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Hayal gücünü 
zorlayan 
su borusu... 

www.subor.com.tr 
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U metre çapa kadar ulaşan CTP borularımız, hayal gücünüzün sınırlarını zorluyor. İster içme suyu, 
sulama, atıksu, endüstriyel tesis veya enerj i projeleri için kullanın; ister daha yaratıcı çözümler üretin 
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30 yıldan bu yana ilk günkü heyecanımı; ve özgüvenimize, karartı ve yenilikçi çizgimizi sürdürdük. 
Üretim sahamızı ve üretim tekniklerimizi sürekli geliştirerek. Kompozit Sektörümüzün ihtiyaçları 
doğrultusunda en geni; ürün yelpazesini oluşturduk. 

Kalite anlayışımız ve ısrarla sürdürdüğümüz Ar-ge çalışmalarımız sayesinde Polyester Reçine 
üretiminde sektörümüzün lider markası konumuna eriştik. 

Boytek olarak, ulusal ölçekteki başarımızı uluslararası ölçekte de sürdürmeye özen gösterdik. 
Sektörümüzün dev markalarıyla rekabet edebilen bir dünya markası haline geldik. 

ÜRÜN ÇEŞİTLERİMİZ: 
• BRE Doymamış Polyester Reçineleri • Pigmenl Pasla Çeşitleri 
• BVE Vinil Ester Reçineleri • Boytero* Dondurucu Çeşitleri 
• BRE Jelkotlan • A Vaks Kalıp Ayıncı Çeşitleri 

YEKİLİ SATICISI OLDUĞUMUZ ÜRÜNLER: 
• OCV Cam Elyaf Takviye Tabakaları • Ashland Derakane Vinil Ester Reçineleri 



ETKİNLİKLERİMİZDE BÖLGEMİZİN VE ÜKEMİZİN ÖZEL ÜRÜNLERİNİN 
SUNULMASINI SAĞLAYAN DEĞERLİ KURULUŞLARIMIZA TEŞEKKÜRLERİMİZİ 
SUNARIZ. 

WE THANK TOINVALUABLE COMPANIES OF OUR COUNTRYAND REGIONFOR 
OFFERING THEIR SPECIAL PRODUCTS IN OUR SYMPOSIUM. 

ALKİM KAĞIT SAN. VE TİC. A.Ş. 
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Projeleriniz için Doğru Adres K O M P O Z I T 
METYX Elyaf Grubu 
Multiaxial Örgüler 
(Cam, kevlar, karbon) 
RTM elyaf grubu 

Kompozit Ürünler 
Reçine ve Jelkot 
Yapıştırıcılar 
Core Malzemeler 
Vakum Torbalama Malz. 
RTM Ekipmanları 

Danışmanlık Hizmetleri 
Vakum infüzyon Tekniği 
Yapısal Mühendislik 
Kalıp Ayırıcılar 
RTM Teknolojisi 

STRENGTH. SUPPORT. SOLUTIONS. 

METYX ürünleri ve hizmetleri konusunda daha fazla bilgi için: www.metyx.com 
İstanbul • Tel: +90 216 394 32 60 

Copyright 2010 METYX Composıtes Ali rights resetved 
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TMMOB KİMYA MÜHENDİSLERİ ODASI koordinatörlüğünde gerçekleşen "2. 
Uluslararası Katılımlı Polimerik Kompozitlcr Scmpozyum-Sergi vc l'rojc Pazarı" na katkı 

veren kamu kuruluşlarına vc destek veren aşağıdaki fırına ve kuruluşlara, 

' 'We are grateful to the public organizations and following companies far their canlrihıılian 
to the • ~TJ Pah •meric Camposıtes Sympasium-Exhihiıian and Brakerage Event (International 
Participation)" İzmir. November, 2010 organ ize J by 11CTEA (ham her oj Chemical 
Engineers. 

TÜBİTAK / THE SCIENTIFIC AND TECHNOLOGICAL RESEACRH COUNCIL OF 
TURKEY 
İZMİR BÜYÜKŞEHİR BELEDİYESİ / İZMİR METROPOLITAN MUNICAPILITY 
EGE BÖLGESİ SANAYİ ODASİ / A EGE AN RLGION C H A M B I R OF INDUSTRY 
İZMİR TİCARET ODASI / İZMİR CHAMBER OF COMMERCE 
EGE ÜNİVERSİTESİ / EGE UNIVERS1TY 
İZMİR YÜKSEK TEKNOLOJİ ENSTİTÜSÜI İZMİR INSTITUTE Ol TECHNOLOGY 
ORTA DOĞU TEKNİK ÜNİVERSİTESİ/ M1DDI.E 1İAST TECHNICAL UNIVERSITY 
İSTANBUL TEKNİK ÜNİVERSİTESİ / İSTANBUL TECHNICAL UNIVERSITY 
TMMOB MAKİNE MÜHENDİSLERİ ODASİ- TEPEKULE KONGRE VI SERCÎİ 
MERKEZİ UCTEA CHAMBER OF MECİIANICAL ENGİNEERS-TEPEKULE 
CONVENTION AND EXHIBITION CENTRE 
EB1C EGE 

HERKİM POLİMER KİMYA SANAYİ VE TİCARET A.Ş./ HERKİM POLYMER 
CHEMISTRY INDUSTRY INC. (Platin sponsor ) 
BOYTEK REÇİNE BOYA VE KİMYA SAN TİC. A.Ş. BOYTEK RIİSINS. GELCOATS, 
PİGMENT PASTES (Gümüş / Silver Sponsor ) 
PETKİM PETROKİMYA HOLDİNG A.Ş. / PETKİM PETROCHEMICAL HOLDİNG INC. 
I Bronz / Hroıı/e Sponsor) 
ANAMED ANALİTİK VE MEDİKAL SİSTEMLER A.Ş./ ANAMED ANALYTIC & 
MEDICAL SYSTEMS (Sempati / Syıııpathy Sponsor) 
TEKNODROM ROBOTİK OTOMASYON SİSTEMLERİ / TEKNODROM ROBOTIC 
AUTOMATIONS SYSTEMS (Sempati / Sympathv Sponsor) 
FİBER TEKNİK POLYESTER SAN. TİC.LTD.ŞTİ. / FİBER TEKNİK POLYESTER 
INDUSTRY INC. (Sempati / Sympathv Sponsor) 
YÜCEL KOMPOZİT MALZEMELERİ PAZARLAMA VE TİC. I.TD ŞTİ / YÜCEL 
C'OMPOSİTE INDUSTRY INC. (Sempati / Sympathv Sponsor) 

Teşekkürlerimizi sunarız. 
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ÖNSÖZ. 

Daha önccki önsözlerimizde ile belirttiğimiz gibi bilimin ve buna bağlı olarak teknolojinin 
gelişmesinin, ülkelerin, toplumun ve yaşamın daha iyiye gitmesinde etkisi büyüktür. 21. yy'da 
öne çıkan yeni alanlardan biri. malzemeye istenilen özellikleri kazandıran polimerler ve 
oluşturdukları kompozit malzemelerdir. Isıl ve elektriksel iletkenlikler metallere benzer biçim 
do geliştirildiği gibi yalıtkanlık da istenilen düzeyde sağlanabilmekle, gereğinde daha hatif, 
fiziksel ve kimyasal etkilere, korozyona, darbelere dayanıklı esnek ya da seri yapıda 
olabilmekle ve bu nedenle yaşamın gereksinim duyduğu sağlık, tarım, uzay ve havacılık, 
denizcilik, ulaşım, inşaat, otomotiv, enerji, analizler gibi hemen her alanda 
uygulanabilmektedir. 

Üretimde ve kullanımda standartlaşma, çevresel etkiler gibi. sorunların daha iyiye gitmesi, 
daha yeni bilgilerin paylaşılması, ortak çözüm üretilmesi, bu tür bilimsel ve teknik 
toplantıların yapılmasıyla bir ölçüde sağlanabilmektedir. 

Bu nedenlerle TMMOB Kimya Mühendisleri Odası tüm kurum ve kuruluşlara eşit yakınlıkta 
ve hiçbir ticari amaç gütmeden, ilgili olduğu alanlarda etkinlikler düzenleyerek, bilimsel ve 
teknolojik birikimi olan üniversite ve araştırma kurumlan ile üretici, sanayici ve 
uygulayıcının deneyimlerini aynı ortamda buluşturup, farklı bakış açılarının yeni ufuklar 
açmasını, sorunlara çözüm üretilmesini dolayısıyla ülke ve toplum yararını sağlamaya katkılı 
olmayı amaçlamaktadır. 

Bu amaç doğrultusunda gerek araştırma kurumlarında gerekse sanayide yer alan üyeleriyle 
dayanışma içinde onların önerilerini alarak, etkinlikler yapmaktadır. Dört yıl önce polimerik 
kompozitler alanının önemini vurgulayan ve böyle bir etkinliğin yapılması gereğini öneren ve 
başlatılmasında ve sürdürülmesinde katkı sağlayan üyemiz Sıı. Hasan Ömer'e hır kez daha 
teşekkür ederiz. Aynı biçimde uluslar arası katılımlı olarak gerçekleşen 2. Etkinlikte de Sayın 
İsmail Darcan. Sayın İsmet Çakar'a ve Sayın Hasan Ömer'e katkıları için teşekkür ederiz. 
Katılımcıların anketlerde yer alan önerilerine dayalı olarak etkinliğin iki yılda bir yapılması 
isteğiyle bu yıl da (26-28 Kasım 2010) gerçekleştirilecek etkinliğin uluslararası katılımlı 
biçimde yapılması konuya evrensel bir bakış açısı kazandırması ve bu yıl ilk defa 
düzenlenecek olan proje pazarı etkinliği nedeniyle ayrı bir önem taşımaktadır. 

Etkinliğin yapılması için büyük bir özveriyle katkıda bulunan sponsor, sergi alanında yer alan 
ve reklam vererek katkıda bulunan kuruluşlara, bilimin ve teknolojinin, sanayinin ilerlemesini 
amaç edinen TÜBİTAK. İZMİK BÜYÜKŞEHİR BELEDİYESİ. EGE BÖLGI SANAYİ 
ODASI ve İZMİR TİCARET ODASI gibi devlet kuruluşlarına katkıları için şükranlarımızı 
sunarız. 

Etkinliğin önemli ve vazgeçilmez niteliği olan, bilimsel ve teknolojik katkıyı sunan yurtdışı 
ve ülkemizdeki üniversitelerden ve araştırma kurumlarından, sanayiden katılan uzman ve 
araştırmacılara da özellikle teşekkür ederiz. 

