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Dear Colleagues,  

KOMPEGE 2024, organ zed by the Ege Un vers ty Faculty of Eng neer ng and held onl ne from November 

27-29, 2024, was a mean ngful gather ng for researchers and profess onals n the f eld of compos te 

mater als. The v rtual format allowed part c pants to engage w th a carefully planned program focused on 

knowledge shar ng and collaborat on.  

The sympos um featured a var ety of sess ons, nclud ng keynote lectures, techn cal talks, and poster 

presentat ons. The keynote lectures prov ded valuable ns ghts nto advancements n compos te mater als, 

offer ng part c pants a deeper understand ng of current trends and research d rect ons. The techn cal 

sess ons covered a broad spectrum of top cs, from susta nable and eco-fr endly compos tes to pract cal 

appl cat ons n ndustr es l ke aerospace and automot ve, ensur ng that the event catered to a range of 

nterests. Poster presentat ons offered an opportun ty for researchers to present the r work n a conc se and 

access ble format. These sess ons encouraged d scuss ons that were both nformat ve and construct ve, 

help ng to foster an env ronment of mutual learn ng.  

The onl ne format made the event access ble to a w de aud ence w th n the country, but t also presented 

some challenges. M nor techn cal ssues, such as connect v ty nterrupt ons, occas onally d srupted the flow 

of presentat ons. Desp te th s, the overall execut on of the event was smooth, thanks to the efforts of the 

organ z ng team.  

KOMPEGE 2024 successfully brought together part c pants w th shared nterests n compos te mater als, 

creat ng opportun t es for mean ngful d scuss ons and potent al collaborat ons. Wh le the event was well-

rece ved, ncorporat ng more nteract ve and structured network ng act v t es n future terat ons could 

further enr ch the exper ence for attendees.  

The organ z ng comm ttee thanks to all attendees for tak ng part nKOMPEGE 2024. W th cont nued 

ref nement, KOMPEGE w ll rema n a valuable platform for advanc ng research and nnovat on n the f eld 

of compos te mater als.  

Best regards,  

KOMPEGE 2024 Organ z ng Comm ttee 

 

  



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

Π 
 

 

Conference Co-Cha rs 

N nel Alver 

¥zlem Esmer 

Gºkhan Zeng n 

 

 

Conference Secreter at 

Yasem n Yahĸ 

 

 

Organ z ng Comm ttee Members 

Canan Uraz 

Den z Duran 

Gºkhan Zeng n 

Lez ze ķebnem T¿rk¿n 

N lay G zl 

N nel Alver 

¥zg¿r  Seyd beyoĵlu 

¥zlem Esmer 

Ras m Ķpek 

Sabr ye Yuĸan 

Sena Tayfur 

S nan Akgºl 

Sºhret Melda Aydēn 

ķule Aytaĸ 

Yasem n Yahĸ 

 

Sc ent f c Comm ttee 

Prof. Dr. Ahmet Aslan Ege Un vers ty, T¿rk ye 

Prof. Dr. Cem Gºk Pamukkale Un vers ty, T¿rk ye 

Prof. Dr. Cevdet Kaynak M ddle East Techn cal Un vers ty (METU), T¿rk ye 

Prof. Dr. Den z Uzunsoy Bursa Techn cal Un vers ty, T¿rk ye 

Prof. Dr. D lek ķolpan ¥zbay Hacettepe Un vers ty, T¿rk ye 



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

Ρ 
 

Prof. Dr. Dursun Saraydēn Cumhur yet Un vers ty, T¿rk ye 

Prof. Dr. Eduardo A. Lopez-Maldonado Autonomous Un vers ty of Baja Cal forn a, Mex co 

Prof. Dr. Enver At k  Man sa Celal Bayar Un vers ty, T¿rk ye 

Prof. Fatma N l Ertaĸ Ege Un vers ty, T¿rk ye 

Prof. Dr. Funda Tēhmēnlēoĵlu Ķzm r Inst tute of Technology, T¿rk ye 

Prof. Dr. G¿rel ¢am Ķskenderun Techn cal Un vers ty, T¿rk ye 

Prof. Dr. Ķlker Med ne Ege Un vers ty, T¿rk ye 

Prof. Dr. Kadr ye Arzum Erdem Ege Un vers ty, T¿rk ye 

Prof. Dr. Marek Bryjak Wroclaw Un vers ty of Technology, Poland 

Prof. Dr. Met n Tanoĵlu Ķzm r Inst tute of Technology, T¿rk ye 

Prof. Dr. M ka S llanpaa Un vers ty of Johannesburg, F nland 

Prof. Dr. Nalan Kabay Ege Un vers ty, T¿rk ye 

Prof. Dr. Nurĸen Saklakoĵlu Man sa Celal Bayar Un vers ty, T¿rk ye 

Prof. Dr. Santosh Sar Kumar Bh la  Inst tute of Technology, Ind a 

Prof. Dr. ķenol Sert Ege Un vers ty, T¿rk ye 

Prof. Dr. Yel z Pekbey Ege Un vers ty, T¿rk ye 

Prof. Dr. Yusuf ¥zcan Pamukkale Un vers ty, T¿rk ye 

Assoc. Prof. Dr. Can ¢ v Man sa Celal Bayar Un vers ty, T¿rk ye 

Assoc. Prof. Dr. ¢aĵrē Ceylan Ko­ak Dokuz Eyl¿l Un vers ty, T¿rk ye 

Assoc. Prof. Dr. Ege Anēl D ler Ege Un vers ty, T¿rk ye 

Assoc. Prof. Dr. Eylem Kēlē­ Ege Un vers ty, T¿rk ye 

Assoc. Prof. Dr. Fot n  Nol Ar stotle Un vers ty, Greece 

Assoc. Prof. Dr. G¿lc han G¿zel Kaya Konya Techn cal Un vers ty, T¿rk ye 

Assoc. Prof. Dr. H¿lya ¢akmak H t t Un vers ty, T¿rk ye 

Assoc. Prof. Dr. L¿tf ye Altay Ege Un vers ty, T¿rk ye 



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

Σ 
 

Assoc. Prof. Dr. Met n Yurddaĸkal Dokuz Eyl¿l Un vers ty, T¿rk ye 

Assoc. Prof. Dr. Nerm n Dem rkol Kocael  Un vers ty, T¿rk ye 

Assoc. Prof. Dr. N lay ¢ºmez Ege Un vers ty, T¿rk ye 

Assoc. Prof. Dr. Se­k n Erden Ege Un vers ty, T¿rk ye 

Dr. Al  G zl  T¿rk ye 

Dr. Am n Mousav  Khaneghah ITMO Un vers ty, Russ a 

Dr. D dem Kale Aegean Prof le Trade and Industry Inc., T¿rk ye 

Dr. Hasan Yavuz ¦nal Ege Un vers ty, T¿rk ye 

Dr. Mel s Yurddaĸkal Ege Un vers ty, T¿rk ye 

Dr. Tuĵ­e Tek n Un vers ty of Trento, Italy 

Dr. ¦m t Zeybek Dokuz Eyl¿l Un vers ty, T¿rk ye 

 

  



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

Τ 
 

  



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

Υ 
 

 

  



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

Φ 
 

 

 

 

 

  



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

ΝΜ 
 

 

 

  



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

ΝΝ 
 

  



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

ΝΞ 
 

 

 
ORAL ABSTRACTS   



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

ΝΟ 
 

(ID-6298) Perfluoropolymer Compos tes Re nforced W th Green S l con Carb de (G-S c) For Wear-

Res stant Appl cat ons 

Jab r Ismaeēlē1, Ay­a Ata2, B kem ¥vez2 

1 Kanat Boya 

2 Ege Un vers ty 

 

Polymer mater als are now nd spensable across var ous ndustr es, w th h gh-performance polymer 

compos tes ga n ng ncreas ng mportance by funct onal f llers. Fluoropolymers, recogn zed for the r 

excellent res stance to ac ds, bases, and solvents, also exh b t h gh-temperature stab l ty and possess 

des rable propert es such as self-lubr cat on, release, and non-st ck behav or. Wh le commerc al non-st ck 

coat ngs are typ cally appl ed through manual spray ng and subsequent cur ng, th s research explored a 

d fferent approach. Th s study focused on blended perfluoropolymer (PFP) compos tes, cons st ng of 

perfluor nated ethylene-propylene copolymer (FEP) and tetrafluoroethylene-perfluoroalkyl v nyl ether 

copolymer (PFA), wh ch were re nforced w th green s l con carb de (G-S C). The pr mary a m was to 

opt m ze abras on res stance by vary ng the FEP/PFA rat o and f ller content. Key propert es were carefully 

assessed, nclud ng surface roughness, water droplet sl d ng angle, and wear res stance. Response Surface 

Methodology p npo nted an opt mal compos t on w th 10.6% G-S C f ller and an FEP/PFA rat o of 2/3, 

result ng n a 13.4% abras on rate. The compos tes underwent comprehens ve character zat on us ng X-Ray 

D ffract on (XRD), Scann ng Electron M croscopy (SEM), and D fferent al Scann ng Calor metry (DSC) 

analyses. SEM was employed to exam ne worn surfaces and ga n ns ghts nto the wear mechan sms. The 

crystall zat on peaks n the XRD pattern and the melt ng peaks n the DSC curve served to conf rm that 

PFPs are crystall ne polymers. In conclus on, the melt-processable blends of FEP and PFA were 

successfully developed, demonstrat ng propert es comparable to polytetrafluoroethylene (PTFE), 

h ghl ght ng the r potent al for appl cat ons demand ng h gh wear res stance and low surface energy. 

