and g12. Then, 

using the ultimate strength, presented in Matsuo [1], that are, „ , longitudinal ultimate compression stress, „ , 

transverse ultimate tension stress and, † , ultimate shear stress, divided by respective moduli, e1, e2 and g12 can 

be estimated: 

‐
„

Ὁ

τσχ

ρπυπππ
τȢρφςρπ Ƞ ‐

„

Ὁ

ςπȢρ

τχψπ
τȢςπυρπȠ 

 ‎
†

Ὃ

ρςȢυ

ρυςπ
ψȢςςτρπ  

Therefore, the results for failure condition, with q0 = 3o, are shown in Table 3, along with the value of q that 

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

Table 3. Results of failure condition: angle q converged 

    Eq. 

    (14)  txym = txy  (18)  (18)  (18)  (20)  (20)  (19)  Crit. 

q0  q  gxym  gxym  sxm  sym  txym  sxf  syf  txyf  R&H 

[deg.]  [MPa]  I.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 (increment of angle q) to determine the problem solution. As 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 true resin and fiber mechanical properties were available. 

Another point to be underlined is that the final angle of approximately 3.3o adheres very well to the value presented 

in Matsuo. As future work, a finite element model will be implemented to predict strains 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 epoxy-matrix nanocomposites were prepared by airbrushing carbon nanotubes (CNT) on 

glass fiber (GF), aiming to establish a scalable route to produce EMI shielding materials. The CNT deposition on GF 

by airbrushing was evaluated by scanning electron microscopy (SEM), showing a very reasonable dispersion even 

at high CNT concentrations. Measures of electrical conductivity have shown a maximum of 6.7x10-6 S/cm for GF 

with 3.4% wt NTC. Electromagnetic shielding response for tricomponent nanocomposites and GF airbrushed with 

CNT were analyzed by reflection, absorption and transmission mechanisms and have shown an increasing trend as 

the CNT content increases, reaching the best result of 7.6 dB of shielding effectiveness (SE) in X-band spectra with 

3.4% of CNT on tricomponent nanocomposite. The results showed that the airbrushing process can be a promising 

and easy route for nanocomposite manufacturing with CNT and GF. 

Fundings: CAPES and FAPESC. 

1. Introduction 

Electromagnetic waves have been intensively used along the years, due to innovations such as mobiles phones, 

antennas for data transmission and receiving, and security systems in aircraft and automobiles, amongst others. 

Therefore, there is a high level of microwave pollution causing interference in electronic equipment, leading to a 

rush for searching new materials with the capacity of attenuating the electromagnetic interference (EMI) caused 

by this pollution [1, 2]. 

EMI shielding is evaluated in terms of reflectance (R), absorbance (A), and transmittance (T) of the material, 

which refer to the fractions of the incident wave reflected, absorbed, and transmitted, respectively. The shielding 

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

https://orcid.org/0000-0001-8016-3165
https://orcid.org/0000-0001-7091-456X
https://doi.org/10.29327/566492
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In nanocomposites containing carbon nanotubes (CNT), the absorption mechanism involves the interactions 

between electrons in CNT and the incident wave, thus converting the wave energy into heat. The reflection process 

occurs when the incident wave returns from the surface of the material by the difference of impedance (Z) between 

the surface and the air [4,5]. Impedance is a barrier that electromagnetic waves find to penetrate the material, and 

it is related to the electrical conductivƛǘȅ όˋύΣ ŦǊŜǉǳŜƴŎȅ όǿύΣ ŀƴŘ ƳŀƎƴŜǘƛŎ ǇŜǊƳŜŀōƛƭƛǘȅ όҡύ ŀǎ ǎƘƻǿƴ ƛƴ 9ǉΦ όнύΦ 

ὤ
‘‫

ς„
ρ Ὦ    ς 

If the effect of multiple reflection between both interfaces of the material is negligible, the relative intensity 

of the effectively incident EM wave inside the materials after reflection is based on the quantity as 1-R. Therefore, 

the effective absorbance (Aeff) can be described as Aeff=(1-R-T)/(1-R) with respect to the power of the effectively 

incident EM wave inside the shielding material [6].  

!ÅÆÆ
ὃ

ρ Ὑ
σ 

Comparing the effective absorbance (Aeff), i.e. the ratio between the absorbed (A) and the reflected fractions 

(1-R), as shown in Eq. 3, is possible to find the overall shielding mechanism: if Aeff fraction is higher than reflection 

fraction, it suggest an absorptive shielding mechanism, and if Aeff fraction 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 some 

parameters such as thickness, concentration of CNT and manufacturing techniques. Some techniques to disperse 

CNT in epoxy resin and GF include sonication with solvent and then deposition by hand lay-up, conventional 

painting with paintbrush or growth of CNT on GF surface [5,7-9], but there are some problems such as waste of raw 

materials, thickness control and industrial scalability. Airbrushing could be an efficient method for CNT deposition 

on GF to achieve a thin layer with high CNT concentration, since it is an easily 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. Epoxy 

resin/GF with 5% wt has reached 20 dB (99% of effectiveness) in 300 MHz ς 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 CNT 

coating reached 18.3 dB (98.54% of attenuation) in the X-band [8]. Polystyrene composites were evaluated as well, 

showing 23.5 dB (99.5% of effectiveness) with 7.98x10-3 S/cm of electrical conductivity [10]. Epoxy composites with 

CNT functionalized with nitric acid have been reported by Phan (2015), with 6.6 dB in X-band and electrical 

conductivity of 5.7x10-3 S/cm [11]. More recently, tire rubber with 5% wt of CNT has shown 66.9 dB reaching 109.5 

S/m of electrical conductivity (>99.99% of attenuation), all in X-band [12]. 