Sergi alanında ise ticari amaç taşımadan, sempozyum konularının görsel anlamda 
vurgulanmasını sağlayan ve etkinliğe destek verme amacındaki duyarlı kuruluşlar yer almakta 
ve bu yolla yeni ürünlerini, uygulamalarını tanıtma ve ilgililerle buluşma olanağı 
bulmaktadırlar. Sergi ziyaretine bilgi ve görgü arttırmayı amaçlayan ve ilgilenen herkes 
davetlidir. 
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"2. Uluslararası Katılımlı Polimerik Kompozitler Sempozyum-Sergi ve Brokekerage Evcnt" 
etkinliğinin gerçekleşmesinde; değerli katkılar veren tüm kurum ve kuruluşlara, çağrılı 
konuşma yapan, sözlü ya da poster sunumları ile kongrenin bilimsel ve teknolojik yönünü 
nitelikli kılan değerli uzman ve katılımcılara, desteklerini esirgemeyen Düzenleme Kurulu ve 
Bilimsel Kurul üyelerine. Kimya Mühendisleri Odası ve Kge Bölge Şubesi Yönetim Kurulu 
Üyelerine, yoğun emek ve çabaları ile etkinliği hazırlayan sekreteryaya, oda personeline ve 
katkıda bulunan üyelerimize teşekkürlerimizi sunarız. 

Düzenleme ve Yürütme Kurulu 

X I X 
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M POı.HıF.RıC COMPOSıTE SYMPOSLL U. EMııBıTıONANDBROKFRAOEEVENT{ıNTERNATıONAL PARTICIPANT,/ 

I N T R O D U C T I O N 

As we meııtioncd before, ıhc dcvclopments of the scienee and conscquently the technology 
lıave a big effeet on the improvemeııts of the coııııtries, ılıe society and the life itseli'. One of 
the in front new areas in 2 T' eentury is the polymers vvhieh give the required speeifîcations to 
the material and the compositc materials formed by these polymers. The thcrmal and 
clectrical eonductivity of the materials can be improved as in metuls and the required 
iıısulation can uIm.> bc provided. İn case ol" a ııecd, the lighıer and rcsilicnt materials to 
eorrosion and to chemical and physical effects can be prodtıced. The strueture of these 
materials can be clastic orsol id; Ihcre İbre they are applicable almost in ali areas like mcdical, 
agricultural, spacc and acronautics, nautical, transportation, construetion, automotive, eııergy 
and analytical technologies. 

The achievements of the scientifıc and teehnieal mectings like tlıis one are providing the 
siandardizations in the produetion and consumplion, the environmental improvemenls, the 
ııevv informatioıı sharing and the nuılııal solulions up to certain levels. 

Beeause of ali these above mentioned reasons, Union o fChambers of Turkish Engincers and 
Architects (UC'TEA) C'hamber of Chemical Engincers (CCE) is aiming to contributc towards 
the benefıt of the country and the community by organizing the related activitics, standing 
with ali the organizations 011 the same level vvithout any commercial concerıı. İn these 
aelivities, the universities and ılıe research institutions « itli their accunuılation of scientifıc 
and technological kııovvledge and Ilıe producers, ılıe iııdustrialists aııd the practilioııers with 
their expericnces are coming together at the same place and creating ııevv horizons and 
solulions with their different vievvs. 

İn line with the object, the C'hamber of Chemical Engineers' organizations are built and 
achieved vvith ılıe cooperation and the various proposals ol" ihe members from llıc research 
institutes and ılıe indııslrial organizations. At tlıis point, we would like to llıank oııce agaiıı 10 
oıır menıber Mr. Hasan Ömer vvlıo emphasizcd Ilıe importance and sustainability ot' the 
polymeric composites sector and proposed an activity like this one and contributcd lor the 
siart up four years ago. And vve tkank to Mr. İsmail Darcan. İsmet Çakar and Mr. Hasan Ömer 
for their supports lor the 2nd symposium (Polymeric Compositc Symposiıım-exhibition and 
brokerage event with intcrnational participant). Base 011 ıhc proposals indicated 111 the 
participants' qııestioııers for an activity on every two years periodically, ılıe intenıatioııal 
charactcristic of ıhis year's activity from Novenıbcr 26tlı to 2Stlı, 2010 has a special 
importance beeause of this universal angle of vision and also breaking event vvhich will be 
held this year for the first time. 

We are grateful 10 firms \vho look a place in the exhibition and pul an advertisement and 10 
the public organizations like THE SCTENTIEIC AND TECHNOI.OGICA1. RESEARCH 
COUNCIL OF TURKF.Y (TÜBİTAK), İZMİR CİRAND MUNICIPALITY. A EGE AN 
REGION CHAMBER OF INDUSTRY (EBSO) who aims for the advancement of the scienee, 
technology and iııdustry, for their valuable contribution. 

We vvouid like lo llıank especially to the experts and researehers coming from universities. 
research institutes and industries of oıır country and abroad, for their scientifıc and 
technological contribııtions. 
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2nd POUMERK' COMPOSITE SYMPOSILM. E\TIIBITION AND BROKERAGE EVENT (INTERNA TIONAL PAHI İt //' ıslı 

The polymeric composite applicalions and Ilıe subjects of rcgulations \vill be debated and ılıe 
lectures vvill be given by ılıe experts during the workshops and there will be praclice of 
applicalions for some of the subjects. I lıe participants vvill have a certifıcate. 

İn order lo suppori ıhis activity; the organizations are takiııg place in the exhibition which 
gives a visual emphasis to the subjects of symposium and by doing so, they have the 
opportuniiy to presem their ııevv produets and applicalions as wcll as to meet vvith the 
iııterested parties. Ali Ilıe in teres t ed parties vvith cducatioııal and cxperimental purposes are 
invitcd to visiı the cxhibition. 

We would like to thank lo ali of Ihc organizations and institutes for their valuable 
contributions, to the invited speakers, to ıhc estimable experts and participants, to the 
members of organizing and scientifıc committees for their support. to the members of ılıe 
board of direetors of Chamber of Chemical Hngineers and Aegean Branch, lo ılıe sccretariat 
who prepared tlıis activity vvith their hard work and a loi of effort. to the personnel of ılıe 
chamber and lo ali of oıır members vvho lıave beeıı contributcd for the aehievement of 
"Polymeric C'omposiies Symposium-Exhibition and Brokerage Event (lııiemational 
Panicipatioıı)" activity. 

Organizing and Executive Committee 
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UCTEA Chamber of Chemical Engiııeers Aegean Region 

TMMOB Kimya Mühendisleri Odası, Ege Bölge Şubesi / 
UCTEA Chamber of Chemical Engincers Aegean Region 

İsmail Hakkı 11AC1ALİOĞLU Cam Elyafı Takviyeli Plastik Sanayiciler Derneği / 
Glassfiber Reinforced Plastics Marıufacturers Association 
İstanbul Teknik Üniversitesi / Islanbııl Technical 
University 
Ortadoğu Teknik Üniversitesi / Middle East Teclıııical 
University 

Yannis E. MISSIRL.IS, Prof. Dr. I'atras Üniversitesi / Palras University 
Hasan ÖMER TMMOB Kimya Mühendisleri Odası. Ege Bölge Şubesi / 
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Nurseli UYANIK, Prof. Dr. 

Ülkü Y1LMAZER, Prof. Dr. 

SEKRETARYA / SECRETARIAT 

Tansel KAHRAMAN TMMOB Kimya Mühendisleri Odası, Ege Bölge Şubesi 
UCTEA Chamber of Chemical Engincers - Aegean Region 

Gülsün Gonca KANDEMİR TMMOB Kimya Mühendisleri Odası, Ege Bölge Şubesi 
UCTEA Chamber of Chemical Engincers - Aegean Region 

DÜZENLEME KURULU / ORGANİZİNG COMMITTEE 

Aref CEVAHİR, Dr. 

Aylin Şendemir ÜRKMEZ, 
Yrd. Doç.Dr. 
Burcu ALP 

Cengiz KOCAGİL 

Cihat ARDA 

Devrim BALKÖSE, Prof. Dr. 

Dilek TURAN 

Emrah ERGİNER 

Cam Elyaf Sanayii A.Ş. / Glass Fiber hıdustry Inc. 

Ege Üniversitesi / Ege University 

TMMOB Kimya Mühendisleri Odası-Ege Bölge Şubesi / 
UCTEA Chamber of Chemical Engincers - Aegean Regiaıı 

Ege Bölgesi Sanayi Odası / Aegean Region Chamber oj 
Indııstıy 
Subor Boru Sanayi ve Ticaret A.Ş. / Subor Pipe lııd. and 
Tradc Inc. 
İzmir Yüksek Teknoloji Enstitüsü / izmir lııstitııte oj 
Technology 
İzmir Yüksek Teknoloji Enstitüsü / izmir Institute of 
Technology 
Gemi Mühendisleri Odası / The Chamber oJ'Turkish Naval 
Architccts c$ Marine Engincers 
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Erdem YÜCEL 

Erdinç İKİZOĞLU 

Erkan ERSÖZ. Dr. 

Feridun ŞENOL 

Funda TIHMINLIOĞLU, 
Prof. Dr. 
Füsun GÜNER 

Gülnur BAŞER 
Gürel NİŞEİ, Prof. Dr. 
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İbrahim KÖSE 

İsmail DARC AN 

İsmet ÇAKAR 

Kadri UZUN 

Mehmet SARIKANAT. 
Yrd. Doç.Dr. 
Mesut YENİGÜL, Prof. Dr. 

Metin TANOC'iLU. Prof. Dr. 

Misir AHMEDZADE, Prof. Dr 
Mustafa DEMİRCİOĞLU, 
Prof. Dr. 

Ömer MERMER. Yrd. Doç.Dr. 