Keywords: Perfluoropolymer compos tes, Green S l con Carb de (G-S C), Abras on res stance, 

Character zat on, Wear mechan sms 
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(ID-5925) Cam Elyaf Takv yel  Kompoz t Yapēda Termoplast k Pol mer Hava S¿spans yon Pleyt n n 

Stat k Y¿k Altēnda Anal z 

Anēl ķeker 1, Bertan Beylerg l 2, Merve Hat poĵlu1, Ķbrah m Bacanak 1 

1 Dem rc oĵlu Group Ar-Ge Merkez 

2 Alanya Alaadd n Keykubat ¦n vers tes 

 

¥zet Kompoz t, malzemeler m¿hend sl k ve malzeme b l m  alanēnda yaygēn olarak kullanēlmaktadēr. Cam 

elyaf takv yel  (CETP) kompoz t malzemeler bunlardan b r d r. Cam elyaf takv yel  kompoz tler, cam 

elyaflarēnēn b r matr s malzemes yle (genell kle b r re­ne veya termoplast k pol mer) b rleĸt r lmes yle 

¿ret l r. D¿ĸ¿k yoĵunluk, y¿ksek mukavemet/aĵērlēk oranlarē ve tasarēm esnekl kler  neden yle ºzell kle 

otomot v, havacēlēk ve nĸaat sektºrler nde gen ĸ b r kullanēm alanēna sah pt r. Em syon standartlarēnēn 

s¿rekl  gel ĸt r lmes ne yºnel k yakēt t¿ket m , performans y leĸt rmeler  ve ara­ aĵērlēk azaltma ­alēĸmalarē 

kapsamēnda ­el k yer ne kullanēlacak alternat f malzemelere yºnel m baĸlamēĸtēr. Aynē zamanda ger  

dºn¿ĸt¿r¿leb l r malzemeler n kullanēmē end¿str yel uygulamalarda ­evresel s¿rd¿r¿leb l rl ĵ  

destekleyerek proses n ­evre dostu olmasēna katkē saĵlamaktadēr. Plast k enjeks yon yºntem nde, plast k 

malzemelere cam ve karbon elyafē g b  kompoz t malzemeler n takv ye ed lmes  sayes nde mekan k 

ºzellkler n y leĸt r lmes  plast k enjeks yon proses n n ver m n n artērēlmasē a­ēsēndan son derece 

ºneml d r. Bu ­alēĸma, plast k enjeks yon yºntem  le ¿ret lecek cam elyaf takv yel  polyam d (%30 

CF/PA66) matr sl  kompoz t malzemeden ¿ret len hava s¿spansyon pleyt n n CAD (B lg sayar Destekl  

Tasarēm) programē yardēmēyla tasarēmēnēn ger­ekleĸt r lmes  ve bel rlenen y¿kleme ve sēnēr koĸullarē 

altēnda serg led ĵ  performans ve mekan k davranēĸlarēnē CAE (B lg sayar Destekl  M¿hend sl k) 

programlarē le ncelemey  ama­lamaktadēr. Yapēlan ­alēĸmada z eksen  boyunca ¿st y¿zeye ve alt y¿zeye 

kuvvet uygulanarak maks mum deformasyon deĵer  ve g¿venl k kat sayēsē hesaplanmēĸtēr. Bu deĵerler le 

kompoz t yapēdak  pleyt n mevcut tasarēmē le ­el k malzemeden mamul hava s¿spans yon pleyt ne g¿venl  

b r alternat f olduĵu sonucuna varēlmēĸtēr. Bu araĸtērma, geleneksel soĵuk metal ĸek llend rme yer ne 

alternat f ­evrec  b r ¿r¿n elde ed lmes  a­ēsēndan ºneml  b lg ler sunmaktadēr. TEķEKK¦R Bu ­alēĸma 

T¿b tak 1501-Sanay  Ar-Ge Destek Programē (Proje No: 3230360) kapsamēnda desteklenm ĸt r. 

Keywords: Anahtar Kel meler: Kompoz t Pleyt, Stat k Anal z, Sonlu Elemanlar Anal z  (FEA), Y¿k 

Taĸēma Kapas tes 
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(ID-5927) Beton ¦ret m nde S¿perplast kleĸt r c  Kullanēmēnēn Karbon ve Su Ayak Ķz  ¦zer ndek  

Etk ler n n Ķncelenmes 

¦mran Akgºl1, Sera Set1, Furkan Kusuk1 

1 Akk m K mya Sanay  ve T c. A.ĸ. 

 

Beton, d¿nyada en yaygēn kullanēlan yapē malzemes  olup, k¿resel antropojen k karbond oks t 

em syonlarēnēn %6 ï10'undan sorumludur. Bu em syonlarēn b¿y¿k kēsmē, betonun ana b leĸen  olan 

Portland ­ mentosundan kaynaklanmaktadēr [1]. Betonun karbon ayak z n  azaltmanēn yollarēndan b r  

­ mento m ktarēnē azaltmak ­ n s¿perplast kleĸt r c  kullanmaktēr [2]. S¿perplast kleĸt r c ler, betonun 

ĸleneb l rl ĵ n  artērmak, su/­ mento oranēnē d¿ĸ¿rerek dayanēmē y¿kseltmek ve ­ mento h dratasyonundan 

kaynaklanan b¿z¿lme ve termal ger lmeler  azaltmak amacēyla kullanēlēr [3]. Betonda kullanēlan 

akēĸkanlaĸtērēcē katkē maddeler n n ­erd ĵ  temel hammaddelere baĵlē olarak su azaltma oranlarē 

deĵ ĸkenl k gºster r [4]. Y¿ksek su azaltma kapas tes ne sah p pol karboks latlar, ­ mento part k¿ller n n 

daĵēlēmēnē y leĸt r r ve dspers yon saĵlarlar [5]. Bu ­alēĸmada, CEM-I 42,5 R ­ mentosu ve y¿ksek-

pol karboks lat ­er kl  s¿perplast kleĸt r c n n beton denemeler  yapēlmēĸtēr. Betonda ­ mento kaynaklē 

CO2-em syonunu azaltmak amacēyla, s¿perplast kleĸt r c  oranlarē deĵ ĸt r lerek ­ mento m ktarē 

d¿ĸ¿r¿lm¿ĸ ve ĸah t betona gºre azaltēlan su m ktarlarē hesaplanmēĸtēr. ¢alēĸmalarda s¿perplast kleĸt r c  

kullanēmē le su azaltma-basēn­ dayanēmē karĸēlaĸtērmasē, ve s¿perplast kleĸt r c  kullanēmēnēn arttērēlmasē 

le ­ mento m ktarēnēn d¿ĸ¿r¿lmes-aynē basēn­ dayanēmlarēnēn elde ed lmes  olarak 2 beton grubu 

deĵerlend r lm ĸt r. Anahtar Kel meler: Beton, s¿perplast kleĸt r c , karbon-su ayak z  References [1] Yas n 

Eng n, 06.09.2024, ñSēfēr Karbon Hedef nde Yapēsal Beton ï 1ò https://www.betonvec mento.com/beton-

2/s f r-karbon-hedef nde-yap sal-beton-1 [2] Jam e GOGGINS, 06.09.2024, ñYeĸ l ­ mento ¿ret m n n 

artmasē nĸaatlarēn karbon ayak z  azaltēlab l rò, https://tem zenerj .org/2024/05/02/yes l-c mento-

uret m n n-artmas- nsaatlar n-karbon-ayak- z-azalt lab l r/ [3] Collepard ,M. 1988, ñAdm xtures Used To 

Enhance Plac ng Character st cs of Concreteò, Enco Eng  Neer ng Concrete,Cement and Concrete 

Compos tes, 103-112 [4] Nk namubanz , P.C., Mantellato, S. and Flatt, R.J., 2016, ñSuperplast c zers n 

Pract ceò, In Sc ence and Technology of Concrete Adm xtures, 353-377 [5] Uch kawa, H., Hanehara, S. 

and Sawak , D., 1996 ñThe Role of Ster c Repuls ve Force n the D spers on of Cement Part cles n Fresh 

Paste Prepared w th Organ c Adm xturesò, Cement and Concrete Research, 27(1), 37-50 

Keywords: Beton, s¿perplast kleĸt r c , karbon-su ayak z 
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(ID-5929) Development Of Cat on Exchange Membranes For Energy Harvest ng By Reverse 

Electrod alys s: The Effect Of Coagulat on Bath Compos t on And Membrane Th ckness 

M nel Akalēn1, Taha Furkan G¿l1, Eda Nur Dºnmezler1, Aydēn C hanoĵlu2, Makoto Takafuj3, Enver 

G¿ler4, Nalan Kabay1 

1 Ege Un vers ty, Faculty Of Eng neer ng, Department Of Chem cal Eng neer ng, Ķzm r, T¿rk ye 

2 Ege Un vers ty, Al aĵa Vocat onal School, Ref nery And Petrochem cal Department, Ķzm r, T¿rk ye 

3 Kumamoto Un vers ty, Faculty Of Advanced Sc ence And Technology, D v s on Of Mater als Sc ence 

And Chem stry Kumamoto 860-8555 Japan 

4 Atēlēm Un vers ty, Faculty Of Eng neer ng, Department Of Chem cal Eng neer ng, Ankara, T¿rk ye 

 

Abstract 

Sal n ty grad ent energy (SGE) s generated by the m x ng of water streams w th d fferent sal n ty 

levels. One of the pr mary methods for harness ng th s energy s reverse electrod alys s (RED). RED s a 

h ghly eff c ent technology for energy generat on usng SGE, offer ng benef ts such as reduced membrane 

foul ng, mechan cal rel ab l ty, susta nab l ty, and super or energy eff c ency. The RED system operates 

through a ser es of cat on exchange membranes (CEMs) and an on exchange membranes (AEMs). In th s 

system, cat ons and an ons m grate from the concentrated stream to the d lute stream due to the sal n ty 

grad ent, fac l tated by the CEMs and AEMs employed n the RED stack. The sal n ty d fference on e ther 

s de of the membrane fac l tates on transport va the on exchange membranes (IEMs), and th s transport 

creates a potent al d fference between the compartments, convert ng to electr c ty by ox dat on and 

reduct on react ons of electrolyte solut on n electrodes. The select on of appropr ate mater als for 

membrane synthes s s cruc al for develop ng CEMs. The sulfon c ac d group, known for ts ab l ty to 

d ssoc ate across a broad pH range, s frequently ut l zed n CEM synthes s due to ts hydroph l c nature 

and capac ty to form on clusters w th n the membrane matr x. Among var ous opt ons, sulfonated polyether 

sulfone (SPES) s part cularly valued for ts excellent chem cal stab l ty, mechan cal strength, and on 

exchange capac ty. SPES w th a h gh degree of sulfonat on tends to exh b t substant al swell ng when used 

alone, wh ch can adversely affect the f xed charge dens ty. To m t gate th s ssue, SPES s blended w th 

hydrophob c polysulfone (PSF) w th d fferent mass rat os. Th s blend ng a ms to decrease the membraneôs 

swell ng degree and enhance ts f xed charge dens ty, ow ng to PSF's hydrophob c character st cs. In th s 

study, CEMs were synthes zed by the phase nvers on techn que. The effect of the compos t on of the 

coagulat on bath, polymer blend ng rat os and polymer gel th ckness on the membrane structure was 

nvest gated n deta l. Further, the on exchange capac ty, swell ng degree, f xed charge dens ty, and 

chem cal structure of the synthes zed CEMs were determ ned.  
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Keywords: Cat on exchange membrane (CEM), reverse electrod alys s (RED), sal n ty grad ent energy, 

blue energy, sulfonated polyethersulfone (SPES) 
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Introduction 

Cross-linked polyethylene (XLPE) is widely used in power transmission elements due to its excellent 

electrical, thermal and mechanical properties. Since process waste XLPE plastic cannot be recycled, it 

causes serious environmental and stockpiling problems in enterprises. Companies are struggling to remove 

these wastes from the stock area. One way to get rid of these wastes is to use them in different processes. 