Lƴ ǾƛŜǿ ƻŦ ǘƘŜ /b¢Ωǎ ǇƻǘŜƴǘƛŀƭ ŦƻǊ 9aL ǎƘƛŜƭŘƛƴƎΣ ǘƘƛǎ ǿƻǊƪ ŀƛƳǎ ǘƻ ŜǾŀƭǳŀǘŜ ŀ ǊƻǳǘŜ ŦƻǊ ŘŜǇƻǎƛǘƛƻƴ ƻŦ /b¢ ƻƴ DC 

as thin layers using airbrushing method, looking for a route to impregnate a high CNT content in polymer 
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composites and study the influence of this process in EMI shielding properties in a frequency range of 8.2 ς 12.4 

GHz. 

2. Methodology 

2.1. Materials 

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

bisphenol A (DGEBA), hardener HY 951 and degassing agent A-535 (all supplied by Huntsman); acetone (Merck), 

multiwalled carbon nanotubes (MWCNT) from Chengdu Organic Chemicals (outer diameter: 10-30 nm, length: 10-

30 µm, purity: 90%) and plain weave GF supplied by Abcol Brazil Composites Ltda with aerial weight of 300 g/m2. 

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 resin and 

0.8% hardener (weight percentages relative to acetone), were developed using a tip sonicator (Sonics VCX-750) for 

30 minutes and 40% amplitude to disperse CNTs. The mixture was deposited on GF using an airbrush with a 5mm 

nozzle and pressure of 4 bar, after that it was dried at 60 °C in an air-circulating oven for 2 h. The MWCNT mass 

quantities deposited on the GF surface were fixed in 0.05, 0.1, 0.15 and 0.2 g, meaning final concentrations of 1.3, 

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

2.3. Preparation of tricomponent nanocomposites  

Tricomponent nanocomposites were manufactured by casting in silicone soft molds, using epoxy resin and the 

GF previously coated with MWCNT.  Hardener (13% wt) was added to epoxy resin under mechanical stirring for 10 

minutes, followed by the addition of the degassing agent under mechanical stirring and vacuum for 30 minutes to 

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

2.4. Characterization 

SEM analyses were used to investigate the morphology and the dispersion of CNT after deposition onto GF. 

The analyses were performed in a JEOL JSM 6701F microscope at 15kV. Electrical conductivity of the formula was 

measured by 4-point probe method using Electrometer Keithley 6517A, having as sample a film deposited on a 

polymer substrate. EMI shielding measurements were carried out over the X-band (8.2 ς 12.4 GHz). The coated GF 

and tricomponent nanocomposite samples under test were sandwiched between two X-band waveguide sections, 

which were connected to separate ports of an Agilent Vector Network Analyzer 11644A. 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 MWCNT-coated GF. The 

micrograph in Fig. 1(A) shows GF surface coated with a thin layer of MWCNT. There are some uncovered regions 

on GF, caused by the space between the GF yarns. These regions were covered as the amount of MWCNT increased. 

This MWCNT/epoxy layer, which remained onto GF after acetone evaporation, can be better visualized in Fig. 1(B), 

showing an elevated coverage that is crucial to improve EMI shielding. It can be also noted that there are some 

regions with agglomerated MWCNT (Fig. 2). This indicates that conditions used to disperse CNT in acetone were 

not enough to overcome van der Waals interactions [13] and achieve a complete dispersion.  
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 Fig. 1. GF coated with MWCNT by airbrushing: (A) surface; (B) fracture surface. 

 

 Fig. 2Φ Ψ½ƻƻƳƛƴƎ ƛƴΩ ƻŦ ǘƘŜ a²/b¢κŜǇƻȄȅ ƭŀȅŜǊ ŘŜǇƻǎƛǘŜŘ ōȅ ŀƛǊōǊǳǎƘƛƴƎ showing: (A) MWCNT 

agglomerates; (B) region with well-dispersed MWCNT. 

3.2. Electrical conductivity 

The MWCNT/epoxy/GF nanocomposites showed electrical conductivity values of 6.7 x10-6 and 1.2x10-3 S/cm 

for the samples with 2.7% and 3.4% of deposited MWCNT, respectively, evidencing the formation of a conductive 

path (percolation) network for higher MWCNT concentrations. Electrical conduction is supposed to take place by 

electron hopping/tunnelling across the energy barrier gaps between conducting CNT in matrix [14]. EMI shielding 

is improved when electrical conductivity is higher, as it increases the barrier between air and the material surface, 

raising the impedance difference and thus preventing the 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% of Aeff at 10.5 GHz to the 

nanocomposite with 3.4% of CNT. A comparison between R and Aeff suggests a reflective overall shielding 

mechanism for all nanocomposites. Shielding effectiveness in tricomponent nanocomposites was increased due to 

addition of epoxy resin (Figure 3). The voids observed on GF are then filled with epoxy resin, increasing the shielding 

effectiveness even in nanocomposites with just 1.3% MWCNT. The best results obtained for tricomponent 

nanocomposites were with those containing 3.4% MWCNT, with 83% of electromagnetic wave attenuation, which 

means 7.6 dB of EMI shielding effectiveness. Low thickness and presence of defects in microstructure, such as 

microcracks and pores, may also affect the EMI shielding effectiveness, causing fluctuations [15,16]. Other 

variations in absorption can be explained by some differences in deposited concentrations of CNT on GF, due to 