Saadet ALTAYLAR 

Sadık ASLI I'IJRK 
Sevgi ULUTAN. Prof. Dr. 
Tayfun YILMAZ 

Eibrosan Cam Takviyeli Polyester San. Ve Tie. A.Ş. / 
Fi broşun GRP INC 

Kimya Mühendisleri Odası / UCTF.A Chamber of Chemical 
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İzmir Yüksek Teknoloji Enstitüsü / İzmir lııstitute of 
Technology 
PETKİM Petrokiıııya Holding A.Ş. / PETKİM 
Petrochemical Holding lııc. 
Telateks Tekstil Ürünleri San. ve Tie. A.Ş / Telateks 
Kııııya Mühendisleri Odası / UCTEA Chamber of Chemical 
Engincers - Aegean Region 
Kimya Mühendisleri Odası / UCTEA Chamber of Chemical 
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HERKİM Polimer Kimya Sanayi ve Ticaret A.Ş.. / 
HERKİM Polymer Chemical hulus try and Trade Inc. 
Kııııya Mühendisleri Odası / UCTEA Chamber of Chemical 
Engincers - Aegean Region 
Kimya Mühendisleri Odası UCTEA Chamber of Chemical 
Engincers - Aegean Region 

Yaşar Holding A.Ş. / Yasar Holding hıc. 

Ege Üniversitesi / Ege University 

Ege Üniversitesi / Ege University 
İzmir Yüksek Teknoloji Enstitüsü / İzmir lııstitute oj 
Technology 
Fırat Üniversitesi / Fırat University 
Ege Üniversitesi / Ege University 

Ege Üniversitesi Ege University 

Kimya Mühendisleri Odası UCTEA Chamber of Chemical 
Engincers Aegean Region 
POL.KİMA A.Ş. 
Ege Üniversitesi / Ege University 
EBIC EGE 
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RECENT ADVANCES IN FABRıCATıON OF HıGH-PERFORMANCE 
COMPOSITES: 

VACUUM ASSISTED RESİN T R A N S F E R M O L D I N G O F M I C R O 
AND N A N O C O M P O S I T E LAMINA FES 

Levent Aktas Duanc I'. Baumaıı Scoll T. Bowen Mriııal C. Saha 
M. Cengiz Altan 

Sehool of Aerospace and Mcehanical Engineeriııg 
University of Oklahoma 

Norman, OK 73019 USA 

altanfeou.cdu 

Abstract 

The tirsi part of this paper investigates the effect of tooling and pıocess parameters 
stıch as ılıe length of distribution media used in vacuutn assisted resin transfer 
molding (VAR İ M) of compositc laminates. To achieve this goal, carbon fiber 
reinforced, epoxy laminates are fabricated by using various lengths of distribution 
media and their mechanical properties are characterizcd. Iı is shovvn thai for 
relatively thinner laminates, extending the distribution media degrades the fiexural 
properties by as much as 14%, possibly due to air pockets entrapped dııring throııgh-
the-lhiekness impregnation of the fıbrous fabric. 

İn the second part, improvements duc to snıall amounts of multi-walled carbon 
nanotubes (MWNTs) dispersed in the composite laminates are presented. İn 
addition, effects of dilTcrent nanolube funetionalization and morphology are 
characterizcd via scanning eleetron ınicroscopy and optical mieroseopy. To achieve 
adequate nanotube dispersion in the epoxy rcsiıı, botlı tip sonication and mechanical 
mixing have been used. The effect of sonication lime on the dispersion of nanotubes 
is reported by monitoring the temporal changcs in the nanotube cluster size. Even at 
volumc fraetions less tlıaıı 1%, almost 10% improvements in fiexural properties is 
observed. Extensive void formations are reported for laminates containing MWNTs. 
possibly prcvcnling greater improvements in mechanical properties. 
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l ı ı troduct io ı ı 

Deve lop i ııg lovv-cosl l'abricatiııg metlıods for higlı-perlbrmanee, ınulti-lunetional 
composites has been one of ılıe priınary issues facing composites iıulııstry for several 
decades. During the Iast dccade, various research iniliatives anıl dcvclopments in 
nanomaterials lıave led to significant advances iıı fabrication nıethods and Ilıe 
materials used in high-performance polymeric composites [1,2]. Wiıhin this 
framework, various new processing concepts arc used to iıııprove the perforınance of 
ıııicro and nanocomposite laminates [3,4J. A eomıııonly-used fabrication method for 
medium to large, high-performaııcc compositc producls is vacuum assisled resin 
transfer ıııolding ( V A R I M ) . V A R I M is an open-mold process, wlıerc the 
reinforeing l'abric is placcd in a vacuuııı bag and iıııprcgnatcd by a lovv-viscosity 
thermosettiııg rcsiıı. The reinforcemerit is ol'ten maile of continuous carbon or glass 
fibere thal are woven to providc bidircctioııal reinforceınent. Unlike rcsiıı transfer 
ıııolding and conıpression molding processes llıat ııse a metallic. elosed-mold, the 
tooliııg and equipınenı eosl for VARTM is much lower. Usiııg a sealed vacuuııı bag 
and impregnating the fabric usiııg vacuum pressure lead lo slovv impregnatioıı and. 
for large parts, tlıc vacuum level ıııay not be suffıcienl to complele Ihc impregnatioıı. 
To alleviate these clıalleııges, various versioııs of the process have been proposed, 
and in ıııost cases. tlıe ııse of a distribution media is suggested. The distribution 
media is a highly porous plastic ıııeslı that is placcd 011 top of the woven fibers. Iı 
acts as a lower resistance patlı for ılıe resin anıl facilitates quick rcsiıı distribution 
furtlıcr downstrcanı. 

Another vvay to iıııprove tlıc properties of VARTM compositc parts is to introduce 
nanomaterials inlo Ihe resin. Aıııong the commcrcially available nanomaterials, 
various lypes of nanotubes or nanoclays have been ıııost popular. Duc to their lovver 
densily and lıigh mechanical and tlıermal properties, carbon nantolubes arc ıııore 
attractivc for lıigh-pcrfomıance applicalions \vhere the primary reinforccmenl is 
suppiicd by woven graphilc fibers. Even a small weighl percentage of carbon 
nanotubes nıixed with the resin ıııay potcntially iıııprove the ovcrall properties of tlıc 
laminate [5-71. Mixing and properly dispcrsitıg nanotubes with various lypes of 
ılıermosetting resiııs lıas been challenging. Mechanical mixing or sonication lıave 
becıı used as tlıe primary means of iniroducing nanotubes, where the nanotube 
clusters are expeetcd to brcak dowıı and ılispersc Ihroughout the resin. Tlıe 
improvcmenls in Ihe laminate properties arc likely to be correlated vviılı the degree of 
dispersion achicved. Tlıus. a detailed assessment of dispersion state and the 
effectiveness of sonication necd to be investigaleıl for a particular pair of 
nanomaterial and resin. Another importanl aspect of improviııg the properties of 
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nanocomposite laminates ıs tu achieve favorable interfaeial bonding betvvcen the 
nanomaterials and the rcsiıı. Tu achieve adetjuate dispersion and bonding, several 
lypes ol lunetionalizalion have bceıı proposed |8J. İt ıs vvcll-knovvn tlıat ıhc surlacc 
ıııodifıcation of tlıe nanotubes and their l'unetionali/aiion inlluencc the uniformily of 
dispersion, entanglement of nanotubes. and interfaeial bondiııg strengtlı. 

İn ılııs article, svc address ıhc ıhrce primary issues mentioncd above, i.e., (i) the 
elTecl of ıhe use of distribution media during imprcgnation in VARTM proccssos; 
(ıı) ılıe etTect of sonication lime on the dispersion of dilTercııt typcs of funelionali/ed 
mııltı-svalled carbon nanotubes and: (iii) the etTect of dilTcrcnt nanotubes 011 Ilıe 
mechanical properties of miero and nanocomposite laminates fabricatcd by VAR I VI 
mcllıod. 

K \ p e r i n ı e n l a l S t u d i e s 

IITccls of distribution ıııedıa in vacuum assisted rcsiıı transfer molding (VAR I M) 
was slııdied by varying its Icngtlı. Laminates vvith dimensions 88.9mm x I52.4ınm x 
I 2mm svere fabricaled vvith minimum possible distribution media as well as 
distribution media extending 10 '/i, Vı and 'A of the laminates' leııgth. A lolal of X 
laminates (tvvo for each case) were fabricatcd to characterize Ihe effeels of 
disirihııiioıı media. The schematic representalion of the layup prepared for VAR I M 
process ıs shosvn iıı Figüre I. The vacuum bag svas prepared by placing a layer of 
release fılııı. 6 layers of woven carbon fabric (Cytcc T650/35, plain sseave, 3K), a 
layer of peel ply and desired length of distribution media över an aluminum lool 
platc. The layup svas ıhen enelosed in a vacuum bag and placcd in an oveıı for 
infusion. The resin (Fpon S62) and ılıe eure agent (Cure Agent W) svere mixcd by a 
mechanical ıııi.\er at 25Ü rpm before infusion. Before infusion started, ıhe vacuum 
bag and Ilıe platc svere prchcatcd lo I2I°C. The infusion svas carried oul al vacuum 
pressures of 26* 10 27» lig and ol'teıı took 10-12 nıiııutcs lo completc. Follosviııg ılıe 
complclion of the infusion process, the temperaturc is ramped al a rate of 5°C7min 10 
ılıe rccommendcd cure temperature of 177°C. The layup ıs lıcld at 177°C for 90 mm 
belbre started to cool dosvn at r00111 tcıııpcraturc. 
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Figüre I Schcmalic rcpresenlation of VARTM process 

In addition to ılıe elTects ot' distribution media. cffccts of multi-walled carbon 
ııanotııbc (MVV'NT) lunetionalizalion and morplıology 011 tlıe mechanical properties 
were investigated by fabricaling laminates comprisiııg 0.5wt.% (i) non-
fünctionalizcd MWN'f , (ii) -COOH funetionalized, short MVV'NT, and (iii) -COOII 
funetionalized. long MVV'NT. The MWNTs are purehascd from Nanoslrııctured and 
Amorphoııs Materials, lııc. Lengths of nanotubes were reported to be bctwcen 0.5 to 
2 111 lor -COOII funetionalized, short M W N I s and MI 10 10 111 lor -COOH 
funelionalized, long MWNTs. T\vo laminates for each nanotube type werc 
fabricatcd ıııaking a lotal of 6 laminates. MWNTs are mixcd into ılıe resin before 
mixing wilh ıhe cure agent and sonicated for 2h. During ılıe 2h sonication samples 
of resin are collecled on mieroseope slidcs al I5min intervals. The average clustcr 
area was obtaincd on each type of MVVNTs. These laminates are fabricatcd usiııg 
minimum amount of dispersion media possible. 