It is thought that XLPE waste can be granulated and used as a composite additive component in other 

possible manufacturing processes. Since XLPE is formed in mass-intensive quantities, one of the methods 

that comes to mind is the utilization of this material in concrete mixtures in the construction sector where 

mass-intensive quantities are produced. The main idea of this study is to help the stocking problem of XLPE 

wastes generated especially in medium and high voltage energy cable manufacturers and to investigate the 

use of this material in the production of concrete curbs used in road-garden arrangements where strength is 

not so vital. By using granulated XLPE wastes in concrete curbs, it is aimed to minimize the environmental 

impact and stocking problems in a sustainable way, on the one hand, lightness and cost reduction on the 

other hand. In addition, it is expected that the use of XLPE granules in certain ratios in the production of 

precast concrete curbs will reduce the water requirement in concrete mortar, thus reducing the ratio of water 

and cement and having a positive effect on concrete strength values and reducing raw material costs. The 

researchers used cross-linked polyethylene wastes and various plastic wastes in concrete mixtures and 

investigated the properties of fresh and hard concrete. They observed that the use of plastic wastes in 

concrete mortar at different ratios resulted in a decrease in strength values and various results in fresh 

concrete properties due to both aggregate structure and physical and geometrical structures of plastic 

wastes. 

In a study in the literature, the use of polyethylene terephthalates (PET) instead of polypropylene fibers 

(PPF) in concrete mixtures with a constant water/cement ratio prepared using two different cement types 

was investigated and the results of compressive strength, flexural strength and slump values of the 

specimens prepared by adding 300, 600 and 900 g waste PET to 1 mį concrete volume mix were compared 

with polypropylene fiber reinforced specimens and control specimens without plastic additives. It was 

observed that the flexural and compressive strength values decreased as the PET ratio increased [1]. Cross-

linked polyethylene (XLPE) 0-2 mm, 2-8 mm and 8-16 mm in size up to 8% of the cement mass and at a 

fixed water/cement ratio of 0.42 were used to prepare various specimens and it was observed that the 

compressive strength and flexural strength decreased as the XLPE size increased [2]. At 0.45, 0.49 and 0.53 

fixed water/cement ratios, it was observed that the compressive strength of the specimens obtained by 

adding 25%, 50% and 75% PET instead of fine aggregate decreased compared to the control specimens [3]. 

It was observed that the compressive, flexural and splitting tensile strengths of 12 specimens obtained by 

adding resin to the concrete at 10%, 15% and 20% of the filler amount and mixing the amount of electronic 

plastic waste with 0%, 5%, 15% and 25% of the filler (sand and gravel) amount, respectively, decreased 

due to the increase in the plastic ratio [4]. The compressive strengths of specimens formed with 0.44% and 

0.55% fixed water/cement ratios and 34%, 35% and 45% polyurethane foam addition by volume varied 
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between 8-16 MPa. Compared to the specimens without polyurethane foam, a significant decrease in 

compressive strength was observed [5]. A slight decrease in 28-day compressive strength was observed in 

experiments with specimens containing aggregates at 0.45% and 0.55% water/cement ratios and 7 and 4.8 

times the cement [6]. Waste plastics were added in fine, coarse and fine-coarse sizes to concrete mortars 

formed by substituting plastic waste for sand at 0%, 2.50%, 5%, 7.5%, 10% and 12.5% ratios and it was 

observed that the compressive strength decreased with increasing plastic waste content in the mixtures [7]. 

Fine-sized plastic aggregates were added to the fine aggregates at the rates of 10%, 15% and 20% by weight 

and steel fiber was added at the rate of 0.3% of the cement amount to the mixtures prepared by replacing 

the coarse aggregates with coarse-sized plastic aggregates at the rates of 15%, 20% and 25% of each fine 

aggregate replacement amount. Sixty concrete cube specimens were prepared for compressive strength, 60 

cylindrical specimens for tensile strength in splitting and 40 prismatic specimens for flexural strength and 

7- and 28-day strength tests were performed. A decrease in strength was observed due to the weak bond 

between plastic aggregate and cement [8]. In the specimens formed by substituting the amount of sand used 

in the concrete mortar with PET wastes used in the production of bags/bags at a ratio of 10%, 20%, 30% 

and 50% of the sand weight, the amount of slump increased as the amount of plastic waste increased, 

porosity and water absorption decreased up to 20% and increased up to 50%. In compressive strength and 

flexural strength tests performed after 3, 7, 14 and 28 days, a decrease in strength was observed with the 

addition of PET. It was reported that the decrease in compressive strength in specimens containing 20% to 

50% plastic waste was between 15% and 33% [9]. In the tests of specimens formed with 3%, 10%, 20% 

and 50% polycarbonate (PC) plastic with a maximum grain size of 5 mm instead of sand, an increase in the 

amount of slump up to 50% was observed [10]. In another study, unlike the literature, the properties of 

composite concrete curbs formed by substituting granulated XLPE waste for fine aggregate at certain ratios 

in precast concrete curbs were investigated. Concrete mix designs with 3% and 5% XLPE content in 

proportion to the total aggregate amount were created and specimens were prepared. Before the specimens 

were prepared, slump tests were performed on the concrete mortars. Compressive strength tests were 

performed on concrete cube specimens with and without XLPE, flexural strength and water absorption tests 

were performed on concrete curb specimens and the values obtained were compared in the light of TS EN 

1340 standard. 

Precast Concrete Curbs 

Precast concretes are modular concrete building elements that are poured into molds suitable for repeated 

use for mass production and shipped to the area where they will be applied when they reach the strength 

properties suitable for use, whose production is under control. Concrete curbs can also be described as 

precast concrete curbs since they are produced in molds in the plant and are modular building elements. 

It becomes difficult to control the problems that may occur during the manufacturing and application 

processes of concrete curbs manufactured on site. For this reason, it is advantageous to produce modular 

curbs in the factory environment in a suitable environment and in the appropriate environment and to take 

the modular curbs to the application area later. In addition, modular precast curbs with certain strength 

properties allow the road to be opened to pedestrian and vehicle traffic earlier in the application area. In 

road maintenance applications, it is easier to repair the damaged curb structure with modular precast 

concrete curbs compared to concrete curbs made on site. 

Precast (precast) concrete curbs can be produced by slurry casting method and press-pressing method. 

Unlike the slurry casting method, it is possible to produce curbs with less water and cement ratio. In 

addition, while in the slurry casting method, the curb filling shows the same feature everywhere, it is 

possible to produce surface-coated curbs with the pressing method. In addition to the concrete mortar 

production facility, a printing machine is needed in curb plants that will produce with the press printing 

method. 

The production process of precast concrete curbs can be examined under four main headings: ready-mixed 

concrete production, casting into molds, dismantling from molds, and product controls. The concrete 

mortar, which is prepared in the ready-mixed concrete plant in accordance with the recipe that can meet the 
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curb strengths and has the required curb properties, is delivered to the area where the curb molds are located 

with both transit mixers and transportation lines and the concrete pouring process is carried out. Concrete 

curbs that have received the necessary strength for dismantling can be removed from the molds 6-24 hours 

after the casting process depending on the ambient conditions and stacked. Visual, dimensional, physical 

and mechanical controls of the curbs produced are carried out in the stacking area and in the laboratory. 

Cross Linked Polyethylene 

XLPE, a cross-linked form of polyethylene, is also called PEX and XPE. XLPE is obtained by changing 

the molecular structure of polyethylene polymers by adding heat, pressure and catalyst chemical additives. 

With crosslinking in polyethylene, polymer chains form a three-dimensional network structure, thus 

forming polymers that are insoluble and not suitable for melting. The crosslinking process takes place 

through the reaction with various functional groups between the polymer chains. These functional groups 

cause thermoplastics to become thermosetting, leading to the formation of chemical bonds. Crosslinking in 

thermoplastics can be considered as the conversion of thermoplastics with high molar masses into 

thermosets [11-14]. 

XLPE has high physical and mechanical strength properties thanks to its cross-linked structure. It shows 

high resistance against impacts. It is waterproof due to its closed cell structure. Again, due to its cross-

linked structure, it has high resistance to chemicals. It is seen in Table 1 that there is no density difference 

between cross-linked polyethylene, i.e. XLPE and polyethylene. It is seen that XLPE has better properties 

compared to PE. 

Properties Polyethylene (PE) 
Cross Linked 

Polyethylene (XLPE) 

Density 0,935 g/cmį 0,935 g/cmį 

Tensile Strength (@ 50 ÁC) 11,77 MPa 14,71 MPa 

Elangation (Min.-Maks.) 500% 700% 500% 600% 

Opetarion Temperature 70 ÁC 90 ÁC 

Max. Temperature 90 ÁC 130 ÁC 

Minimum Allowable 

Temperature 
-60 ÁC -60 ÁC 

Table 1: Comparison of polyethylene and cross-linked polyethylene (XLPE) properties 

Crosslinked polyethylene (XLPE) is a polymer with high physical and mechanical strength, chemical 

resistance and insulation properties. For this reason, it is used in medium voltage and high voltage cables, 

underfloor heating installations, as insulation material in buildings, and in prosthesis construction in the 

medical sector. In addition, XLPE cables are frequently used in underground and offshore cabling projects 

thanks to their corrosion resistance, abrasion resistance and impact resistance. XLPE polymers are also 

used in many applications due to their light weight and elasticity. Figure 1 shows some examples of XLPE 

uses. 
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Figure 1: Examples of XLPE application areas 

It is known that an average of 400,000 tons of polyethylene is produced annually in our country and 3% of 

the polyethylene produced is used in cable manufacturing, which generates XLPE waste. This amount 

means the use of approximately 12,000 tons/year of polyethylene, which means that the amount of waste 

XLPE generated at the end of the process in enterprises that only manufacture cables can be quite high. To 

give another example, an average of 400 tons of XLPE waste is generated annually from the Denizli and 

Tuzla factories of Nexans Cable, one of the manufacturers of medium and high voltage cables in our 

country. 