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 and 

effective absorbance showed a reflective 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 electromagnetic waves, achieving 83% of 

electromagnetic wave attenuation for composites with 3.4 wt% MWCNT.  
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Abstract: Among carbon fiber polymer composites, thermoplastics have interesting advantages compared to 

thermoset ones, such as recyclability, wear and impact resistance, and weldability. The high melting point of the 

thermoplastic resin with the fiber constraints makes it difficult to manufacture complex geometries, which justify 

the use of joining techniques. Mechanical fastening and adhesive bonding methods have some drawbacks that 

thermoplastic composite welding can eliminate because it is possible to achieve bond performance similar to the 

properties of the joined materials separated, allowing reprocessing (recycling). Most studies involving 

thermoplastic resistance welding are based on experimental tests. However, for further application and 

certification purposes, consistent models are required. In this paper, an analytical model for the thermoplastic 

welding process is proposed. The model is based on one-dimensional temperature distribution around the joint 

interface obtained from the transient heat conduction equation. To evaluate the bond strength, a bonding model 

that considers the intimate contact and autohesion was used. The material and the thermal properties were 

obtained from the literature and based on a micromechanical approach. 

Fundings: This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior ς  

Brazil (CAPES) ς Finance Code 001 and CNPq Grant (Nos. 301069/2019-0, 311972/2020-9). 

1. Introduction 

In applications that demand materials of high strength and lightweight, carbon fiber polymer composites are 

an attractive alternative to aluminum and steel [1]. Carbon-fiber-reinforced thermoplastic composites have 

interesting advantages compared to thermosetting composites, such as recyclability, wear and impact resistance, 
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and weldability. The high melting point of the resin and the fiber restrictions limit the manufacture of complex 

geometries and justify the use of the joining technique [2]. 

Amid the joining techniques, mechanical fastening methods have some drawbacks related to stress 

concentrations, galvanic corrosion, incompatibility of the coefficient of thermal expansion of the fasteners relative 

to the composite, weight increase, and delamination during drilling [3]. Adhesive bonding methods require surface 

preparation, most of adhesives have long curing cycles, and the chemically inert thermoplastic matrix can be hard 

to bond [3]. Thermoplastic composite welding can eliminate part of these 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 [2]. On the other 

hand, for certification purposes and posterior engineering applications, consistent analytical models are required 

in order to allow large parametric study aiming at improve the mechanical performance of the welded parts. In this 

study, an analytical model to evaluate the interfacial bonding quality for the thermoplastic welding process was 

proposed. 

2. Methodology 

The model is divided into four parts: heat transfer modelling, prediction of the degree of intimate contact 

Ὀ , degree of autohesion Ὀ  (also called degree of healing for some authors), and finally the degree of 

bonding Ὀ . 

2.1. Heat transfer 

The heat transfer model adopted in this work was one-dimensional transient model given by Eq. (1), solved by 

the explicit form of the finite difference method [5]. 

‬

‬ὼ
Ὧ
‬Ὕ

‬ὼ
ή ”ὧ

‬Ὕ

‬ὸ
 ρ 

where Ὧ is the thermal conductivity of the composite, ή is the heat generation rate per unit volume, ” is the density, 

and ὧ is the specific heat. 

One-dimensional assumption was adopted because higher temperature variations occur through-the-

thickness direction of the joint (ὼ-direction) [4]. This is the first step towards the development of a 3-D model which 

is underway by the authors at LNCA-ITA in order to handle more complex and realistic geometries. The heating 

element of thickness ςὬ was considered as a layer of APC-2/PEEK (polyetheretherketone carbon fiber reinforced 

composite), similar to the approach done in [4, 6]. The convection heat transfer coefficient to air is Ὤ [4] and ή is 

the heat generation rate per unit volume. A PEEK resin film Ὤ  was used as an interlayer between the heating 

element and the composite in order to create a resin-rich region, improving the bonding process. The total half-

thickness employed for the model is ὒ and the ambient temperature is Ὕ . Figure 1 illustrates the modeling case. 

Since the temperature distribution is symmetric about the interface, thermal symmetry boundary condition at 

the center of the interface (ὼ π) was adopted. The heat generation rate generated within the heating element 

was considered the mean value of the power input values presented in the works [2, 7] properly converted to heat 

generation rate per unit volume. Fiber and matrix properties can be found in [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 above τπ ὯὡȾά  

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

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

conductivity) were considered temperature-independent. 

                   

Fig. 1. One-dimensional model - schematic illustration. 

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 viscosity of 

thermoplastics is high, in addition to temperature, the application of pressure is needed to achieve the proper resin 

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

Ὀ ὸ ὥᶻ
ὖ

‘
Ὠὸ                  ‘ ρσςȢωυϽὩ ς 

where ὖ  is the applied pressure, ὥᶻ is the geometric factor or roughness parameter, obtained by fitting the 

model to experimental data [4], and ‘  is the temperature-dependent fiber matrix viscosity for the APC-2 matrix-

fiber system [11]. The intimate contact calculations start at the glass transition temperature Ὕ. When the surfaces 

are in complete contact, Ὀ ρ. 

2.3. Autohesion 

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

to diffuse across the interface [2, 4], contributing to the strength evolution at the bond area. The expression for the 

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

Ὀ ὸ
Ὠὸ

ς ὸϽὸὸ
               ὸ ὅϽὩ σ 

where  ὸ is the reptation time, Ὕ is the temperature in ὑ at the time ὸ, Ὁ is the activation energy of diffusion of 

the polymer, ὅ is the constant for the reptation time, Ὑ is the universal gas constant, Ὕ  is the reference 

temperature [4, 10]. Autohesion mechanism is complete when Ὀ ρ. 