Microscopic void analysis was perfonned 10 siudv general void siructures in 
composite samples. A saıııple f rom each laminate was cıııbedded inio qııick cure 
acrylic rcsiıı and polished with 600. 1500 and 2000 grıi sand papers sequcntially and 
studied al 200X ınagııifıcation 011 a MFIJI ıııctallurgical mieroseope. Same 
mieroseope ıs utilized aı I00X ıııagnifıcation 10 siıııly Ilıe resin samples collectcd 
during sonication. Usiııg ImagcTool softvvarc package, the images caplurcd from 
rcsiıı samples arc convertcd 10 binary images and clıaraclcrized iıı autoıııated mode 
to determine arca fraction of MVV'NT clusters. 

Microstruclurc of MWNT prior to dispersion ıs studied via scannıng eleclron 
microscopy usıng a JSM-88Ü SEM by JEOL. MVVNT samples as receivcd from the 
supplicr were placcd on a copper tapc and studied at various magnifications. 
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Effects of distribution media lenglh and MVV'NT type on ılıe mechanical properties 
svere characterizcd in threc-point bendıng with a span of 3 l .75mm. For the average 
sample llıickncss of 1.2 mm, a span of i 1.75 yields span to dcpıh ratios ot'ıııore ıhan 
26 which comfortably satisfics ASTM's span-to-tlıickness threshold of 16 for 
tlcxural failure as stated in AS İ M 1)790. 

Results And Uiscussion 

The effects of the lengtlı of distribution mcdıa on mechanical properties of 
carbon epo.\y composites is studied by placing minimum length of distribution 
media to form the baseline and över the '/». Vı and V* of ılıe KX.9mm lcngilı of ıhe 
laminates. Two laminates for each case arc fabricatcd and a tolal of 30 samples for 
mechanical testing are prepared. Figüre 2 indicales ılıe flcxural streııgth and llcxural 
siitTııess of the laminates with different lengths of dispersion media. Iı is observcd 
Ihat as tlıc distribution media lcngilı is inereased lo V< of the length of the laminate, 
ıhe flexural strength and stilTness degraded by more thaıı 14 and 12%, respeetively. 
This reduetion is believed to rcsıılt from formation of microscopic voids as extended 
distribution media favors through-the-thickness infusion över longitudiııal onc-
dimcnsional impregnatioıı. As the laminates being fabricatcd are relatively ıhın (6-
plies resulting in an average llıickncss of 1.2 mııı) longer distribution media races ılıe 
resin first on the top surfacc and forces iı lo irıfusc in ılıe through-the-llıickness 
direetion. As the flow progressiııg along the lenglh of the laminate and through Ihc 
ihickness ıneet. air poekets arc entrapped forming Ihe microscopic voids Ihal laler 
degradc ıhc mechanical properties. Thus. for the given laminate thickncss. ıı is 
idcniifıcd ıhat the use of minimum possible distribution media along the laminate to 
bc fabricatcd provides optimum mcchanical properties. Therefore, this baseline case 
is used when laminates for characterizing effects of different MVV'NTs were 
fabricatcd. 
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Figüre 2. Effects of length of distribution media on the flcxural properties of Ihc 
composite laminate. 

Figüre 3 dcınonsırates typical void formations in a compositc sample. Voids as large 
as 150 mierons are possible vvhen longer dispersion media is ıısed. These voids are 
mostly observed in ılıe resin rich intcr-laycr regions. 

Figüre 3. Microstructure of the through-the-thickness surface of a laminate 
depicting multiplc voids (Imagc capturcd al 200X). 
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Scannıng clccıron microscopy studies of the MVVNT elearly identify different 
morphologies of the nanotubes used. Figüre 4 shovvs ııon-functionalized, short 
MWNTs with -COOII funetionalization and longer MWNTs svith -COOH 
funcıionalization. Iı is observed ıhat ılıe non-functionalized MVV'NT used vverc ıııorc 
looscly entanglcd and vverc largcr in diameter comparcd lo ils -COOH funetionalized 
counlcrparts. VV'hen the short and Ihe long funetionalized MVVNTs were comparcd. 
ıı is observed thai as elaimed by Ihe supplier. their lengths vvere signifıcantly 
different. However. boılı samples displayed sinıilar charactcristics of entanglement. 
Ovcrcoming ılıe high degree of entanglement commonly observed in MVVNTs ıs ılıe 
primary problem in achicving an effective dispersion vvitlıiıı the resin before 
infusion. 

Figüre 4. Seanning eleetron micrographs o f t h r e e types of carbon nanotubes studied. 
N: Non-functionalized, S: -COOH funetionalized. short MVVNTs and L: -COOH 

funetionalized, long MVVNTs. 

Alıhough ıııorc entanglcd ılıaıı ıhc non-functionalized MVVNTs. -COOH 
funetionalized MVVNTs displayed beller dispersion charactcristics as proven by Ilıe 
optical micrographs of the rcsiıı during mixiııg. Figüre 5 shows iıııages of ılıe 
rcsiıı MVV'NT suspensioıı before and after sonication for ıhe three types of nanotubes 
studied. Iı is clear ıhat after 2lı sonication, ıhc average cluster arca reduccd for ali of 
the nanotube lypes. Ikmevcr . ııon-functionali/ed MVV'NT sample conlains 
considerably largcr clusters tlıat arc larger thaıı 50 mierons. Figüre 6 shows tlıe 
cvolulion of average cluster size wîth time during sonication. The initial average 
cluster arca for non-funetionalized, funetionalized shorl MVVNTs and funetionalized 
long MVVNTs samples werc 96.3, IX. 15 and 32 p m \ respeetively. At the end of the 
2h sonication period. these valucs dropped to 38.6, 14.3. and 20.4 pııv. Alllıouglı 
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ıhc hıglıcst drop is observed in ııon-functionali/cd MVV'NT wilh 60%, Ihc final 
cluster arca observed hy the optical mieroseope (i.c., 38.6 p m : ) is signillcantly larger 
and is expcctcd to degrade mcchaııical properties us vvell as rcsull ın Slgnillcant 
fıltering during ıhc infusion. The smallcst linal cluster size ıs observed ın the 
funetionalized short MVVN Ts witlı I4.3pm". İt can also be dedtıced from Figüre 6 
Ihat the average eluster size approaehes an asymptote wilhin approxınıately 30min. 
Sonication beyond ıhıs time frame seems to lıave litlle effect in hrcaking down 
elusters further 
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Figüre 5. Optical micrographs o f e p o x y rcsiıı mixcd wiıh MVV'N T before (lef)) and 
after (rıghi) sonication. N: Non-functionalized, S: -COOH funetionalized, short 

MVVNT and L: -COOH funetionalized, long MVVNT. 

The mechanical properties of Ihe laminates fabricatcd usiııg different types of 
MVVNTs were signifıcantly different. Figüre 7 shows ıhc flexural sircngilı and 
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fle\ural stiffrıess of the laminates fabricatcd usiııg tlıc thrce types of MVVNTs used. 
A total of 30 samples from two laminates fabricatcd are tested for each casc. 
Hovvever, visual observations revealed localized voids ıhat have degradcd ılıe 
properties. Thus, to eliminate the effects of voids and only resolvc the effccts of 
MVVNTs, average of top 5 flexural strcngth and stiffness valucs arc presented in 
Figüre 7. To compare the cffccts of MVV'NT, mechanical properties of laminates 
fabricated using neat resin vvith baseline distribution media from Figüre 2 is carricd 
över lo Figüre 7. İt can be secıı from Figüre 7 llıat additioıı of MVVNT into the resin 
affects the properties considerably. Possibly due to iııcoıııplctc dispersion. 

Sonication Time [min] 

Figüre 6. Evolution of the MVV'NT average cluster arca as Ilıe sonication progresses. 
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O-1000 

Figüre 7. Flexural properties of carbon/epoxy laminates eomprising different types 
of MVVNTs. 

laminates eontaining non-functionalized MVVNTs displayed a slıglıt reduetion ın 
flexural strength. On the other hand the flcxursl s t iffness remained eonstant. 
I lowe ver. addition ol -COOII lıınctionalized MVVNTs improved hollı tlıc streııglh 
and siiITncss considerably. Addition of short funetionalized MVVNTs resulted in 2 
and 7 .3% improvements ın ıhe flexural strength and stiffness, respeetively. Simiiar 
improvements of 4 % and X.3% in flexural strength and stifTncss werc observed ın 
laminates incorporating long funetionalized MVVNTs. Clearly, the improvement in 
dispersion observed in Figııres 5 and 6 with funetionalized MVVN I s nıanifcsted itself 
as improvements in mechanical properties as vvell. 

Conclusion 

The length of distribution media used to facililatc rcsiıı impregnatioıı \vas shovvıı lo 
have a considcrable effect on the mechanical properties of the fabricatcd composi tc 
laminates. The distribution ıııedia. placcd al Ihc lop of the laminate, Icd to lıiglıer 
void coııteııl tlıroughout Ilıe laminate, tlıus rcduccd botlı llexural strength and 
st iffness The reduetion in properties vvas observed to gradually incrcase as the 
length of ılıe distribulion media vvas ıncreased. and reaclıed a reduetion level of ıııorc 
than 10"u. Tlıus. ııı VAR I M proccsscs, fabricaling compositc laminates by utilı/ıııg 
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a minimum amounı of distribution media should be preferred. Effect of sonication on 
tlıc dispersion charactcristics of three different types of MVVNTs vvas obiaıııcd as a 
funetion of lime. VViılı the lıclp of sonication, ıhc cinsler si/es seen on optical 
micrographs vvere redııced signifıcanlly in ali types of MWNTs. Hovvever, -COOII 
funetionalized MWNTs dispersed much better comparcd to non-fiınctionalizcd 
MVVNTs in ıhc poxy rcsiıı used. 0.5wt.% of -COOII funetionalized MVVNTs yielded 
iınprovcment in both stiffness and strength of the fabricated nanocomposite 
laminates. İn particular, alınost l(l"o stiffness improvement is obtained ııı laminates 
ıhat contanı -COOH funetionalized. long MVVNTs. 
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Abstrac t 

t lıis paper prcscııls a small rcvicw of electroconductivc polymer composilcs for 
biomcdical purposes. Uıılikc wcll-known polymer composites consisting of a 
polymer matnx and a filler (loading agent), prepared ıısually by mixing components 
with a proper nıctlıod, ılıe clcctroconductivc polymer composites for biomcdical 
application embody ratlıer fine and eomplicated systems madc by very spccial and 
different procedures. Morcover they could not be defincd as composilcs ııı ılıe usual 
seıısc of the word. However these articlcs arc true composites conslructcd often oıı a 
molecular level. During ılıe pasl decade a series of pııblications have appearcd 
deseribing application of cerlain polymers vvith conjııgatcd double bonds such as 
polypyrrole. polyanıline and polythiophene; tlıis fıcld continuously e.xpands to give 
ıııany interesting and promising outeomes. 