Material and Method 

In order to obtain concrete mortar in the study, 3 types of aggregates with different size classifications were 

used in accordance with TS EN 12620 standard; 0-5 (0-4) mm aggregate, 5-12 (4-11) mm aggregate and 

12-19 (11-16) mm aggregate. The specific gravities of the aggregate classes are 2.71 kg/dmį, 2.66 kg/dmį 

and 2.67 kg/dmį respectively. 

The cement used in concrete mortar is Portland cement (CEM I 42,5 R), which is preferred in the production 

of precast concrete products that require early and high strength and especially in terms of achieving early 

strength values in cold weather conditions and complies with TS EN 197-1 standard. CEM I 42.5 R cement 

has a 2-day early strength of Ó20 MPa and 28-day early strength of Ó42.5 MPa and consists of >95% clinker 

and <5% minor components by mass. The water used to obtain concrete mortar in the experiments was 

potable municipal water. The setting accelerator admixture used in the mixture was a setting accelerator 

admixture (P.H.K.) with a specific gravity of 1.18 kg/dmį in accordance with TS EN 934-2 to shorten the 

setting and hardening times of fresh concrete. It is an admixture that has the effect of increasing the early 

strength values of concrete, contributing to workability without reducing the late strength properties and 

minimizing the risk of exposure of concrete to frost. It is recommended that the setting accelerator 

admixture is added to the mixture water to be added into the mortar and used at a ratio of 0.5% to 3% by 

weight of the amount of concrete binder, i.e. cement. 

In the experiments, a super plasticizer admixture (S.P.A.) with a specific gravity of 1.06 kg/dmį in 

accordance with TS EN 934-2 was used for high water content reduction and high early strength 

requirements for precast concrete production applications. According to the workability of fresh concrete 

and the properties of hardened concrete, the mix ratio can be determined by conducting experiments in the 

laboratory. It is recommended that the superplasticizing admixture is added to the mixing water to enter the 

mortar and used at a ratio of 0.4 to 2% by weight of the amount of concrete binder, i.e. cement. The image 

of granular XLPE obtained from Nexans cable company is given in Figure 2. 

 

 

0-2 mm XLPE granules 0-5 mm XLPE granules 

Figure 2: XLPE granules in two different size ranges obtained from Nexans cable 

The XLPE granules used in this study were classified as 0-2 mm and 0-5 mm by sieve analysis and in order 

to use these two classes of granules effectively in concrete mortar, these two granule classes were 
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considered as a single XLPE granule mixture by making a binary mixture within itself. As a result of the 

sieve analysis, these two mixtures were mixed with each other in a ratio of 1 to 9. Thus, the mass ratio of 

0-2 mm XLPE granules to total XLPE granules used in any test sample concrete mortar was determined as 

0.1. Another reason for choosing this value is that 0-2 mm granules are obtained less than the amount of 0-

5 mm XLPE granules, which can be considered as the main product, due to the process. If the desired 

properties are achieved at the end of the experiment, it is aimed that XLPE granules will not cause supply 

problems in precast concrete curb production processes. Although it is a product that can be resized with 

additional processes, it is likely to create an additional energy and cost burden. 

There are some regional, national and international standards to ensure that concrete curbs are produced in 

certain quality standards. The tests performed in this study were based on TS EN 1340 standard. TS EN 

1340 standard covers the materials, properties, requirements and test methods of unreinforced, cement-

bonded, pre-cast concrete curbstone units, channels and complementary parts used in areas open to vehicles 

and roofing. The dimensions of the curbs to be used in the test were selected to be suitable for bending tests 

in the laboratory test machine. The curb is a type of curb produced by water casting method and contains 

the same filling structure everywhere. The dimensions of the curb with a volume of 11.34 dmį to be used 

in the test are 120 x 170 mm x 600 mm. After the slump tests, the concrete mortars were filled into 

150x150x150 mm concrete sample molds and curb molds and these samples were kept in the curing pool 

for 28 days and weighed at the end, compression tests were performed on cube samples and flexural and 

water absorption tests were performed on curb samples.  

Experimental Studies  

At the beginning of the study, concrete with 0%, 5%, 10% and 15% XLPE content was designed and the 

range of XLPE ratios to be used in the final tests was determined in these preliminary tests. In preliminary 

tests, slump tests were performed on 4 types of concrete mortars and compression tests were performed on 

4x3=12 concrete cube specimens. In the preliminary experiments, it was observed that XLPE used in ratios 

higher than 5% significantly decreased the compressive strength of concrete cube specimens. For this 

reason, the effect of XLPE waste up to 5% in the total aggregate was examined in the curb specimens in 

the final tests. In the experiments, two concrete mix designs (3% and 5%) with XLPE admixture were made 

at constant water/cement ratio by adapting the XLPE amounts according to the concrete mix design with 

proven physical and mechanical properties without XLPE admixture. In these adapted designs, XLPE was 

again used instead of fine aggregate. A total of 3 concrete mix designs, 1 XLPE without admixture and 2 

XLPE with admixture, were prepared separately with the help of a 56 dmį concrete mixer. In 3 concrete 

mix designs, slump tests were performed before compressive and flexural tests. In the experiments, a total 

of 3x3=9 concrete cube specimens and 3x3=9 concrete curb specimens were formed in 3 specimen groups. 

After the concrete cube specimens and curb specimens were kept in the curing pool for 28 days, their 

weights were weighed and compression tests were performed on concrete cube specimens and flexural tests 

on curb specimens. As a result of the experiments, water absorption tests were carried out on concrete 

specimens with a weight greater than 2.5 kg and a cross-sectional piece not exceeding 5 kg, obtained by 

cutting from the curb specimens. For water absorption determination, 3x2=6 samples were formed for each 

sample group from the curb samples and 3x6=18 samples were obtained in total and water absorption 

determination test was performed. Concrete cube specimens with/without XLPE admixture and concrete 

curb specimens with/without XLPE admixture were compared with each other in terms of physical and 

mechanical properties. 

Fineness Module 

XLPE Granule and Aggregate 

Grades 
Dry sample quantity (g) 

Fineness Module 

0ï2 mm XLPE 201,1 1,581 

0ï5 mm XLPE 780,9 4,116 
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0ï5 mm Agrega 1313,2 2,506 

5ï12 mm Agrega 2623,9 5,491 

12ï19 mm Agrega 2853,1 6,461 

Table 2: Fineness Module of XLPE granule and aggregate grades in the experiments 

Aggregate classes that can be used in the concrete mix design of concrete curbs are determined according 

to the maximum aggregate grain size. The maximum aggregate grain size is determined according to the 

intermediate openings in the curb mold and the dimensions of the curb mold. It should be maximum 1/5 of 

the mold width. In concrete mix design, it is necessary to determine the amount of XLPE granules to be 

used in the concrete mix in order to obtain an ideal concrete. For this reason, sieve analyses were performed 

on 0-2 mm XLPE granules and 0-5 mm XLPE granules and aggregates in 0-5 mm, 5-12 mm, 12-19 mm 

classes to determine the fineness modulus. The sample quantities taken in the sieve analyses meet the 

minimum sample quantities required in the standards, and Table 2 shows the fineness moduli calculated for 

XLPE granules and aggregate classes. The proportions of XLPE granule types and aggregate classes 

according to the total amount of aggregate used in the concrete mortars of the final test group samples are 

shown in Table 3. 

XLPE Granule and Aggregate Ratios 

RU Sample Groups 

0ï2 

XLPE 

(%) 

0ï5 

XLPE 

(%) 

0ï5 

AGREGA (%) 

 5ï12 

AGREGA (%) 

12ï19 

AGREGA (%) 

RU0 Group (%0 

XLPE) 
0,0 0,0 56,7 25,6 17,7 

RU1 Group (%3 

XLPE) 
0,3 2,7 53,7 25,6 17,7 

RU2 Group (%5 

XLPE) 
0,5 4,5 51,7 25,6 17,7 

Table 3: Experiments XLPE granule and aggregate ratios 

 

Table 4 shows the fineness moduli calculated for each sample group. As the proportion of XLPE used 

increases, the fineness modulus increases, i.e. the fineness of the aggregate sizes decreases. 

Sample Group Fineness Module 

RU0; Prekast Beton Agregasē (%0 XLPE) 3,97 

RU1; Prekast Kompozit Beton Agregasē (%3 XLPE) 4,011 

RU2; Prekast Kompozit Beton Agregasē (%5 XLPE) 4,038 

Table 4: Fineness moduls of specimen groups in the experiments 

Conclusions and Evaluation 

After the mortar was prepared for each sample group, a slump test was performed before filling the concrete 

into the cube molds. The temperatures of the prepared concrete mortars were measured as RU0 Sample 

Group=23 ÁC, RU1 Sample Group=23 ÁC, RU2 Sample Group=24 ÁC. 
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The slump values of sample groups RU0, RU1, and RU2 are shown in Table 5 below. 

Slump Quantities 

Sample Group 
XLPE/Total Aggregate (% by 

mass) 

Slump Amount 

(mm) 
Classification 

RU0 0% 220 S5 

RU1 3% 210 S4 

RU2 5% 190 S4 

Table 5: Slump amounts and consistency classes of RU experimental group 

 

After the mortar of each sample group was formed, slump tests were performed on the cube molds and curb 

molds before concrete filling. The slump consistency classes of the RU sample groups depending on the 

XLPE content by mass are shown in Table 5. The amount of slump decreases as the XLPE content increases 

in the sample groups formed according to the fixed water and cement ratio. The slump amounts obtained 

in the experiments are quite good values for workability. The average compressive strengths of concrete 

cube specimens according to XLPE content are shown in Figure 3. With an increase of 3% and 5% XLPE 

content, the compressive strength decreased by approximately 11.54% and 22.85%, respectively, compared 

to the compressive strength of the reference concrete cube specimen without XLPE. 