2.4. Degree of bonding 

Both intimate contact and autohesion occur simultaneously, the bonding process is coupled and can be defined 

by the evolution of the degrees of autohesion and intimate contact [8]. Without intimate contact there is no 

autohesion [9] i.e., intimate contact is a requirement for the development of autohesion. Bonding is complete when 

the degree of bonding Ὀ ρ and it can be calculated by the expression in Eq. (4) [2, 8, 9, 11]. 
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Ὀ ὸ Ὀ ὸϽὈ ὸ τ 

3. Analytical Model Predictions 

3.1. Model input parameters 

The model input parameters used in the simulations are listed in Table 1. 

Table 1. Input parameters. 

Parameter L Ὤ  Ὤ  Ὕ  ή Ὤ ὖ  ὥᶻ Ὁ C R Ὕ  Ὕ 

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 W/m³ W/m²°C MPa - J/mol - WκƳƻƭϊY K °C 

 

In the heat transfer model, there were two steps, heating and cooling. In the modeling, the heating element 

was turned on for 45 s and then turned off, cooling down for 45 s, simulating a resistance welding process. 

According to [4] and [10], autohesion calculations are discontinued for temperatures below 270 °C due to the 

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

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

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

3.2. Results and Discussions 

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 temperature 

distribution across the thickness in the time ὸ, where the red ones occur on heating and the blue ones on cooling, 

both for 45 s each. The maximum temperature achieved in the center of the interface, ὒ π, was 466.7 °C, 123.6° 

above the PEEK melting point of 343 °C. According to [8], to achieve effective bonds, semi-crystalline polymers 

should be processed above their melting temperatures. The heat transfer model was previously validated through 

comparisons with finite elements analyses predictions performed using ABAQUS FE code. 

      

Fig. 2. 1) Healing of a polymeric interface. (a) Two distinct interfaces; (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), was 

calculated on the point at the interface between the PEEK film and the APC-2 laminate because the temperature is 

slightly lower than the center of the heating element. Figure 3(1) presented a similar shape likewise [8]. Figure 3(2) 

is a three-dimensional plot that shows the degree of bonding on the temperature along the thickness ὼ. 
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Fig. 3. 1) Degree of intimate contact, autohesion and bonding for APC-2/PEEK laminate under 1.4 MPa pressure. 

2) Degree of bonding on the temperature along the thickness ὼ. 

 

According to the thermal model, the time where the temperature at the point at the interface 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 s 

when the temperature at the same spot reaches Ὕ ρτσ Јὅ. The timeline ὸ in Figure 3(1) represents the time 

where the bonding process begins, i.e., at 18.3 s from the beginning of heating from room temperature. The cooling 

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 the bonding quality in a thermoplastic welding process was 

carried out. The heat transfer model provided the temperature distribution along the composite for the degree of 

intimate contact and degree of autohesion calculations. With that evaluated, it was possible to calculate the degree 

of bonding. 

For the same conditions tested, full bonding (Ὀ ρ) would have occurred if the applied pressure was 3.5 

MPa. The proposed model allows large parametric studies at low computational cost by varying variables such as 

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 cross-section and angle-ply or double-double layup. The solution for the winding trajectory is 

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

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 the cotton thread over the geodesic and non-geodesic 

groove imprinted on the surface of a cylindrical polylactide mandrel. These results validated the possibility of 

manufacturing cylindrical composite structures with angle-ply layup or double-double stacking sequence, without 

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

extension.  

Fundings: A Fundação de Apoio à Pesquisa do Distrito Federal (FAPDF), grant number 00193-00000809/2021-18. 

1. Introduction 

{ŜǾŜǊŀƭ ŎƻƳƳŜǊŎƛŀƭ ǎƻŦǘǿŀǊŜ ƛǎ ŀǾŀƛƭŀōƭŜ ƻƴ ǘƻŘŀȅΩǎ ƳŀǊƪŜǘ ŦƻǊ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ŘŜƭƛǾŜǊȅ ŜȅŜ ǘǊŀƧŜŎǘƻǊƛŜǎ ƛƴ 

filament winding machines (FWM) [1]. However, they are not financially affordable for evolving small companies 

and start-ups, whose activities relate to design and manufacturing of simple composite structures such like having 

a cylindrical shape. Moreover, the analytical solutions provided in scientific literature for the calculation of winding 

trajectories [2] demand advanced knowledge in mathematics from a FWM operator. Meanwhile, cylindrical tubes 

and grid structures with an angle-ply and double-double (DD) layup can find their application in the wind power 

industry (turbine towers), aeronautics (fuselages of unmanned aerial vehicle or struts in braced wings) and many 

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

https://orcid.org/0000-0001-8016-3165
https://orcid.org/0000-0001-7091-456X
https://doi.org/10.29327/566492
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trajectory of the delivery eye during filament winding of the cylindrical 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 the winding parameters, 

portion of the definitive equations for computation of the delivery eye trajectory and couple of examples of the 

wound structures.  