Introduct ion 

l 'olymers contaiııing a system of conjugatcd double bonds in backbones or 
polyconjugatcd polymers, suclı as polyacetylcne, vvere initially discloseıl as 
semieonduetors possessiııg high clectrical resislivity. I.atcr it vvas discovered thai 
these polymers can be casily iransformed into conduclive metallic state by doping 
vviıh cleclron-donating (n-lype), or electron-accepting (p-ıype) reactanls. Despite the 
lııgh conductivity achieved for such polymers practical application of tlıc latter ıs 
siıll vaguc duc to some disadvantages. Iıı a pristine form those subslances are 
prepared usually as infusible barely soluble deeply colored povvders, vvhich ıs a great 
diffcrcnce comparcd lo usual polymers. Hovvcver, a ııevv group of PCI' oblaiııcd by 
oxidaiive polymerization of some heteroeyeles has attractcd attentioıı duc lo case of 
preparation and cxcellcnı slabıliiy under atmosphcric conditions. During ılıe pasl 
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decade a bunch of publication has appearcd describing ıhc possible application of 
SOmc polymers vvith conjugatcd double bonds such as polypyrrole, polyaniline and 
polythiophene. These polymers arc rather highly coııduciive in ılıe doped sıuic aııd 
shovv rcasonably low biological activity. Tlıey are very acccssible and ıııay be 
prepared ııı a simple procedurc İhrough oxidative polymerization of appropriate 
ınonomers to yield polymers stable to oxygcn and vvater media. Their ability to 
ehange clcctrical rcsistance by absorbing various chemicals bccame ıhe basis for 
developing sensors for detcctiııg iııorgaııic and organic substances includıııg those 
specifıc for biology (c.g., glucosc, urca, DNA). Immobilization of bio-molcculcs by 
grafting oııto surfaee of electroconductive polymers provides anollıcr iııteresliııg and 
prominenl way for subslrate modifıcalion. as well as drug controlled relcase 
stimulated by applied clcctric current and attempts to construct models of artifıcial 
ıııuselcs. Aeiually. ali these arrays represent electroconductive polymer composites 
of conjugatcd polymers used for biomedical application. 

Preparat ion A n d Basic Propert ies O f S o m e C o n d u c t i v e Po lymers 

Inherently conductive polymers are a group of polymers containing a system of 
extended conjugated double bonds. The tenıı "ınherently" means ıhat these polymers 
shovv lıigh clcctric conductivity duc to their electronic strueture other Ihan 
conductive fillers. These polymers reveal ralher lııglı clcctrical resistivily al room 

U 16 
temperature (10 10 O h m c m ) lypical for usual diclcctrics. Hovvcver. they ıııay be 
tumcd into conductive materials by treatment vvith small amounts of some clectron-
donating (n-typc) or electron-vvithdravving (p-tvpe) substances (the so-called 

"dopants") vvith conductivity valucs in the raııge of 10 lo 10 S/cm. Duc to tlıis higlı 
clcctric conductivity these polymers vvere named "synthetic metals". Polyacctylene 
( CM C'H ) , the first carbochain polymer bııilt up form altcmating single and 

double earbon-carbon bonds, vvas synthcsized by scvcral mctlıods | ] —3 J-
C'omprelıcnsive descrıption of the polymer is giveıı ııı the book [Chen], Dcspile its 
lııgh conductivity ııı doped state (as lıiglı as 10 S/cm), polyacctylene has lovv 
stability lo oxidation and poor mechanical properties thal togetlıer vvith conıplicated 
synthetic procedurc ıııakcs its practical application impossible. 
Another group of lıeterochaiıı condueting polymers (HCP) vvas dcvcloped by 
oxidation polymerization of sonıc aromatic and hctcrocyclic substances, such as 
aniline, pyrrole, tlıiophene, and their derivatives. These polymers have rcasoııablc 
clcctrical conductivity. Thus, conductivity for polyaııilinc vvas found lo be ııı Ilıe 
rangc of 10 J 101 S/cm, for polypyrrole 7 10 2 I 0 : S / 

cm, and for polythiophene 
10 " 10" S/cm. Iıı eontrast to polyacetylenc, ıhcsc polymers can be easily prepared 

under ambienl condilions in vvater or organic media by chemical or electrochcmical 
o.vıdatioıı. They arc stable in atnıosphere under aıııbient condiıioııs and reveal ralher 
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high cleclrieal conductivi ty in tlıc doped state. Howcvcr , these polymers are deeply 
colored f rom dark hluc and green to black Ihal docs not nıakc ıhcm much attractive. 
Besides. tlıey have liınıled solulıılity aııd poor proeessing abılily comparcd to 
standard polymers commonly used for biomcdical application. Howcvcr , during past 
years a bunch of papers has been publishcd describing some evident and ncw fıelds 
of application for such heteroehain conduct ive polymers (IIC'P). 

B i o s c n s i n g D e v i c e s 

The first and evidcııl application for IIC'P is biosensors construclion. Indeed, these 
polymers are ahle to interacl reversibly wilh various chemical substances which is 
accompanicd by a remarkable ehange in their conductivi ty in Ihc range of İÜ* 10* 
orders. Therefore, a sınall amount of some substances can be dcıected. Thus traces of 
ammonia can be deteeted by usiııg HC'P-based sensor deviees. For cxample , 
ammonia reacts with polypyrrole ııı the sensıııg e lement resuliıng ın sharp decrease 
of electric resistance that can be monitored by any suitable method. Arter vvashıng 
vvith dry nitrogen the resistance can bc totally rccovered [41. Niırate ions NO t and 
earbon monoxide vvere also dctcctcd vvith polypyrrole and polyanil inc-based sensors, 
respectively [5, 6). This principlc property of IIC'P vvas used for creation of sensors 
for biological application. Such biosensor should contain a IIC'P sensiııg element 
ineluding bio-moleeule and a transduccr. Inleraelion o f a bio-substrale vviıh bio-
receptor rcsults in the ehange in conductivity of conduct ing polymer layer Ihat can 
bc scanned by a transduccr. Thus. an ampcrometr ic biosensor for uric acid 
determination vvas prepared f rom urcasc imıııobilizcd ııı polyanil ine-polypyrrole filrıı 
[7J. Actually, such sensing deviees represent a composi tc system consisl ing of 
sevcral elements. Elcctronie toııgue proposed in |K] vvas able to distinguish salı. 
svveet. bilter and acidic solulions. İl vvas composed of six different sensing unils: a 
bare inierdigitalcd eleetrode and interdigitaled clcctrodcs coalcd vviıh stearic acid, a 
polyaııiliııe ol igomer. polypyrrole and mixlures (1:1, w/w) of 16-mer/stcaric acid and 
polypyrrole/stearic acid. 

Some organic substrates participating ııı standard melabolism should also be 
ment ioned, vvhich vvere dctenıı incd vvillı biosensors ineluding enzymes: glueose 
(glucose oxidase) and urca (ıırcase) polypyrrole-based sensors [9, 10], eholesterol 
(eholesterol oxidasc/cstcrasc) polyaniliııe-based sensor 1111. DNA polypyrrole-
based sensors [12]. 
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T i s s u e Kngineer ing 

bvidcntly, ali conductive polymers have ruther rigid backbonc macromolecules ıhat 
crcatc some problcıns with their mechanical properties even for biomcdical 
application. Compositc materials may hclp to solve ıhis problem, al Icast partially. A 
compositc matcrıal was synthesized consisting of polyviııyl alcohol and polypyrrole 
and a carrıcr with high surfacc but low conductivity w as obtaincd suitable lor celi 
adhesion [13], Some various biomolcculcs have been enlrappcd. such as adenosinc 
.V-iriphospluıte | I 4 16] and nerve grovvlh factor [17] iıı polypyrrole and olher 
conductive polymers l'or both drag delivery and lissue enginccring applicalions. Iıı 
particular, co-entrapment of nerve growth factor and dextransulfatc, follovvcd by tlıe 
controlled release of ılıe fornıer via polypyrrole reduetion 117]. 

Another approaelı to bio-composilcs of HC'Ps and biopolymcrs ıs a complcx of 
polyglutaırıic acid with polypyrrole deseribed iıı | IS | . This funetionalization 
tcchniquc bınds ıhc bioaclivc moleculcs at the surfacc. but siıııultaııeously rcduces 
conductivity. This ııovcl tcchnique is advantagcous in that a single ıııatcrıal can be 
used lo casily incorporatc a range of diffcrcnı biomolecules ineluding uneharged 
ones. 

Beside that, it was found [ I 9 | that peptides can nıodify surfacc of polypyrrole wilh 
Ihc argininc glycinc aspartie acid peptide aııd proıııotc celi adhesion in serum-free 
media, wlıereas no celi adhesion vvas seen on unmodifıcd surfaecs. Advantagcously 
ılıis surfacc modifıeation teclınique vvill not alTeet conductivity and could be used lo 
nıodify polypyrrole vvith a range of different biomolecules that do not need to be 
charged. 

Ncural probes arc multichanncl elecirodc arrays ılıai facilitalc ıhc functional 
stimulation and rccording of ncurons ııı the perıpheral and ccntral nervous system. 
For long-term implantations, surfacc modifıeation is ııeccssary for maintaiııing ılıe 
stable conncction betvveen clectrodcs and ncurons. Ihe conductive polymer 
polypyrrole and synthetic peptide vverc co-deposiıed on ılıe eleetrode surfacc by 
clcctrochcıııical polymerization. Coatcd probes vvere implanted into brain of guitıca 
pıgs for periods of I. 2 and 3 vvccks Recording tests vvere performed and Ilıe 
ımpcdance vvas monilored. The explantcd probes and lıssuc vverc examined by 
iınmunocylochemical studics. Signifıcantly ıııorc ncurofılament positivc staiııing 
vvas found on the coatcd eleetrode vvhich indicatcd that ıhe coatings had establishcd 
sirong connections vvıtlı the ncuronal strueture in vivo [20], 
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Iıı another approach. ccllulose fibers were used as a substrate for prcparatioıı of a 
compositc matcrial wiıh polypyrrole [21] by adsorpiıon polymerization, a special 
tcchniquc should be used lor erealıııg a lıigh speeılic surfacc arca tlıat ıs ııııportant 
for elose coııtacts witlı ncurons [22). 