 

Figure 3: Average compressive strength depending on XLPE ratios 

Figure 4 shows the variation of flexural strengths calculated according to actual and nominal dimensions 

depending on the XLPE content. It can be seen that a curb produced with curb concrete containing 0% to 
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5% XLPE shows flexural strength in a range between 6.2 MPa and 6.5 MPa. The flexural test results show 

that up to 5% XLPE granule reinforced concrete can be used in curb concrete. 

 

Figure 4: Flexural strengths according to nominal and actual dimensions depending on XLPE ratio 

It can be observed that the flexural fractures are not from the surface of natural aggregates but from the 

surface of XLPE granules. Looking at the pairs of fractured curbs, it can be said that the fractures passed 

over the 12-19 mm sized aggregates and the fractured sections are almost symmetrical to each other, Figure 

5.   

 

Figure 5: Fracture cross-section images of RU1 group curb specimens 

 

Looking at the average water absorption rates depending on the XLPE ratio shown in Figure 6, the water 

absorption rates of the samples cut from the curbs increase with the increase in the XLPE ratio. The increase 

in the amount of water absorption means an increase in the amount of voids formed in the concrete, which 

is closely related to the strength of the specimens. In other words, with the increase in XLPE ratio, the 

amount of voids formed in the concrete increases and causes the compressive strength to decrease. 
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Figure 6: Average water absorption values depending on XLPE ratio 

In the RU experimental group, the adapted concrete designs have almost the same raw material content in 

the RU specimen groups if the XLPE content is ignored. Considering that the reason for the decrease in 

compressive strength as XLPE content increases is that XLPE granules behave like voids, and considering 

that water absorption rates increase with increasing XLPE content, it can be considered that XLPE granules 

cause voids to form in the concrete structure. In other words, the decrease in compressive strength is not 

only due to XLPE granules acting like voids, but also due to XLPE causing additional voids in the concrete 

structure. 
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(ID-5927) Beton ¦ret m nde S¿perplast kleĸt r c  Kullan m n n Karbon ve Su Ayak Ķz  ¦zer ndek  

Etk ler n n Ķncelenmes 

¦mran Akgºl1, Sera Set1, Furkan Kusuk1 

1 Akk m K mya Sanay  ve T c. A.ĸ. 

 

Beton, d¿nyada en yaygēn kullanēlan yapē malzemes  olup, k¿resel antropojen k karbond oks t 

em syonlarēnēn %6 ï10'undan sorumludur. Bu em syonlarēn b¿y¿k kēsmē, betonun ana b leĸen  olan 

Portland ­ mentosundan kaynaklanmaktadēr [1]. Betonun karbon ayak z n  azaltmanēn yollarēndan b r  

­ mento m ktarēnē azaltmak ­ n s¿perplast kleĸt r c  kullanmaktēr [2]. S¿perplast kleĸt r c ler, betonun 

ĸleneb l rl ĵ n  artērmak, su/­ mento oranēnē d¿ĸ¿rerek dayanēmē y¿kseltmek ve ­ mento h dratasyonundan 

kaynaklanan b¿z¿lme ve termal ger lmeler  azaltmak amacēyla kullanēlēr [3]. Betonda kullanēlan 

akēĸkanlaĸtērēcē katkē maddeler n n ­erd ĵ  temel hammaddelere baĵlē olarak su azaltma oranlarē 

deĵ ĸkenl k gºsterr [4]. Y¿ksek su azaltma kapas tes ne sah p pol karboks latlar, ­ mento part k¿ller n n 

daĵēlēmēnē y leĸt r r ve d spers yon saĵlarlar [5]. Bu ­alēĸmada, CEM-I 42,5 R ­ mentosu ve y¿ksek-

pol karboks lat ­er kl  s¿perplast kleĸt r c n n beton denemeler  yapēlmēĸtēr. Betonda ­ mento kaynaklē 

CO2-em syonunu azaltmak amacēyla, s¿perplast kleĸt r c  oranlarē deĵ ĸt r lerek ­ mento m ktarē 

d¿ĸ¿r¿lm¿ĸ ve ĸah t betona gºre azaltēlan su m ktarlarē hesaplanmēĸtēr. ¢alēĸmalarda s¿perplast kleĸt r c  

kullanēmē le su azaltma-basēn­ dayanēmē karĸēlaĸtērmasē, ve s¿perplast kleĸt r c  kullanēmēnēn arttērēlmasē 

le ­ mento m ktarēnēn d¿ĸ¿r¿lmes-aynē basēn­ dayanēmlarēnēn elde ed lmes  olarak 2 beton grubu 

deĵerlend r lm ĸt r. Anahtar Kel meler: Beton, s¿perplast kleĸt rc , karbon-su ayak z  References [1] Yas n 

Eng n, 06.09.2024, ñSēfēr Karbon Hedef nde Yapēsal Beton ï 1ò https://www.betonvec mento.com/beton-

2/s f r-karbon-hedef nde-yap sal-beton-1 [2] Jam e GOGGINS, 06.09.2024, ñYeĸ l ­ mento ¿ret m n n 

artmasē nĸaatlarēn karbon ayak z  azaltēlab l rò, https://tem zenerj .org/2024/05/02/yes l-c mento-

uret m n n-artmas- nsaatlar n-karbon-ayak- z-azalt lab l r/ [3] Collepard ,M. 1988, ñAdm xtures Used To 

Enhance Plac ng Character st cs of Concreteò, Enco Eng  Neer ng Concrete,Cement and Concrete 

Compos tes, 103-112 [4] Nk namubanz , P.C., Mantellato, S. and Flatt, R.J., 2016, ñSuperplast c zers n 

Pract ceò, In Sc ence and Technology of Concrete Adm xtures, 353-377 [5] Uch kawa, H., Hanehara, S. 

and Sawak , D., 1996 ñThe Role of Ster c Repuls ve Force n the D spers on of Cement Part cles n Fresh 

Paste Prepared w th Organ c Adm xturesò, Cement and Concrete Research, 27(1), 37-50 

Keywords: Beton, s¿perplast kleĸt r c , karbon-su ayak z 
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(ID-6078) Product on And Characte zat on Of Hemp F ber And Aram d F ber Re nforced Epdm 

Rubber 

Ķrem Se­k n Ķĸcan1, El­ n Kahraman2, Azad Kēzēlkaya2, Ķlker C n3, Gºk­e Bak ler3, M.ºzg¿r 

Seyd beyoĵlu2 

1 Ege Un vers ty, Erenl  Rubber 

2 Ķzm r Kat p ¢eleb  Un vers ty 

3 Erenl  Rubber 

 

In th s study, EthylenePropylene D ene Monomer (EPDM) rubber, synthet c f ber and natural f ber was 

used to understand and compare the mechan cal propert es of the EPDM rubber re nforced w th b obased 

and synthet c f bers. The hardness of f ber re nforced rubber m xtures at d fferent phr rat os s evaluated by 

Shore A hardness test. The h ghest hardness values are seen n rubber m xtures conta n ng 5 and 7 phr 

aram d f ber and 5 and 10 phr hemp f ber. When compar ng tens le test results, pure rubber exh b ted an 

average tens le strength value of 14.2 MPa, wh le for a blend conta n ng 10 phr aram d f ber re nforcement 

th s value decreased to 9.67 MPa - nd cat ng the poss ble negat ve mpact of h gh aram d re nforcement 

levels on overall durab l ty under tensle stress cond t ons. s do ng. It has been observed that the ML values 

show s gn f cant changes, wh ch means that the flow of the mater al becomes more d ff cult as the f ber 

rat o ncreases. The greatest mprovements are seen n rubber blends conta n ng 5 and 10 phr hemp f ber 

and 5 and 7 phr aram d f ber. The lowest elongat on at break percentages are seen n rubber blends 

conta n ng 10 phr hemp f ber. The ncrease n ML and MH values as the Phr value ncreases shows that 

hemp f bers prov de an ncrease n hardness and res stance aga nst EPDM rubber. In conclus on, the study 

showed how hemp f ber can replace the aram d f ber for EPDM rubber formulat ons to prov de susta nable 

solut ons for the polymers & compos tes mater als and automot ve appl cat ons. 

Keywords: EPDM, rubber, hemp, aram d, f ber, re nforcement 
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Abstract ï Adhesively bonded carbon fiber/ Polyether ketone ketone (CF/PEKK) systems, utilizing 

recyclable and high-performance PEKK polymer, are of great importance in the aerospace and automotive 

industries. PEKK is known for its excellent mechanical properties and thermal resilience, while its 

recyclability enhances sustainability. When combined with carbon fiber (CF), this material offers lightness 

and high strength. Adhesively bonded CF/PEKK systems eliminate the weaknesses associated with 

traditional mechanical joints by providing more even load distribution and enhancing structural integrity. 

Additionally, PEKKôs chemical and environmental resistance offers long-lasting and maintenance-free 

solutions. This study presents a numerical analysis of single lap adhesive joints composed of CF/PEKK 

adherends bonded with AF163 2-K adhesive under tensile load using ANSYS software. The numerical 

model incorporates experimental geometry and material properties derived directly from experimental 

results. The adhesive was modeled using a multilinear isotropic hardening material model to accurately 

represent the true stress-strain behavior. The finite element model included detailed mesh refinement in the 

bond region to capture stress concentrations accurately. The failure load was determined to be 4030 N, 

corresponding to a 3.3% equivalent plastic strain in the adhesive. The numerical results align well with 

experimental observations, confirming the model's accuracy. 

 
Keywords ï adhesive bonding; CF/PEKK composites; numerical analysis; lap shear test 

 

1. Introduction 
 

Adhesively bonded composite joints are increasingly utilized in high-performance applications such as aerospace 

and automotive industries due to their superior load distribution, structural integrity, and lightweight properties. 