2. Methodology 

2.1. Models 

The model of a grid structure under consideration is formed by a series of helical space curves that intersect 

on a cylindrical surface (Fig. 1a). In filament wining, these curves are specified by the fiber pathways on the surface 

of a cylindrical mandrel. It is assumed that the winding cycle corresponds to the laying a fiber (or a tow) from a 

reference latitude at one end of a mandrel to another end with a return to the reference latitude. Thus, the stroke 

is the laying of the fiber in the forward or return direction and corresponds to the half of the cycle (Fig. 1b). The 

fiber crosses any latitude of a mandrel only once in the forward or return stroke. The stroke can be realized for two 

types of the fiber path on the surface of a cylindric mandrel (Fig. 1b): 1) geodesic path with constant winding angle 

‍ π ‍ “ςϳ , which corresponds to the regular part of the structure ὰ, and 2) non-geodesic path, where the 

ǿƛƴŘƛƴƎ ŀƴƎƭŜ ǾŀǊƛŜǎ ŀƭƻƴƎ ǘƘŜ ƳŀƴŘǊŜƭΩǎ ƭŜƴƎǘƘ ὰ from 90 degrees to ‍ and vice versa. This length ὰ corresponds 

to the transient part of the structure. The tube model is similar to the above-mentioned model of the grid structure 

except the fact that the fiber with a pre-defined width covers the entire cylindric surface forming an angle-ply 

cylindrical laminate. 

2.2. Winding parameters  

For the tube model, the length ὰ is defined by geometry of the structure, while the transition length ὰ is a 

function of the friction coefficient ‘ between fiber and mandrel surface, radius of the cylinder Ὑ and winding angle 

‍ [3]: 

ὰ
Ὑ

ςʈ
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The mandrel rotation angle is given by a turn-around angle ɮ, which is a function of z-coordinate along the 

mandrel. The turn-around angles for the regular and transient part of the structure are given respectively by: 
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The turn-around angle for one winding cycle is computed as following  

ɮ ςɮ ὰ τɮ ὰ τ 

To provide coverage of the mandrel with a composite material in case of the filament winding of a tube, the 

cycle must be repeated a sufficient number of times with correctly chosen increments of mandrel rotation ɮ  

between cycles (or a repetitive number of cycles). The turn-around angle ɮ , which corresponds to 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 pitch 

ɮ  and turn-around angle per one flange ɮ  that together with ɮ  are used to determine the pattern of the wound 

structure (or configuration of the grid structure).  

 
 

a) b) 

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 of the 

base. Winding is carried out under conditions when the minimum distance Ὑ  ōŜǘǿŜŜƴ ŘŜƭƛǾŜǊȅ ŜȅŜ 9 ŀƴŘ ƳŀƴŘǊŜƭΩǎ 

axis z is constant. This parameter is chosen by the FWM operator. The AM curve is the fiber laid on the surface of 

ǘƘŜ ƳŀƴŘǊŜƭΦ ¢ƘŜ ǎǘǊŀƛƎƘǘ ƭƛƴŜ a9 ǎƘƻǿǎ ǘƘŜ ŦƛōŜǊ ƭŜƴƎǘƘ όŘŜƴƻƳƛƴŀǘŜŘ ŀǎ ˂ύ ōŜǘǿŜŜƴ ǘƘŜ ŘŜƭƛǾŜǊȅ ŜȅŜ ŀƴŘ ǘƘŜ 

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

The coordinates of the fiber path on the mandrel surface (point M) are functions of the winding angle ɼ and 

the turn-around angle ɮ, which is equal to ɮ ᾀ or ɮ ᾀ for the regular and transient part respectively: 

ὼ ὙÃÏÓɮ

ώ ὙÓÉÎɮ υ
ᾀ ὙɮȾÔÁÎ‍

 

For the transient part the winding angle ɼ is computed as following 

ɼ ᾀ ÁÔÁÎ Ὑ
Ὠɮ ᾀ

Ὠᾀ
φ 

The coordinates of the delivery eye for the forward stroke are derived in accordance with Fig. 2a:  

ὼ ὙÃÏÓɮ ‗ ίὭὲɮ ίὭὲɮ

ώ Ὑ ίὭὲɮ ‗ ίὭὲɮ ὧέίɮ χ
ᾀ ᾀ ‗ ÃÏÓ ‍

 

An example of trajectory computation is provided for the 80 mm diameter cylindrical structure, whose 

characteristics are given in Table 1. The winding angle [±45°] of the regular part is typical for the structures under 

torsional loads. The value of ˃ corresponds to the friction coefficients that is common for a dry (prepreg) winding 
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of the carbon-fiber/epoxy combination [5]. The length of the regular part was chosen so that the mandrel makes 

complete revolution ɮ σφπЈ at one stroke. The turn-around angles ʊf and ʊw are computed for a 6-cycle grid 

structure. For a composite tube these parameters must have the following values: ʊf  = 5.48° and ʊw = 7.09°. 

 

 

(a) (b) 

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).  

   

Table 1. Characteristics of the wound cylindrical structure with a diameter of 80 mm. 

Geometry  Winding parameters 

Rc, mm  lc, mm  c̡, °  b, mm   ˃  lt, mm  ʊc(lc), °  ʊt(lt), °  ʊp, °  ʊf, °  ʊw, ° 

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 axis of 

symmetry of the mandrel in the interface plane between the regular and transient parts in such way that the axis z 

would be along the axis of symmetry. Fig. 2b shows the fiber path from the center of the regular part to the end of 

the transient part for only half of the mandrel together with the corresponding delivery eye trajectory. The 

minimum distance Ὑ υψȢσρ άά was chosen in such manner that ǘƘŜ ŦƛōŜǊ ƭŜƴƎǘƘ ˂ ōŜǘǿŜŜƴ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ 

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 laying 

the cotton thread over the geodesic and non-geodesic groove imprinted on the surface of a cylindrical polylactide 

mandrel. The fibers were laid exactly in the grooves of the mandrel (Fig. 3a), both geodesic in the regular part and 

non-geodesic in the transient part of the mandrel, that proves the reliability and effectiveness of the equations 

obtained in the work.  