Perhaps the main limılation of conductive polymer composites for ın vivo 
applicalions is their inherent iııability to dcgradc. 

C o n d u c t i ı ı g Po lymers For D r u g Releasc Kcgulatioı ı A n d Artif ic ial 
Musc le s 

The doping-redoping process for heteroehain conducting polymers is accompanicd 
by visible volume ehange that ıııay bc used under appropriate conditioııs for drug 
slorage aııd subsequent drug releasc. Thus, the rcleasc of heparin froııı polyvinyl 
acctatc hydrogcls gral'ted onto polypyrrole fılms svas stimulated by applying 
clcctrical potential and an accelcrated rcleasc of heparin from the hydrogcl svas 
observed under clcctrical slinıulation of polypyrrole [23[. 

Nanotubes from poly-3,4-ethylenedioxythiophcne were prepared ( lOOnm in 
diameter) and loadcd vvith dexamclhasonc. The nanotubes released the drııg in a 
controlled fashion upon clectrical slinıulation. probably as a conscqııencc of 
expansion/reduetion of polymer cavities produccd by the expulsion of anions [24|. 

The ehange in volume and lincar dimension under clcctrical stimulation of 
heteroehain conducting polymers can bc used for model development of artificial 
muscles. A triple layer compositc of conducting polypyrrole film separaled with a 
polymer insulator svas eoııstructed. Uy applying clcctrical potential one could 
observe bendiııg of the layered sample comparable to tlıe reaclion of natural muscles 
125. 26| . Various composilcs and composites of conductive polymers vviıh carbon 
nanotubes shosvcd ability to funetion as aetuators and the compositc sviılı nanotubes 
incrcased the clcctromechanical effect [27], These types of deviees are promising as 
aetuators for many biomcdical applicalions, such as sieerable catheters for nıinimally 
invasivc sıırgery [28], miero pumps |2 l), 30], blood vessel connectors and nıicro 
valves for urinary incontinence [31 ]. 
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Ahst rac t 

l.iquid crystalline polymers (LCP) arc higlı pertbrmancc engineering materials with 
lııglı strength. stiffness. ehemieal resistance, and low liııear thermal expansioıı 
cocfTıcicnt. LCP consisis of rcpcaling stiff mcsogcııic (lıqııid crystalline) monomer 
uııits those arc incorporalcd eillıcr in the main-ehain or in the side chain of a polymer 
backbone. The liquid crystalline polymer used ııı this study was co-polyester of p-
hydroxybenzoic acid (IIMA) and 2-6-hydroxynaphtoic acid (HNA), Vectra A 950 of 
Polyplastics Co.Japan. Iı was blended with polycthylene terephthalatc (PET) ııı 
different proportions. Polycthylene terephthalatc vvas a commercial produet 1206 of 
Uııitika Co., Japaıı The rhcological properties of these blends have been reported 
under different conditioııs. I he studics related to ılıe different physical states of LCP 
in Ilıe blend i.e. tlıe solid state al 265°C and ılıe ıııelt slate at 2X5°C providc 
inicrcsting information. flıe Pi l' vvas in molteıı slate al botlı the lemperatures. The 
llovv bchavior of immisciblc polymer blends ıs ıııorc complcx duc to ılıe coıııpctitıon 
beivvccn deformalion, breakup. coalcsce of dispersed plıasc and viscoclaslic nalurc 
of plıases. The viscosity of ıhe blends shovved its depcndence 011 shear rale, 
temperature and ılıe composition. A maxiıııa vvas observed in the viscosity versus 
coıııposilion plot and ils intensity vvas lıiglıly slıear dependent. First normal siress 
diffcrcnce (Ni,) has also been examined and ılıe inereased value of N| vv iıh sheaı rale 
vvas explaincd assumiııg a tendeney of asymmciric particles to rotate under velocity 
gradicnl o fsuspending medium. 
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I ı ı İ r o d u c t l o ı ı 

I iquid cryslalline polymers (I CP) are high pcrfonııanee engineeriııg materials. Tlıc 
mesogenic phase such as ncmatic ııııits cnables LCP lo orient along the llow 
direetion during processing and eontributes significaııtly in rcducing the viscosity of 
melt. Blending \vith thermoplastics further broaden the seope of LCP that fünetions 
as process aid as vvell as a rcinforceınent[l-2]. 

Ilıe studies relaled to LCP/PLT blend are generally eoncentrated around studying 
tlıe meelıanism and eondilions of lowcring viscosities, formation of LCP fıbrils ele. 
bul ılıe high viscosity of LCP/PET blends ıhan llıose of constitucnt polymers ıs 
discusscd rarcly [3,4]. The slıear rale depcndcııce of viseosily and fırst-normal-
siress-ditTerencc (Nı) of LCP/PI I' blends at ıvvo different temperatures each one al 
bclow and above melıing temperature of LCP wiılı varying blend composition are 
discusscd here. The incrcased value of N| wiıh shear- rale is cxplaincd assuming a 
tendeney of asymmetric particlcs to rotate under velocity gradient of suspending 
mediuııı. 

E x p e r i m c n t a l 
Mater ia l s and M e t h o d s 

Vectra A 950 of Poly-plastics Co. Japan was co-polyester of p-hydroxy-benzoic acid 
(HBA) and 2-6-hydroxynaplıtoıc acid (HNA). Polyethylenc tercphthalate (PET) vvas 
a commcrcial produet 1206 of Unitika Co., Japan. Boilı polymers vverc dricd iıı an 
öven at 90°C for 14 hours and then at I50°C for 4 hours before processing I lıe 
composition of LCP and PET vvas varied as 10, 20, 40, 50, 60, 70, S0, 90 and 100 
volume pereeııt of LCP ııı I.CP/PLT blend. An elastic mcll cxtruder vvas used for 
blending at 2H5°C'. The elastic melt cxtruder vvorks on ılıe Wcissenberg principlc [5|. 
The blcnded material vvas qucnchcd in vvater at 12"( and vvas further cul to 5 ıııııı 
length. The pelleis vvere dricd in an air-eireulating öven at 75°C for 12 hours. The 
vveighcd amount of pelleis vvas comprcssed betvveen the hol plaıes for 3 minutes 
under 5 MPa pressure at 265"C. The ıııould vvas then coolcd immcdiately under ıhc 
saıııe pressure by circulating vvater al 12°C and shccls vvere prepared. These shccts 
vvere cut lo disc shapc for tests. These dises vvere tested on a cone platc type 
rheometer (radius, K 1.25 cm), from Nilıon Rlıeology Ki-Kı Co. Ltd. 

Shear slress v12 , viscosity k and lirsl normal slrcss diffcrencc, N, vvere calculatcd 

using follovving relations; 
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v1 2=3T/2sR J (1) 

k =v,a/ i ( 2 ) 

N, = 2 F / s R J (3) 

whcrc lorque T anıl ıhrusl F aciing on cone werc measured al different shear rales / 

The eomplex viscosity, Ek 'Evvas calculated from storage modulus G' and loss 

modulus G" values at two different ternperatures as per follovving relalion |3] 

Ek*fi = [(G7z)2 + (G"/z)2]W 

Kesults and Discuss iun 
S h e a r viscosi ty 

Iıı the plots. not shown here. betvvecn the viscosity of LCP/PET blends and 
composition of blend at 265 and 285°C, at different shear rates, the viscosity 
iııereascd with increasiııg LCP contcnt in the blend. The viscosity slunvcd lııgh 
sensitivity vvith shear rate, particularly al lovv shear rates, il inereased slıarply vvith 
the ehange in composition of blend. A maxima vvas observed in LCP/PET:: 90/10 
blend vvhich indicates iııımiscibility of componeııls . Shear rale sensitivity ıs lıiglı 
amongsl ıhe sample containing ıııorc than 50% of LCP in Ihe blend. Shcar-lhinning 
phenomenon vvas observed and and vvas strongly composition dependenı ııı this 
casc. 

Viscosity of PET is lcast amongsl ali other blends as vvell as LCP and decrcased vvith 
inereased shear rates. Viscosity inereased vvitlı addition of LCP in PET up to 90 % of 
LCP ııı PET. Interestingly, viscosity of LCP ıs lovver as compared to LCP/PET 
blends having highcr volume fraction of LCP than PET. Due to the coıııpetition 
bcivvecn deformatioıı, brcakup. eoalesce of dispersed phase and viscoclaslic natıırc 
of plıases ıhe tlovv belıavior of immiscible polymer blends is very complcx. The 
imposed deformation is very less and ehances of fibriliation al 285°C arc negligiblc. 
Mence it may be assumcd that LCP remaincd in droplct form distribuied ııı PET 
matrix shovving high viscosity of system. On increasiııg shear rate these droplets 
vverc deformed in tlovv direetion and shear thinnıng vvas observed. 
First normal stress d i f f e r c n c e 
Normal stress developed during shear tlovv of a viscoclaslic flııid implics finite 
elastic strain developed ııı the fluid. These stresses have tlıcir origin in clasticity of 
liquids. The nomıal stress diffcrcnce is expresscd ııı tcrıııs of principal stresses. 

Whcn N| vvas plottcd against shear rate at ivvo different Icnıpcratures 
265°C' and 285°C, N, inereased vviıh content of LCP in the blends and vvith shear 
rate. Nı is expected lo dccrcascs vv ith inereased loading of filler in a polymer ıııatrıx 
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beeause of reduccd reeoverable elastic straın in the system. A possible mcchanism to 
cxplain expcrimcntal observation is given below. The dispersed par t ide in a shcared 
llow experienees a torque duc to ıhc diffcrcııtial velocities of layers of suspcııding 
medium. This torque tries to rotate the par t ide 011 it's ovvn axis. The tendeney of 
rotation of par t ide disturbs Ihc flow. An incrcase in asymmclry of particles vvould 
ılıslurb the flovving layers and a normal force pcrpendicular to llow dircction 
develops. This exerts a normal force on layers of suspcııding nıcdiuııı duc to ıhe 
slıape of part ide. This force is cxpected to be proportional to number of particles and 
ıhc asymmclry of particles. 