Among the various thermoplastic polymers available, Polyether Ketone Ketone (PEKK) has emerged as a promising 

candidate for advanced composite systems. Known for its excellent mechanical properties, thermal resilience, and 

recyclability, PEKK provides a sustainable solution while maintaining exceptional durability. When reinforced with 

carbon fiber (CF), the resulting composite offers a high strength-to-weight ratio, making it ideal for demanding 

environments. Despite these advantages, achieving reliable bonding in CF/PEKK systems poses challenges due to 

the material's inherent hydrophobicity and low surface energy, which hinder adhesion. Traditional mechanical 

fastening methods are often unsuitable for such materials as they introduce stress concentrations, reduce fatigue life, 

and increase weight. Adhesive bonding, therefore, provides a preferred alternative, offering uniform load transfer 

and improved fatigue resistance. However, the success of adhesive joints depends significantly on the adhesive 

properties, surface preparation, and the interaction between the adhesive and adherends.  

 

Finite element (FE) modeling has been widely utilized for analyzing adhesively bonded joints (ABJs) in the literature 

[1]. Adams et al. introduced both linear [2] and nonlinear FE analysis (FEA) approaches for ABJs [3]. While 2D 

FEA was initially popular due to its simplicity, advancements in numerical techniques have led to the widespread 

adoption of 3D FEA [4]. For instance, Guo et al. [5] employed 3D FEA to investigate the influence of bonding surface 

morphologies and bond-line thickness on the mechanical performance of single-lap joints (SLJs). Similarly, Bai et 

al. [6] integrated 3D FEA with digital image correlation (DIC) full-field displacement data to analyze adhesive 

interface stresses in composite SLJs. Their findings revealed that the outer plate surface displacement measured using 
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DIC could be extrapolated to the inner plate surface displacement using cubic polynomial functions. Jairaja et al. [7] 

explored the distribution of peel and shear stresses along the bond-line in single and dual-adhesive SLJs. More 

recently, FEA has been applied to study complex conditions such as dynamic loading [8], fatigue [9], vibration [10], 

and environmental effects [11], further demonstrating its effectiveness. 

 

This study focuses on the evaluation and prediction of failure behavior in CF/PEKK single-lap adhesive joints bonded 

with Scotch-Weld AF 163ï2 K adhesive. The research combines experimental testing and numerical simulations to 

analyze the mechanical performance and stress distribution in the joints under tensile loads. By utilizing advanced 

finite element modeling techniques, the study provides a comprehensive understanding of the factors influencing 

joint performance, including adhesive properties and interfacial interactions. The findings aim to contribute to the 

optimization of CF/PEKK bonded systems, enabling their broader application in critical engineering fields. 

 

2. Experimental 

 

2.1. Manufacturing of CF/PEKK composite plates 
 

The CF/PEKK composite plates were manufactured using a laser-assisted automated fiber placement (AFP) system 

with carbon fiber (AS4D 12K) and PEKK tape (Toray CetexÈ TC1320). The composites were consolidated in an 

autoclave at a temperature of 377 ÁC, with a heating rate of 5 ÁC/min and a cooling rate of 11 ÁC/min. This process 

was maintained for 25 minutes to ensure proper consolidation. The setup included a polyimide film, peel-ply fabric, 

fiberglass bleeder cloth, and breather fabric, which were vacuum bagged for 30 minutes to ensure airtightness. The 

final composite panels, measuring 600 Ĭ 900 Ĭ 24 mmį, had a void content of 0.46% and a fiber volume fraction of 

57.47%, achieving an average tensile strength of 2020 MPa. The panels were cut to the desired adherend sizes using 

a robotic water-jet machine. More detailed information can be found in Reference [12]. 

 

2.2. Preparation of single lap CF/PEKK adhesively bonded joints 

 
The CF/PEKK single lap joints were prepared using Scotch-Weld AF 163ï2 K adhesive film, which includes a knit 

supporting carrier. The adhesive film was stored at ī18 ÁC and conditioned at 4 ÁC to prevent condensation before 

use. It was then brought to room temperature for 30 minutes and cut to the required dimensions using a digital cutting 

machine. After surface preparation of the adherends, the Scotch-Weld AF 163ï2 K adhesive film was mounted onto 

the overlap region. The overlap area was wrapped with high-temperature-resistant tape to prevent adhesive flow 

during the curing process, and pressure was applied using binder clips. CF/PEKK tabs were also adhered to the ends 

of the specimens using the same adhesive. This process ensured precise application and optimal bonding strength for 

the single lap joint specimens. 

 

2.3. Mechanical tests 

 

Lap shear tests were conducted using an INSTRON 5982 testing machine equipped with a 100 kN load cell. The 

tests were performed at a crosshead speed of 1.3 mm/min. Each test was repeated three times for to ensure reliability. 

The specimens were loaded under tensile conditions until failure, and the mechanical performance was evaluated 

based on shear stress-strain curves. The joints demonstrated high load-carrying capacity, reaching maximum loads 

in the range of approximately 4000ï4700 N across the three specimens. The displacement at failure varied slightly 

among the specimens, with peak displacements around 0.15ï0.20 mm. This variation indicates consistency in load-

bearing performance with minimal deviation. 
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Figure 1. Load-displacement curves of the CF/PEKK adhesively bonded joints 

 

3. Numerical modeling  

 
Numerical analyses of single-lap adhesive joints consisting of AF163-2K adhesive and KF/PEKK adherend 

composite under tensile loading were performed using the ANSYS software. In the numerical modeling, the specimen 

geometry and material properties were directly obtained from experimental results. Figure 2 (a) shows the ANSYS 

Workbench interface used for creating the KF/PEKK single-lap adhesive joint model, while Figure 2 (b) presents the 

three-dimensional model created for the analysis. 

 

 
(a) 

 
(b) 

F gure 2. (a) ANSYS Workbench nterface (b) Three-d mens onal model of the s ngle-lap adhes ve jo nt 
 



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

ΟΞ 
 

In the numerical modeling, the adhesive geometry was first generated (Cell A), followed by the definition of the 

adhesive's mechanical properties (Cell H). The AF163-2K adhesive was modeled using the multilinear isotropic 

hardening material model, which defines the stress-strain curve. Figure 3 provides the true stress/true strain curve for 

the AF163-2K adhesive obtained from the literature, along with a screenshot of the data processed in ANSYS. This 

process was completed in Cell H, and the geometry and material model were transferred to Cell B. Subsequently, the 

bottom adherend and upper adherend were modeled in two dimensions in Cell C and Cell G, respectively, and then 

converted into three-dimensional models in Cell D and Cell E using the ACP-Pre module. In Cell F, the adherend 

materials and adhesive were assembled. At this stage, meshing operations were carried out. A finer mesh structure 

was used in the bonding region to achieve more accurate stress values. For the CF/PEEK adherend material, six 

elements were used through the thickness, while eight elements were used for the adhesive. Along the overlap length, 

the element size in the adhesive region was set to 0.25 mm, whereas for other dimensions, the element size was set 

to 1 mm. The total number of elements used in the model was 220,540. Figure 4 shows the created single-lap 

CF/PEKK adhesive joint and a detailed view of the mesh structure in the overlap region. Figure 5 illustrates the 

loading and boundary conditions for the single-lap CF/PEKK adhesive joint. Accordingly, the side surface of the 

bottom adherend was defined as fixed support to simulate the tensile test. For the side surface of the upper adherend, 

translation was allowed only in the x-direction, and a force was applied in the same direction. In these analyses, the 

load was gradually increased until the equivalent plastic strain value of the adhesive reached 3.3%, which corresponds 

to the failure plastic strain value in the true stress-true strain curve of the adhesive material. Table 1 presents the 

equivalent plastic strain values corresponding to different load levels. As seen in Table 1, the equivalent plastic strain 

value reached 3.3% at a load of 4030 N. According to the analysis results, the failure load of the CF/PEKK single-

lap adhesive joint was determined to be 4030 N. Figure 6 shows the deformation of the CF/PEKK adhesive joint in 

the x-direction under a load of 4030 N. The deformation in the x-direction was found to be 0.212 mm. 

 

  
ыċь ыĤь 

Figure 3. (a) True stress/true strain curve of the AF163-2K adhesive (b) Definition of this curve in ANSYS using 

the multilinear isotropic hardening material model 
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(a)  

     
(b) 

Figure 4. (a) Finite element model of the CF/PEKK adhesive joint (b) Detailed view of the mesh structure in the 

bonding region 

 

 
Figure 5. (a) Loading and boundary conditions for the CF/PEKK adhesive joint 
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Table 1. Force-Equ valent Plast c Stra n (Ůp) Values 

Force (N) Equ valent Plast c Stra n (Ůp) (mm/mm) Equ valent Plast c Stra n (%) 

4000 0.0324 %3.24 

4010 0.0325 %3.25 

4020 0.0327 %3.27 

4030 0.0330 %3.30 

4050 0.0350 %3.50 

4100 0.0380 %3.81 
 

 
 

Figure 6. Deformation image of the KF/PEKK adhesive joint in the x-direction under a load of 4030 N 

 

Figure 7 (a) shows the equivalent plastic strain (Ůp) values in the AF163-2K adhesive under a load of 4030 N obtained 

from the analyses. As seen, the plastic strain values in the middle of the overlap region are significantly lower, 

indicating that the failure will not initiate from the center of the adhesive. As shown in Figure 7 (b), the equivalent 

plastic strain (Ůp) values reach the critical value of 3.3% at the interface region between the bottom adherend and the 

adhesive. According to the analysis results, failure is expected to initiate in this region. 

 

5. Conclusion 

 

This study successfully analyzed the failure behavior of CF/PEKK adhesively bonded composite joints 

using experimental and numerical methods. The combination of recyclable, high-performance PEKK 

polymer and carbon fiber provided lightweight, high-strength solutions suitable for aerospace and 

automotive applications. The joints prepared with Scotch-Weld AF 163ï2 K adhesive demonstrated 

superior bonding performance, with experimental results showing consistent load-carrying capacity and 

failure displacement. Numerical modeling in ANSYS effectively captured stress distribution and failure 

behavior, with the model accurately predicting a failure load of 4030 N at 3.3% equivalent plastic strain. 