At the given ˃, the length of the transitional part of a wound structure increases with decreasing winding angle 

in accordance with Eq. (1). Thus, the transitional part can 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. The 

grid structure with a double-double configuration shown in Fig. 3b does not have a transitional part. The non-

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

the mandrel. The geometry and winding parameters of the grid structure are given in Table 2, where Nc is a number 

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 double-double cylindrical laminate [±20°/±65.4°]. 

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

Geometry  Winding parameters (grid/tube) 

c̡, °  Rc, mm  lc, mm  Nc  ,˂ mm  RE, mm  ʊc(lc), °  ʊp, °  ʊf, °  ʊw, ° 

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 for light-sport aircrafts 

or unmanned aerial vehicles covered with a thin plastic film imitating a skin. The elements wound at small and large 

winding angles imitate stringers and formers of the fuselage respectively. The wound structures with DD layup 

might have lower structural performance than classic semi-monocoque fuselages, however, are potentially easier 

and faster in fabrication and therefore cheaper for large batch production.  

  

Fig. 3. Examples of the wound structures: a) a 6-cycle angle-ply [±45°] grid structure, a) grid structure with a 

double-double layup [±20°/±65.4°]    

4. Conclusions 

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 geometry 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 configurations (angle-Ǉƭȅ ώҕʲϐ ŀƴŘ 

double-ŘƻǳōƭŜ ώҕʲκҕʴϐύ ǎƘƻǿŜŘ ǘƘŀǘ ǘƘŜ ŘŜƭƛǾŜǊȅ ŜȅŜ lays the fiber on the predetermined geodesic and non-

geodesic path on the surface of the mandrel.  
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The suggested solution allows competition teams or technological research and development, startups and 

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

and promoting university extension. 
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Abstract: The thermoforming process allows low-cost high-volume manufacture of structural textile-reinforced 

composites with the capability of conforming the laminate blank 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 behaviour of the laminate, neglecting its 

effect can cause wrinkles, breakages, and other defects during the process. This paper presents a low-cost 

experimental setup based on the ASTM D1894-14 test method, able to characterize the friction behaviour of dry 

fabrics and prepreg textile-reinforced 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 model is proposed to account for the interply friction anisotropy of dry plain-weave 

fabrics. The friction model will be implemented into a constitutive thermoforming model under development at 

LNCA-ITA. 

Fundings: FUNDEP Grant No. 165140-1-205, CNPq Grant No. 301069/2019-0 and 311972/2020-9. 

1. Introduction 

The thermoforming process applied to composites consists of a flat textile-reinforced blank, which is heated 

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

interaction. Mesoscopic mechanisms govern fibre bending, resin percolation, and transverse fibre flow. 

Macroscopic deformation mechanisms are ply bending, in-plane and inter-ply shear [1-2].  

Friction is the inter-ply shear mechanism during thermoforming. It acts on two fronts, in the tool-ply and ply-

ply friction. For dry fabrics, the contact between plies is direct, having no influence from the resin viscosity. Being 

called Coulomb friction, it is proportional to the normal force, independent of the sliding velocity [3-5]. However, 

for wet fabric-reinforced prepregs, the resin has a massive influence in the friction behaviour, a product of its 

viscosity. During the thermoforming process, the hydrodynamic friction occurs between two surfaces that are 

completely separated by a thin layer of fluid lubricating film, which is shear rate dependent [5-7]. For a satisfactory 

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 corners. A low forming 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 implemented into the 

model. This paper focuses on the inter-ply shear characterization setup of dry fabrics and wet textile-reinforced 

prepregs. 

The friction characterization device was based on the sliding sled ASTM D1894-1 type C device [9] and matched 

the University of Orléans apparatus from Sachs et al. [1]. The sliding sled setup was selected for the practicality 

regarding low cost; the pull-through and pull-out types of devices presented in [1-8] entail an increased complexity 

of fabrication and cost. From the reviewed bibliography, the sliding sled devices produced similar results compared 

to the other cited devices. To validate the device with the literature, a steel-steel friction test is required. 

2. Methodology 

The sliding sled setup in Fig. 1 measures the force 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. 

 

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

 

The bottom plate was fixed using an Instron 4206 Universal Testing Machine with a 5500R load frame in the 

traction configuration with a 2.5 kN load cell. The testing surface, sled, fork, and pulley were installed on the bottom 
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plate. For the ambient temperature device, the 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, passing through a low friction pulley, and fixed 

in the sled. For this article, the HexForce AGP193-P dry plain-weave 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 made by varying the weight from 2.1 N to 4.1 N. The orientation, sliding speed, and 

material were also studied, varying from 0°/0°, 0°/45° to 45°/45°, the sliding speed from 20, 60 to 200 mm/min, 

and the materials in ply-ply, tool-ply, and tool-tool configurations. The friction coefficient was then calculated for 

the presented device, where F is the pull load and N is the normal force: 

 ‘
Ὂ

ὔ
ρ 

3. Results and Discussions 

Lƴ CƛƎΦ нΣ ǘƘŜ ƴƻƳŜƴŎƭŀǘǳǊŜ ·ϲκ¸ϲ Ƙŀǎ ·ϲ ŀǎ ǘƘŜ ōŀǎŜΩǎ ŦŀōǊƛŎ ƻǊƛŜƴǘŀǘƛƻƴ ŀƴŘ ¸ϲ ŀǎ ǘƘŜ ǎƭŜŘΩǎ ŦŀōǊƛŎ ƻǊƛŜƴǘŀǘƛƻƴΦ 

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 values. 