C o n c l u s ı o n s 

High shear viscosity vvas observed in blends having more than 50% of LCP than ıhat 
of eillıer LCP or PBT at lovv shear rates. LCP vvas foııııd ıııore shear sensitive as 
comparcd to PET. A maxima vvas observed in viscosity versııs composition plot. 
First normal stress diffcrencc decrcased wiıh LCP contcnt in the blend at 265°C" 
vvlıcrcas al 285°C this ırend vvas opposıte. The value of N| inereased vvith shear- rate 
as wcll as vviıh shear stress indicating incrcase in reeoverable elastic straiıı vvith 
shear. 
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The unpredictable price of erude oil. reduccd land-fıll space and escalating 
cnvironmcnial ıhrcats arc daily headtincs. The govcmment ' s push for green 
producis, consumers ' dcsire, aııd encrgy conservalion arc some of tlıc kcy factors 
that drivc research lowards Ihc dcvclopmcnt of rcncvvablc rcsourcc-based natural and 
grecn compositc materials. Biobascd cconomy is challenging to agnculture. forestry. 
academia, govemment and indusiry. 

The incorporaıion of bio-resources, c.g. crop-dcrived green plastics aııd planı derivcd 
biofibres (nalural fıbrcs) into compositc materials arc gaining prime importance iıı 
dcsigning and cnginccring green composites. Biocomposılcs derived from natural 
fibers and traditional polymers like polypropylcnc and unsaturated polyesters rcsiııs 
lıave been developed for automotive parts and building struetures. Renevvable 
resource bascd bioplastics like polylactic acid (PI.A), polyhydroxyalkanoates 
(l 'HAs). biobascd polytrimcthylene terephlhalalc (PTT), cellulosic plastics and 
vegetable oils derived bioresins need valuc-addcd and diverse applicalions to 
compcte w illi tlıc fossil fuel derived plastics. I hrough rcactivc blends. composites 
and nanocomposiles ııevv biobascd materials are under consiaııt development. 

Natural fıbres are lıghtcr, less expensive, have sııperior specific strength, requirc 
comparatively less eııergy to producc, are good for the enviroııment, biodegradablc 
and lıave superior sound abatement charactcristics as comparcd to synthetic glass 
fıbres. Ali of these altributcs are quite favourablc. cspecially ın the automotive seetor 
vvhere even a fractional vvcight saving can nıake a signilicanı contribution to encrgy 
savings vvith reduccd gasoline consumption and vvillı added advantages of eco-
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frıendliness. Iı is truc ıhat natural fibres arc comparativcly hydrophilıc and less 
thcrnıally stable as compared lo glass fibers. Howcver, the reccnt developments of 
natural Libre Icchnologics overeome these dısudvantages ıl used imclligcııtly. Ilybrıd 
and intelligently enginccrcd green composites are goiııg to be ılıe majör drivers for 
sustainable developments. Besides agrieultural natural fibers like kenaf. jule. flax, 
industrial lıeıııp, sisal and hencqucn as well as inexpensıve biomasscs such as wheat 
straw, rıee stalks, corn stovers, grasses, soy slalks and ligııin (ıhe byproducts from 
pulp and paper aııd lingo-ccllulosic ethanol ındustries) have great potential for ııse in 
sustainable biobascd compositc materials. 

Natural fıbre rcinforcemcnts in conjunction vvith nanotechııology are poised to ereate 
majör breaktlmnıghs. Green nanocomposiles that are derived from bio-based 
polymers and bio-based naııoparticles teııd to be vievved as the ııext generalion of 
materials for innovativc industrial uses. 

This presentation vvill highlight ıhe current status, opportunities and elıallcnges of 
bıoplastics, natural fıbrc composites and ııano-enhaııccd bicomposites (nano-
biocompositcs) for uses in car parts, consumer goods and sustainable packaging. 

Acknovv ledgements : Ontario Minislry of Agriculturc, Food and Rural AlTairs 
(OMAFRA)-Ncvv Directions Rescarch Programs; University of Guelph-OMAFRA 
(Biocconomy for İndustrial Liscs); Natural Scicnces and Engineering Rescarch 
Council of ( anada (NSERC')-Discovery Graııt; and Auto21 
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Ahstract 

Iıı this paper. Ilıe overall computer-based desigıı process of struciural coınposiles is 
recallcd. Optiınizalion aııd lailure are ıhe two irends and challcngcs discusscd lıerc. 
Some optiınizalion methods reeently developed and nevv ideas for solving the ply 
distribution and Ilıe stacking sequencc probleıııs are discusscd. The modeling and 
analysis of coıııposile failııre, and cspccially delamination, is also addressed and 
numcrical melhods developed to solve this problem are comparcd. Even though 
advanccd numcrical tcchniques e\ is t for the analysis and optiınizalion of composites, 
research is stili necessary to iıııprove tlıe modeling of so complex materials. 

I. Introductioıı 

Nowadays compositc materials arc used exteıısively and their design for advanccd 
applicalions is accomplished ıısiııg computers and numcrical tools. This typically 
involves three disciplines. Tlıc lirst onc, called Computer Aided Design (CAD), aiıııs 
to define the overall geonıetry of the part, and the regions of laminates with their 
stacking scquenec. It is linked lo Computer Aided Manufacturing (CAM), whiclı 
provides specilie capabilities for the manufacturing proccsscs simulation. These 
tools are used to determine the accurate fiber orientations and the dcforıııation of ıhe 
plics during draping. Tlıe last discipliııc, called Computer Aided Engincering (CAE), 
is used lo analyzc tlıc structural integrity of Ilıe compositc stnıcture when subjccted 
lo ıhc expected loads. 
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I he regıons ol laminates wııh their detaıled sıackıng scquence are detenıuned ın ıhe 
analysis phasc. and further reported by the designer ın ılıe CAD model for a draping 
simulation. The sclcction of the optimal stacking sequencc and the ply distribution in 
the strueture is a challeııge. Since the problem ıs combinatorial, specifıc 
parameterizations of the model and adapted numcrical optimization methods must be 
used. 

İn nıost cases, ılıe fııııle elemeni metlıod is used for the analysis of tlıc structural 
composites, cspccially for complex geometries. Compositc struetures cxlııbıling non 
lınear material behaviors. large displacements and instabilitics uııder the in-service 
loads can bc analyzcd novvadays. Onc particularity of structural composite 
components. whcn comparcd vvith mctallic parts. is delaıııination. This specifıc 
fraeture process can be modelcd and analyzed vvith fraeture mechanics and the 
cohesive elements approaclı Evcıı if interesting results have been obtained for Ihe 
simulation of inler-laminar erack propagation ııı laıninated composilcs, assessing 
damage tolerance of such struetures remains a challcnging lopic. 

İn this paper. Ihe overall design process of structural composites ıs rccalled. Some 
optimization methods rcccntly developed and new ideas for solving the ply 
distribution problem are then discussed. Finally. the problem of delamination is 
addressed and numcrical methods are compared. The eomputatıons arc conducted 
vviıh ıhe SAMCEF fııııle element eode and the BOSS Ouatlro optımı/atıon tool box 
(vvwvv.samtcch.com). 

2. I he computcr-aided desigıı process of compositc struetures 

The design process ineludes Ihree main disciplincs | l ) First, Computer Aided 
Design (CAD) is used for tlıc definition of geoıııeiry, laminate and plics properties. 
i.e. ılıe stacking sequcııcc and ıhe plics location. Typically, ılıe designer assigns 
compositc properties inside zones delimited by structural members such as stiffcııers. 
Plics are defined on the strueture and can interseci inside spccilic zones, providing ın 
each zone laminates of different llıickncss and fiber orientations ( f igüre 1). The 
designer can apply specifıc lools to estimate the dcviation of the fiber orıenlalion 
resulting from the draping or the truc fiber trajeciories vvhen AFP techniques are 
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used. İn this casc, CAD is liııked to Computer Aided Manufacturing (CAM) 

softvvare. 

Iıı the Compuıcr Aided Enginccring (CAE) phase, numcrical lools arc used lo assess 
ılıe structural integrity of Ilıe composites. For sııııple geomelries, analytical methods 
based on the classical laminalion tlıeory are used. To ohtain ıııorc accuralc results, 
Ihc finite element method is preferred. Both approaches can be combined lo study 
real-life struetures [2], These tools are used to determine ılıe general structural 
properties of the composites. i.c. nıass, vibralion frequcncics, siiITness and buckling 
responses regarding ıhe applicd loads. Local criteria are also laken into account to 
assess the possible iııtcr aııd intra-laminar ply failure [3], Thanks to the capabilitics 
of ılıe C'AD-CAM softvvare. ılıe aııalyses can bc Conducted vvith the true liber 
orientations and properties. During this design stage, optimization is often used lo 
identify the optınıal ply distribution över tlıc strueture and ılıe stacking scqucncc in 
each laminate 11,2,4]. This information is then reported lo tlıe designer in lııs CAD 
environment and possibly processed by tlıe CAM softvvare ııı order lo validate ıhe 
design vvith ılıe manufacturing rcstrictions. 

Repmmnlmlton of a stlUmnmr dlvKInç fh» Two arttmnnt lones ot atlHnnt ıhKkntsz and 
umdun İn lones pmpertıez ın ttr* CAD model 

A ply İn thm struetun 
frtlımı tc/ojj »wı 

A ton* *h»r» both 
plıoı ın ustd 

I I 

Another ply ctofined 
aerojj other lone 3 

Figüre I. Zones and ply definition ııı a compositc strueture: CAD represcntııiion 

l'hc design process is elcarly ilerative. allernalıııg CAD. CAM and CAE steps. When 
only CAD and CAE are used. a preliminary design is addressed. VV'hcıı CAM is 
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includcıl in Ihc loop, manufacturing conslraints arc laken ınto account in a design 

for-manufacturing upprouctı (5-8 j. 