The findings emphasize the importance of accurate material modeling, particularly the use of multilinear 

isotropic hardening models for adhesives, in predicting joint behavior under tensile loads. The study 

provides valuable insights into optimizing CF/PEKK joints for advanced engineering applications and sets 

the groundwork for future exploration of alternative adhesives, surface treatments, and joint configurations 

to further enhance performance. 
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(a) 

 
(b) 

Figure 7. (a) Equ valent plast c stra n (Ůp) values n the AF163-2K adhes ve under a load of 4030 N 

(b) Reg on where the equ valent plast c stra n (Ůp) values reach the cr t cal value. 
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Abstract ï Thermoplastic nanofiber interleaving is a novel technique to enhance the fracture toughness of 

carbon fiber/epoxy (CF/EP) composites without weight penalty and thickness increase. In this study, the 

mechanical behavior of CF/EP composites interleaved with polyamide (PA 6,6) nanofibers under Mode-I 

loading was investigated numerically. For this aim, PA 6,6 nanofibers were directly electrospun onto 

unidirectional CF/EP fabrics at different areal weight densities. Then, the CF/EP laminates with/without PA 

6,6 nanofibers were manufactured by vacuum-infusion. The mechanical test data were used as material data 

input in numerical simulations. Mode-I fracture toughness tests were carried out in accordance with ASTM 

standard. Numerical analysis of the CF/EP composites were carried out by using ANSYS 16.2 software 

package. The numerical results showed that the use of two exponential cohesive zone models could be a 

good solution to predict the response of the PA 6,6 nanomodified composites under Mode-I loading 

accurately. 

 
Keywords ï Composite structures; cohesive zone model (CZM); Nanofiber interleaving 

 

1. Introduction 
 

Carbon fiber/epoxy (CF/EP) composites have been found in many engineering applications since they offer 

significant weight reduction and better corrosion and fatigue resistance compared to their metal counterparts. 

However, they are generally prone to delamination damage due to the out-of-plane interlaminar stresses arising from 

low-velocity impact, manufacturing imperfections etc. Delamination is the most dominant failure mode observed in 

these materials which promotes damage growth and premature failure. Therefore, researchers have devoted 

significant attention to searching techniques for improving delamination resistance of these materials. Many different 

techniques were developed and evaluated by the researchers over the years [1-4].  

Thermoplastic nanofiber interleaving is a novel technique to improve the delamination resistance of CF/EP 

composites without weight penalty and thickness increase. In this technique, electrospun thermoplastic nanofibers 

are collected onto primary reinforcing carbon fibers before traditional composite manufacturing. With this technique, 

it is possible to improve delamination resistance (fracture toughness) of CF/EP composites without negatively 

affecting their mechanical and thermomechanical properties (tensile and flexural modulus, glass transition 

temperature (Tg) and dynamic modulus etc.) unlike the other toughening methods. A recent review by Palazzetti and 

Zucchelli [5] systematically reviewed the experimental studies of this topic. In the literature, different types of 

nanofibers such as PCL [6], PVA [7], PU/CNTs [8], PSF [9], PA 6,6 [10], and were used as secondary reinforcement 

between the primary reinforcing plies to improve both Mode-I and Mode-II fracture toughness of CF/EP and E-

glass/epoxy laminated composites.  

The delamination behavior of laminated composites has been extensively investigated using the fracture mechanics 

framework. Different computational methods such as the virtual crack closure technique (VCCT) and the J-integral 

were developed and evaluated to simulate the crack propagation in laminated composites. However, there are some 

shortcomings that arise when they are performed with finite element method. The cohesive zone modelling (CZM) 

can be used to predict delamination growth within the framework of damage mechanics. It is based on zero-thickness 

cohesive elements ahead of the crack as a model of fracture process zone without the stress singularity. In the study 

by Dugdale [11], the CZM was first applied to a ductile material (steel) and it was assumed that the cohesive stresses 
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were equal to the yield stress of the steel. Barenblatt [12] proposed a cohesive zone concept to simulate crack 

initiation and growth in ideally brittle materials.  

Although there are increasing number of experimental studies on the nanofiber interleaving technique, a few studies 

have been published where the authors have used CZM approach to simulate the delamination behavior of CF/EP 

composites interleaved with thermoplastic nanofibers. The following paragraph summarizes the numerical studies in 

which CZM approach was used to simulate the mechanical response of PA 6,6 nanofiber interleaved composite 

laminates under Mode-I loading. 

Moroni et al. [13] investigated the PA 6,6 nanofiber interleaved CF/EP composites under Mode-I and Mode-II 

loading conditions. They conducted both laboratory experiments and numerical simulations. It was concluded that a 

bilinear damage law should be used to match experimental and numerical results of the PA 6,6 nanofiber interleaved 

CF/EP composites whereas a linear damage law could predict the response of reference CF/EP samples correctly. 

Giuliese et al. [14] also showed that a bilinear damage law was necessary to accurately predict the delamination 

response of the nanomodified interface. They also showed that there was an obvious relationship between the 

nanofiber layer parameters and the cohesive energy of the interface. Saghafi et al. [15] determined the cohesive zone 

parameters of reference and PA 6,6 nanomodified composite laminates then the effects of PA 6,6 nanofibers on the 

impact response was studied by using these cohesive zone parameters. Garcia et al. [16] and Beylergil [17] 

investigated the effects of PA 6,6 nanofibers on the global dynamic response of composite laminates using a simple 

FE modeling procedure. Unlike the studies which use bilinear damage law to simulate the delamination behavior of 

PA 6,6 nanomodified composites, this study uses exponential cohesive law. Although both methods converge well, 

the linear softening not as well as the exponential softening for Mode-I simulation. The bilinear damage law requires 

the determination of many cohesive zone parameters to fit experimental and numerical results than the exponential 

law. In most of the studies in literature, laboratory experiments were carried out to investigate the effects of different 

types of nanofibers on the mechanical response of laminated composites. However, only a few studies on numerical 

modeling of nanomodified composites were published. The aim of this study is to fill this research gap in this research 

area and strengthen our knowledge on the effects of PA 6,6 nanofibers when they are placed as a secondary 

reinforcement between the composite plies. 

In this study, Mode-I fracture toughness of CF/EP composites interleaved with/without PA 6,6 nanofibers was 

investigated numerically. Numerical analyses of the CF/EP composites were carried out by using ANSYS 16.2 

software package. Firstly, the numerical results were verified against those presented in the literature. Then, the 

verified FE model was extended to the current study. The cohesive zone parameters to simulate interfacial 

delamination of the reference and PA 6,6 nanomodified CF/EP composites were determined by using the 

experimental data. 

 

2. Experimental 

 

The unidirectional (UD) carbon fibers (with an areal weight density of 350 gsm) were used as the primary 

reinforcement. The epoxy resin and its corresponding hardener (Momentive L160/H160, weight ratio: 

80:20) were used as the matrix. 10 wt% PA 6,6 electrospinning solutions were prepared by using the binary 

formic acid/chloroform with the ratio of 75:25 v/v at room temperature. The electrospinning set-up was 

composed of a rotating collector, a syringe pump and six nozzles and shown in Figure 1.  
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Figure 1.  (a-b) Electrospinning process and deposition of PA 6,6 nanofibers, (c) carbon fabrics after 

electrospun nanofiber deposition and (d) SEM image of PA 6,6 nanoveil sample taken from the surface 

carbon fabrics [7, 10]. 

 

The electrospinning duration was selected as 30 and 60 minutes. After the electrospinning process, the 

deposited nanofiber PA 6,6 layer onto carbon fabric was slowly peeled off and the PA 6,6 nanofiber layer 

was weighted by using a high precision scale. The corresponding PA 6,6 nanofiber amount for 30- and 60-

minutes deposition was calculated as 0.525 and 1.0 gsm, respectively. One nanofiber interlayer was placed 

by electrospinning between the second and third unidirectional plies for Mode-I fracture toughness tests. 

More details about experimental procedure can be found in the study by Beylergil [18]. The reference (four 

UD carbon plies) and PA 6,6 nanofiber deposited (nanomodified, four UD carbon plies+ 1 PA 6,6 nanoweb 

interlayer) CF/EP composite laminates were produced by vacuum-infusion. After at room and high 

temperature curing, the reference and PA 6,6 nanofiber interleaved composite specimens were prepared by 

a water-jet cutting. The average thickness of the composites was determined as 1.20-1.21 mm. PA 6,6 

nanofibers had no observable effect on the average composite thickness. Tensile tests were performed using 

a servo hydraulic testing machine (MTS 810) with a 100 kN capacity. The machine was operated at 2.0 

mm/min up to failure. The strain was measured by a clip-on extensometer attached to the specimen surface. 

Elastic modulus of reference and PA 6,6 nanomodified composite specimens were determined in the 

longitudinal and transverse directions. In UD composites, the tensile failure generally occurs near the ends 

of the tabs. This may result in the misjudgments of the tensile results. Therefore, dumbbell-like shape 

specimens were used in tensile tests. More information about the geometry of tensile test specimens can be 

found in Refs. [19, 20]. The Mode-I interlaminar fracture toughness of the composite specimens was 

calculated by double cantilever beam (DCB) testing in accordance with ASTM 5528-13[21] standard. 

Figure 2 shows the resistance curves (GIC vs delamination length) of the composite specimens. The 

increasing tendency in GIc values with delamination length was due to crack bridging by nanofibers 

observed in the PA 6,6 nanomodified composite specimens. To determine shear modulus (G12) of the 

composite specimens, a new group of unidirectional composite specimens were prepared and cut at a Ñ45o 

orientation. Tensile tests were carried out on these specimens and tested at a crosshead speed of 2 mm/min. 

G12 was calculated by using the following formula [22]; 

 

12

12

1 2 1

1

4 1 1 2

x

G

E E E E

u
=
å õ
- - +æ ö

ç ÷

 ШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШ(1) 



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

ΟΦ 
 

where Ex, E1, E2 and ɡ12 represent the elastic modulus at Ñ45
o degree, longitudinal (0O), transverse modulus 

(90O), the major poisson ratio; respectively. Table 1 presents the mechanical test results of the composite 

specimens with/without PA 6,6 nanofibers. 
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Figure 2. GIC vs. delamination length (resistance curves) of (a) reference, (b) PA6,6-AWD-0.525 and (c) 

PA6,6-AWD-1.05 composite specimens. 

 

 

 

 

 

 

 
Table 1.  Mechanical properties of the CF/EP composites with/without PA 6,6 nanofibers. 

Mechanical property Reference 
0.525 gsm- PA 6,6 nano 

interleaved composites 

1.05 gsm-PA 6,6 nano  

interleaved composites 

E1 (GPa) 122.2 121.5 120.8 

E2 (GPa) 9.30 9.20 9.03 

G12 (GPa) 4.30 4.23 4.19 

v12 (-) 0.305 0.305 0.305 

 

3. Numerical 

 

3.1 Cohesive zone modelling (CZM) 

 
CZM is a unique damage model based on cohesive forces and energy that holds the material (or interface) together. 