 

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

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

 

From Fig. 2a, when comparing friction from different rates, there is a noticeable difference 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 

assumption. 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. 3a, but with 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 barrier, increasing 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 different, there 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 0°/45° 

is the minimum friction coefficient. 

 

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

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

 

The friction force (pull load) must be proportional to the normal force to be a Coulomb friction. Fig. 2c 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 pressure 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 ease the different surface 

roughness. Ply-ply was the intermediary friction coefficient, a result of the weft contact portion, parallel to the sled 

motion. For the tool-tool test, the curve followed the Coulomb friction characteristic and showed the same results 

as the [7] steel-steel 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 

plain-weave fabric anisotropy friction can be calculated by: 

‘ ‘ȢÃÏÓ— ς 

Where ‘ is the converted friction coefficient, ‘ is the original friction coefficient and — is the orientation of 

the ‘ ply. The model was not tested with unbalanced fabric weaves, it would require another decomposition of 

forces. Note that the equation can only calculate for different X°/Y°, since they are the same when X°/X°. In addition, 

friction from the 0°/0° and 90°/90° are the same, so it is only necessary to calculate from 0° to 45°. Fig. 4 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 friction 

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

 

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

 

The measured and model curves match in a scalar proportion, but the curve characteristic is the same as the 

original friction curve. The model 0°/45° and 0°/30° curves used the 0°/0° original value, whereas the model 0°/0° 

used the 0°/45° original curve. To convert from 45° to 0°, the Eq. (2) is modified to divide by the cosine theta angle, 

instead of multiplying. 

Though it is a simple device, it can reproduce satisfactory results with only one inconsistency, which is the 

swinging of the sled while the testing machine is pulling it. When the sled is not well aligned, or if the warp and 

weft from the base and sled entangle, it can produce a sled rotation, disturbing the oscillatory characteristic, shown 

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 this 

problem for future friction setups, being the intermediate of the pull-through and sliding sled devices. 

4. Conclusions 

The developed friction setup measured the dry plain-weave carbon fibre fabric HexForce AGP193-P friction at 

ambient temperature and the influence of the orientation, sliding velocity, weight, and material in the friction 

coefficient. In addition, an anisotropic friction model was implemented and validated by the shown tests. The dry 

tests followed all the Coulomb characteristics successfully.  

The next step is to evaluate a prepreg fabric at resin melt temperatures, testing the hydrodynamic 

characteristics, measuring the friction coefficient of the thin-layered lubricating film between the ply-ply and tool-

ply surfaces, necessary for the thermoforming process.  
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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 predicting the 

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

investigated. The method encompasses four building blocks: an experimental data set is obtained from standard 

mechanical characterization tests; a finite element model (FE) of a nonlinear frictional contact problem is used to 

expand the database; the proposed artificial neural network (ANN) is trained via supervised machine learning; and 

simulations of uniaxial compression are used for validation and comparison. Results show low computational cost 

in both memory bandwidth and processing time, good accuracy, and scalability. These attributes make the 

proposed scheme a promising tool for the search of the optimal fibre concentration in a composite, and for the 

analysis of complex conditions such as environmental effects and multiaxial loading, traits highly desired by the 

industrial sector. 

1. Introduction 

The study of the application of numerical methods for the evaluation of materials with polymeric behaviour is 

an important branch of the study area concerning computational methods applied to engineering materials. Unlike 

metals, for which most commercial software has a wide library of models to describe the behaviour of either linear, 

plastic and elastic-viscoplastic, there are few models implements for the elastic-viscoplastic evaluation in polymers, 
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among the software commonly used. The presence of models for these materials in most cases covers no more 

than the hyperelastic behaviour.  

One of the first works 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 (polymethylmethacrylate). Several studies use the model proposed by Arruda-Boyce 

[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 Boyce [2006], among others.  

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

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

of polymer-based materials. Thus, the objective of this work is to present a mixed methodology (Artificial 

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

polymer-based materials, more specifically for the characterization of the stress-strain curve of such materials. This 

work seeks a methodology that allows such characterization with a lower computational cost and good accuracy. 

regarding the Artificial Intelligence framework, supervised training is used. 

1.1. Modified Mulliken-Boyce Model  

Mulliken-.ƻȅŎŜΩǎ ƴǳƳŜǊƛŎŀƭ ƳƻŘŜƭ ǇǊŜǎŜƴǘǎ ƛǘǎŜƭŦ ŀǎ ŀƴ ŜǾƻƭǳǘƛƻƴ ƻŦ ǘƘŜ ƳƻŘŜƭ ǇǊŜǎŜƴǘŜŘ ōȅ !ǊǊǳŘŀ ŀƴŘ .ƻȅŎŜ 

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

molecular processes, each with their respective elastic and viscoplastic properties, as represented in the Fig. 1. 

 

Fig. 1. Mulliken-Boyce Model: One dimensional rheological representation.  

 

¢ƘŜ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊ ŎƻƴǘǊƛōǳǘƛƻƴ ƻƴ ǘƘŜ ǎǘǊŜǎǎ ǎǘŀǘŜ ʰ ŀƴŘ ʲ ŎƘŀƛƴǎ Ŏŀƴ ōŜ ƻōǘŀƛƴŜŘ ōȅ ǘƘŜ ŎƻƴǎǘƛǘǳǘƛǾŜ ƭŀǿǎ ƻŦ 

spring in a linear-elastic domain, as show in eq.1.  