D«»ıgn 

s 
1 | H 

[ ! I CAD 
1 " T 

1 « - h | CAM 

> - t 

Figüre 2. Tlıc itcrative design process of compositc struetures 

3. Oplitı ıal dcsi^ıı of composi tc s t rue tu re s 

The interest for structural optimization of composilcs has grown över ıhc lası dceade. 
since primary aero-struetures arc now made of such specifıc materials (scc the 
Boeing 7X7 and Airbus A350 airerafts). The goal of structural optimization ıs lo 
providc lightvveight and safc designs [4,9], The general formulation of an 
optimization problem is wrillcn in (I) . II ineludes one objeetive funetion j f o U ) to 
be mininıized and m conslraints Tlıcse funetions depend on ıı design 
variables \ @~v, @/'@l >ıÇ. which are the paramclcrs whose valucs arc varied to 
liııd an optimal solution. Al the optimum, each constraint must bc lowcr than or 
cqual to a given value ğ t . Side conslraints are added to the problem, providing 
lower and upper limits on the design variable valucs, representing physical or 
manufacturing restrietions. 

ming0(*) »•»• g / ( * ) / g / t aııd .x, f Xı f x, @\,...n (D 

The funetions g . in the problem ( I ) generally are non linear. They can be global 
aııd impacl Ihc wlıole strueture, as is ıhe case for the structural stiffness. the bueklıng 
loads or the vibration frcqucncics. They can also bc local, and so defıned in each plv 
( Tsai-VVu and Tsai-Hill criterıa). Tlıc solution of problem ( I ) is obtained iteratively. 
At each ıteration. a structural analysis is carried out. the results of which fced ıhe 
optimizer which provides new valucs for the design variables. Several optimization 
methods exıst and can be used to solve the problem (I) . Gradicnt-based methods, 
such as Ihc Mathematical Programming melhods [10] and the Sequential Convcx 
Prograınıniııg methods [ I I ] ııse tlıe fırst order derivatives of the structural funetions. 
Zcro order methods, such as the Genetic Algorithms [12) or the Surrogate Bascd 
Optimization methods [13], use only the funelion valucs. The latter require a large 
number of structural analyscs. bul can be used dircctly whcn the gradients are not 
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available. A lot of formulations can bc defincd tor tlıc optimal design of composilcs 
|4.9], İn this paper. ıhe ulcntification of the optimal plics iıı the strueture and Ihe 
problem of optimal fiber oricntation are addressed 

3.1. Optiıııal fiber orientations and plv distribution 

Most of the lime, conventional laminates arc used ııı aeronautics and the fiber 
orientations arc liıııiled lo 0°, 45°, -45° and 90 plies. Although finding Ihe optimal 
orientations is a problem vvhielı is diserete by nature, il can be vvritten ııı terms of 
continuous design variables. This formulation is appealing since reliable 
optimization algorithms able to manage large scale problcms vvith continuous 
variables exisi 114], İn tlıis approach [15], the constitutive malrix Q of each ply k ıs 
replaccd by a lincar coınbination of tlıc constiiutivc malrix Q( ) of the 4 candidate 
plies, as in (2). Tlıc goal is to determine vvhıch v» , ıs equal to I at tlıc solution, vvhilc 
the others bccome 0. 

Q U ) ® » , Q a , ( 0 ) . » : Q ( İ ) ( 4 5 - ) . v f 3 Q < * , ( 9 0 ) . wAQ i k ' (045 •) (2) 

This principlc ıs illustrated ııı Figüre 3. The strueture ıs divided ın zones vvhere the 
optiıııal fiber orientations arc souglıi. Tlıe solution is providcd in Figüre 4 [16], For 
tlıe details oıı Ilıe cvalııation of the iv, cocfficieııts ııı (2). see 11 5|. 

Iıı order lo relate ılıe optimization phase to ılıe design phasc, and lo define ılıe plies 
based 011 analysis rcquircmcnts, this kiııd of formulation can bc adapted to the 
optimal distribution of Ihc plies in the strueture (Figüre I). Predcfıncd plies covering 
the strueture can bc proposed by the designer. as illustrated in Figüre 5. creatıng a 
slore of candidate plies. 

•EH] 
CZID 
CED 

H R & 
A 

Figüre 3. Optimal fiber oricntation using conventional plies: problem statement 
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Figüre 4 Optimal fiber orientalion using conventional plies: solution 

The presence or absence of each ply and the corrcspondıng optiıııal fiber orientation 
can theıı be obtaincd by the analyst vvith an optimization approach. İt is interesting to 
ııote that Ilıe blending requiremeııt is satisfied vvith this formulation. 

PfytommM ım ta m ömngrm 

• K ) 

Figüre 5. Plies slore for ıhc design and analysis phases 

Tlıc presence or absence ııı the final design of each candidate ply k of ıhe store is 
identificd vviıh a topology design variable. named |k l. Such variables are used to 
determine vvhether or not a ply of the store vv ill be preseni in ıhc solution. As it vvas 
done ııı (2) for the constitutivc ıııaterial stiffness, ıhe ply llıickncss can bc 
parameleri/.cd vviıh respcct to Ihc llıickncss of tlıc 4 candidate materials 
corrcspondıng lo plies oricnlcd at 0°, -45°. 45" aııd W These variables are ıısed to 
determine ıhe fiber oricntation in the existiııg plies at ıhe solution. The ply 
parameterization vvrites: 
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' a , ® W [ î » f , ' , a ) İ (3) 
pisi 

As iı ıs the case ın topology optimization [15], an cxponcnt </ ıs ııscıl in (3) in order 
lo avoid a mixturc o f l h c candidate plies at the solution. 

This nevv approaclı ıs tcsted on a sinıplc example. illustrated in Figüre 6. The 
strueture is dividcd ııı 4 regions. and 16 candidate plics are dcfıncd ııı ıhe store. Their 
nuıııber provides their location in ıhe stacking sequence l'lıc goal is lo scleci ıhe 
relevanı plics and lo determine their optimal orientation, ın a siructure of maximum 
stiffness. The problem ineludes 4X design variables: 16 topology design variables 
(one for each candidate ply). and 32 variables for tlıe selcction of the optimal fiber 
oricntation (2 design variables for each of tlıc 16 plics, see (15)). A constraınt 
imposes ıhat S plies ıııust renıain in the strueture at ılıe solution. 
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Figüre 6 I est casc: candidate plies wıth unkııown oricntation 

The solution ıs providcd ııı Figüre 7. İt is sccn that large plies vvith fibers orientcd at 
-45° are preseni ııı the strueture. togctlıer vvith 0 plics at the fixcd edgc and 90° plies 
ın ıhe load dircction, vvhat is rclcvant with the physics o f l h c problem. The solution 
is obtained ın 11 iterations w itli ıhe specifıc gradient-bascd optimizer deseribed iıı 
[ I4 | . Applications of ıhıs formulation to large sı/e sıruclurcs, such as tlıe one of 
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Figüre I, will be undertakeıı in a near future. See |I7] lor another possible 
fomiulatıon not prcscnted in tlıis paper. Research is stili very active ın this fıeld bul a 
general solulioıı proccdure not yet identil'ıed. 

a 

ligure 7. Solution of the test case: sclcctcd plies aııd their optiıııal oricntation 

3.2. Optiıı ıal s tacking sequence 

When working vviıh convcntional orientations (0°, 45", -45°, 90°), specifıc design 
rules must bc satisfıed by tlıc optimal stacking scqucncc. These rules spccify that, 
c.g. there must be at most 4 successive (superposed) plics vviılı ıhc same angle, the 
maxiıntım gap belvvcen tvvo adjacenl (superposed) plies is 45" and a minimum 
pcrccntage of each tiber oricntation must cxist at the solution. Such conslraints can 
be expressed ııı tenııs of the cocfficicnis w, used in (2) aııd (3), as explaincd in [ IX). 
and iııeluded in (I). 

4. Modeling Ihe failurc of composites 

Anolher key issuc in ılıe design of composites is to assess their damage tolerancc. 
Efficicnt nuıııerical methods are novv available to study the inter and intra-lamınar 
faılure of laıninatcd compositc struetures 11')]. One particularity of structural 
composile parts. vvheıı comparcd vviıh metal. ıs delamination. This specifıc fraeture 
mode can bc modeled and analyzcd vvith fraeture mcchanics and ılıe cohesive 
elements approach [20]. Iıı the fraeture mechanics approach, tlıc Virtual C'rack 
Closurc Tcchnique (Vt'CT) or ıhc Virtual Crack Extcnsion (VC'E) ıııeilıod can be 
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used [20,21], Bolh mclhods alnı to conıpute ıhc cnergy releasc rates by ıııodes, G|, 
Gn and Gm, at the crack l'ront. Once obtained, these valucs can be included in a 
critcrioıı and cuıııparcd lo ılıe critical fraeture louglıncss Ciu , Gm and CiMK in order 
lo detennine il' ılıe crack is dangcrous, the propagatioıı load and lo potenıially 
simulale the crack propagation. Rcsults obtained with VC'E and VC'C'T 111 the 
computation of ılıe encrgy release rates are provided ııı l'ıgure S lor a SLB specimen. 
On ılıe other haııd, in ıhe cohcsivc elements approach, a specifıc nıatcrial lavv is 
assigncd to a İllin layer ol' finite elements modeling ılıe interfaec bctvveen two plies 
(Figüre 9). For a certain raııge of solicitation in the interfacc, ılıe material behavior 
remains elastic. Bcyond this limit, a damagc appcars ııı the intcrfacc. which can 
grow up 10 the final dc-cohesion of the adjaeent plies, simulating an intcr-laminar 
crack propagation. This method is very efficiem and ccrtainly ıııorc reliable than 
VC'fc aııd VC'C'T whcn ıııulti-delaminated probleıııs are studied [20], llovvevcr, ıhc 
charactcrization of ılıe material properties ııceded 10 fced the material lavv of Figüre 
9 is challcnging. 

Horrra%!9d aack koni obsossd 

Figüre X. Comparison of VCE and VC'C'T 

Tanaion 

Op*ning 

Figüre 9. Illustration of the cohcsive elements approach 
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Tlıc simulation ol" crack propagation witlı a purc fraeture mcchanics approach 
(VC'C'T and VC'E) remains difTicull lo nıanagc, rcquires a very fine mesh ııı Ihe 
vicinity of ılıe crack aııd can somelimes provide inaccurate results. This is 
dcmonslrated with the DC'B spccimcn ıııodcled in Figüre 10. Oscillations can appcar 
ııı ılıe load-opening curve for ılıe iıııplcmcntation of the VC'C'T ıııeılıod deseribed in 
[211. For tlıc VC'F. [19], a ıııorc stable crack propagation is obtained, which is quite 
elose to ıhc analytical solution. \Vhcn ıhc cohesive elements approach is used, ılıe 
non lınearitics arc more preseni, and ıhc solution depends on the material properties 
assigned to the interfacc. 

5. Conclujlons 

The overall computcr-bascd design process of structural composites has been 
reminded. This process is iterative and ineludes C'AD-C'AM-C'AE steps. Atlention 
has been focused on ılıe CAE stagc o f l h c design process. New ideas for solving Ihc 
ply distribution problem, as well as tlıe stacking scqucncc optimization problem have 
been discusscd. The modeling of composite failure, and especially delaminalion. ıs 
also presented and nuıııerieal methods developed to solve it are comparcd. 
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Figüre 10. Results obtained for ıhe crack propagation in Ilıe DCB lesi case 
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