Ὕȟ
ρ

ὐ
 ÌÎὟȟ Ƞ Ὥ ɻȟɼ ρ 

The Mulliken-Boyce model describes the nonlinear hardening stress component (backstress) due to the 

entropic resistance of the molecular alignment as:   

Ὕ
ὅ

σ

Ѝὔ

ʇ
 
ʇ

Ѝὔ
ὄᶻ ς 

where, ὄᶻ  represents the deviatoric part of the left Cauchy-green Tensor, ὅ the rubbery modulus, ὔ the 

limiting chain extensibility, and ʇ  is referring to the principal distortion stretches.  
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Due to some limitations of the Mulliken-Boyce model previously 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 the 8-chain. The Cauchy stress for the description of the nonlinear hardening 

phase can be determined according to the following equation: 

Ὕ
А

ὐ
 

ρ

ρ
Ὅᶻ σ
ὐ

ὨὩὺὄᶻ Ὧὐ ρὍ σ
 

where, А  represents a rigidity parameter,  ὐis a dimensionless parameter that controls the limited chain 

extensibility at large strains, Ὧ is the bulk modulus and Ὅᶻ is the first invariant of ὄᶻ. 

The total stress in the polymer is given by the tensorial sum of the contributions of the intermolecular  

ǎǘǊŜǎǎŜǎ ʰ ŀƴŘ ʲΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ƴƻƴƭƛƴŜŀǊ ƘŀǊŘŜƴƛƴƎ ǎǘǊŜǎǎ ό.ŀŎƪ{ǘǊŜǎǎύΥ 

Ὕ Ὕȟ Ὕȟ Ὕ τ 

1.2. Numerical Model for the analysis of uniaxial compression tests 

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 addressed. 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 specimen was implemented from a structured mesh 

ŎƻƴǎƛǎǘƛƴƎ ǎƻƭŜƭȅ ƻŦ ŜȄǇƭƛŎƛǘ ƘŜȄŀƎƻƴŀƭ ŜƭŜƳŜƴǘǎ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ŘƛƳŜƴǎƛƻƴ ƻŦ т Ҏ млҍп ƳΣ ƭŜƴƎǘƘ ƻōǘŀƛƴŜŘ ŀŦǘŜǊ 

conducting a study mesh convergence. Due to the presence of large deformations in the analyses conducted, the 

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 Mulliken-

Boyce model was based on the creation of a dataset generated via Finite Elements in the commercial software 

Abaqus. The numerical models adopted are previously calibrated from experimental tests of uniaxial compression 

and the accuracy of the numerical model adopted was 99%.  

The adopted model presents 16 material parameters. A previous sensitivity analysis enabled the identification 

of the most meaningful parameters in the mechanical description of the material. Thus, the parameters considered 

in this work are: % ό¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ - alpha chain), ɝ' (activation energy - alpha chain), È (softening slope - 



Proceedings of the 6th Brazilian Conference on Composite Materials ISBN 978-65-00-49386-3 

110 

alpha chain), Ó  (preferred states of thermal shear strengths), dimensionless parameter, А  rigidity parameter and  

ὐ  (dimensionless parameter). 

The ANN is created to perform two different types of prediction: Model (1) predicting the material parameters 

through an experimental stress-strain curve, and Model (2) prediction of the stress-strain curve of a given material 

through the material parameters belonging to the Mulliken-Boyce model. To create the database, a rectangular 

distribution was used to define the input material parameters, within a pre-defined 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 is an 

inversion of what is considered input and output. 

 

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 the 

use of the modified Mulliken-Boyce model (the numerical model implemented for the PC/ABS elastic-viscoplastic 

evaluation), a supervised deep learning algorithm was implemented in Python programming language, using mostly 

the Keras library. 

The neural network was implemented via TensorFlow. For the prediction of material parameters, the strategy 

adopted was based on the implementation of different neural networks for each of the evaluation parameters. This 

strategy presented the best accuracy results. For each of the neural 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 materials, 

three different database sizes were used for the training: Database A with 364, Database B with 193, and Database 

C with 97 data. The comparative data of the stress-strain curve obtained by the ANN model for each of the 3 

trainings in comparison with the stress-strain curve obtained via experiment is presented in Figs. 4 and 5 for PC and 

ABS, respectively. 
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Fig. 4. Stress-strain curve obtained via ANN for different dataset sizes - PC. 

 

 

Fig. 5. Stress-strain curve obtained via ANN for different dataset sizes - ABS. 

 

To determine the stress-strain curve via ANN, the two models presented in chapter 2 are used. Initially, the 

first ANN model is applied to, from the stress-strain curve obtained experimentally, obtain the relevant material 

parameters regarding the modified Mulliken-Boyce model. Subsequently, these parameters are inserted into the 

second ANN model to generate the stress-strain curve via artificial intelligence. 

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

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

mechanical behaviour between both materials, mainly in the non-linear yield and hardening zone. 

When evaluating the results for PC and ABS in parallel, the use of Database C presents better accuracy. A 

pertinent observation is the fact that for ABS, the use of Database B presents worse accuracy than Database C. This 

conceivably occurred due to the process of splitting the database between training and testing (random process). 

Possibly the database used for ABS training contains few stress-strain curves with similar characteristics. 

4. Conclusions  

Results have shown that both ANN models developed can yield an accurate representation of the   behaviour 

of polymers in uniaxial compression. The first model proposed can be used for the determination of essential 

material parameters at a low computational cost while the second ANN model allows the description of mechanical 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