It provides an effective way of modeling delamination in laminated composites. Figure 3 shows a cohesive zone 

model for interfacial separation. Before loading, a CZ zone element is called undamaged. If the surfaces have been 

completely separated, there are no force interactions between the cohesive surfaces therefore the element is called 

fully damaged.  
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F gure 4. Cohes ve zone model of nterfac al separat on [27]. 

 

F gure 5. Cohes ve zone model of nterfac al separat on [27-29]. 

The success of CZM mainly depends on the accurate determination of the relationship between the traction (ů) -

required stress to open interface- and the effective separation (ŭ). The area under the traction-separation curve is 

equal to the fracture toughness GC. Figure 4 shows various cohesive zone laws, i.e. bilinear, exponential, trapezoidal, 

and trilinear, used for describing the behavior of different materials in literature. From the perspective of accuracy 

and convergence of the solutions, the exponential law was identified as the optimal one in literature. Therefore, in 

this study, the exponential law, in terms of the maximum normal and shear separations, was selected to simulate 

interface delamination of CF/EP composites with/without PA 6,6 nanoweb interlayers. The exponential cohesive 

zone parameters were given below [23]; 
0

Is : Maximum normal traction at the interface (0

Is ) 
c

nd : Normal separation across the interface where the maximum normal traction is attained. 
t

nd: Shear separation where the maximum shear traction is attained. 

h: Artificial damping (taken as 10-4 to obtain smooth force-separation plot in this study). 

 

 

 

3.2 Numerical verification 

 
To verify finite element model, a DCB problem was taken from the literature and the obtained results were compared 

with the published results. The length and width of the DCB specimen were 100 mm and 20 mm, respectively. The 

composite specimen was made of four unidirectional carbon fiber/epoxy plies with a total thickness of 3 mm. The 

initial crack (a) was placed 30 mm away from the loaded edge. Table 2 shows material properties of the CF/EP 

composite specimen. Figure 5 (a) shows the mesh structure of the composite specimen. In total, 2280 elements and 

2406 nodes were used to create FEM model of the composite specimen. Boundary and loading conditions were as 

follows; the right end of the beam is fixed, and a constant displacement of 10 mm was applied on left edges of the 

beam as shown in Figure 5 (b). Figure 6 shows von-Mises stress distribution in the composite specimen obtained 

from the numerical analysis. As expected, the equivalent von-Mises stress values reached its maximum value at the 

crack tip. Table 3 shows the comparison of the FEM obtained results with the literature. It could be seen that very 

close agreement was found between the presented results and the numerical results available in literature. After 

verification, the FE model was extended to simulate the behavior of reference specimens under mode-I loading. To 
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simulate the Mode-I fracture toughness experiments, the dimensions of the model were changed as 137.5x25x1.2 

mm. The numerical data were compared with the pre-cracked test results. Therefore, the length of the initial crack 

was considered as 53 mm. The material properties obtained from the tensile tests were directly entered into the FEM 

model. The mesh structure, loading and boundary conditions were kept the same as in the verification step. The 

poissonôs ratio (ɡ12) was assumed constant as suggested in the study by Liu et al. [8]. The cohesive zone parameters 

were changed to fit the CZM simulation results to the set of experimental data. 

 

 
(a) 

 
(b) 

Figure 5. (a) Mesh structure and (b) applied boundary and loading conditions.  

 

 
Figure 6. von-Mises stress distribution in the DCB composite specimen. 

 

Table 2.  Mechanical properties of the CF/EP composites used for the numerical verification [26]. 

Mechanical property Value 

E1 (GPa) 135.3 

E2 (GPa) 9.00 

G12 (GPa) 5.20 

v12 (-) 0.26 

 

Table 3.  Numerical verification (Maximum force, reaction force in the y-direction and von-Mises 

stress in the DCB specimen) 

 
Max Force FY 

 (N) 

End Reaction force FY 

(N) 

Von-Mises Stress (MPa) 

This study 60.09 24.00 305.23 

Barbero [26] 58.59 24.07 305.96 

 

4. Results and discussion 

 

Figure 7 shows comparison between experimental results and cohesive zone model response in the case of 

reference composite specimens. The FE model predictions were in reasonable agreement with the 

experimental test data although the predicted maximum force values were little lower than those of the 

experiments. The predicted maximum force was 12.5 N whereas the average maximum load of the reference 

specimens was 14.4 N. The numerical error was about 13% which could be reduced by tuning the cohesive 

zone parameters. However, the correct prediction of Mode-I fracture toughness is more important than the 

accuracy of maximum load prediction. Therefore, the cohesive zone parameters were adjusted to obtain 

highest accuracy in the fracture toughness values. The maximum normal traction at the interface, normal 
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separation across the interface and shear separation cohesive zone parameters were determined as 25, 

0.0036, 0.0043, respectively. 

 

 

 
Figure 7. Comparison between experimental and cohesive zone model for the reference composite 

specimens. 

 

Unlike the reference composite specimens, PA 6,6 nanomodified composites (Figure 8) behaved differently 

in the crack propagation stage. The sharp load drops were observed in the load-displacement curves of the 

reference composite specimens. This is an indication of highly unstable crack growth along the interlaminar 

region in the unidirectional CF/EP composites. On the other hand, PA 6,6 nanomodified composite 

specimens experienced many small-load drops during the crack propagation. The reason for that was the 

crack in PA 6,6 modified specimens traveled much more slowly in the interlaminar region as compared to 

the reference specimens. Therefore, it can be said that more stable crack propagation takes place in the PA 

6,6 nanofiber modified composites. The main reason for this difference is that extensive nanofiber bridging 

occurs in the interlaminar region. Figure 8 also shows the numerical results of PA 6,6-AWD-0.525 and PA 

6,6-AWD-1.05 composite specimens, respectively. It was noteworthy that using only one exponential 

cohesive zone model was not good enough to predict the behavior of PA 6,6 nanomodified composites 

accurately. The superposition of two different softening laws is suitable to simulate fracture of composite 

laminates as stated by Davila et al. [24] and Airoldi and Davila [25]. Therefore, the interfacial delamination 

simulation of PA 6,6 nanomodified composites were carried out in two-steps. Their load-displacement curve 

was divided into two parts; (i) initiation (until the crack propagates 20 mm from the artificial crack) and 

(ii) propagation stage. It was stated in the literature that the bi-linear law was suitable when the applied 

composite laminate was woven, and fiber bridging was negligible [15]. On the other hand, in this study, 

unidirectional carbon plies were used. Therefore, the response of PA66 nanomodified specimens under 

Mode-I loading were predicted by using two different exponential cohesive zone models (one for each 

stage).  

Table 4 shows the determined cohesive zone parameter values for the PA 6,6 nanomodified composite 

specimens. The average experimental maximum load (Fmax,exp) values were determined as 16.4 N and 

21.0 N and for the PA66-AWD-0.525 and PA66-AWD-1.05 composite specimens, respectively. The 

numerical maximum load (Fmax,num) values were determined as 16.39 N and 19.63 N and for the PA66-

AWD-0.525 and PA66-AWD-1.05 composite specimens, respectively. It can be said that the exponential 

cohesive law with the determined parameters were able to predict the maximum force values correctly. The 

results of two exponential cohesive zone models were superposed to calculate the Mode-I fracture 

toughness of the reference and PA 6,6 nanomodified composite specimens. The area under the curves was 

used to determine the Mode-I fracture toughness values of the specimens.  
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(a) (c) 

  
(b) (d) 

 

F gure 8. Compar son between exper mental and cohes ve zone model of (a-b) PA66-AWD-0.525 

spec mens (c-d) PA66-AWD-1.05 specimens. 

 

Table 4 presents the numerical Mode-I fracture toughness values with comparison of experimental data. It 

can be said that the numerical predictions were good agreement with the experimental results. The 

numerical error in the analyses was in the range between 3-7%. The resulting FE model provided fracture 

toughness properties that are better matching with the experimental response compared to that presented in 

the literature. 

 

Table 4. Cohesive zone parameters used for the numerical modelling of PA 6,6 nanomodified composite 

specimens 

0.525 gsm- PA 6,6 nanomodified composites 

 
c

nd  t

nd 0

Is  h 

In t al stage 0.0045 0.0054 40 0.0001 

Propagat on stage 0.0036 0.0043 25 0.0001 
1.05 gsm-PA 6,6 nanomodified composites 

 
c

nd  t

nd 0

Is  h 

In t al stage 0.0028 0.0046 85 0.0001 

Propagat on stage 0.0037 0.00536 40 0.0001 

 

5. Conclusion 

 

In this study, numerical analyses of CF/EP composites interleaved with/without PA 6,6 nanofibers under 

Mode-loading was carried out by using ANSYS software package. PA 6,6 nanofibers were directly 

electrospun onto unidirectional CF/EP fabrics at different areal weight densities. Then, the CF/EP laminates 
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with/without PA 6,6 nanofibers were manufactured by vacuum-infusion. Mechanical tests were carried out 

on these laminates to determine their mechanical properties in both longitudinal and transverse directions. 

The mechanical test data were used as material data input in numerical simulations. Numerical analysis of 

the CF/EP composites were carried out by using ANSYS 16.2 software package. The numerical results 

showed that the response of reference composite specimens could be accurately predicted by selecting one 

cohesive-zone parameter for both initiation and propagation stages of Mode-I testing. On the other hand, 

the correct prediction of the response of PA 6,6 nanomodified composites required the use of two different 

cohesive-zone parameter sets for the initiation and propagation stages of Mode-I loading. By selecting the 

exponential cohesive-zone parameters correctly, it was possible to obtain good agreement between the 

experimental and numerical results. Once the correct cohesive zone parameters are determined, the 

numerical model can be extended to investigate the mechanical response of nanofiber interleaved composite 

under different loading cases. 
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(ID-6138) Wood-Ash Re nforced Alum num Compos tes 

H¿sey n ¢eleb1, Anēl Berkay B¿ber1, Neĸe ¥zt¿rk Kºrpe1 

1 Esk ĸeh r Osmangaz  ¦n vers tes 

 

In th s study, the product on of wood ash re nforced alum num foams by powder metallurgy method and 

the effects of wood ash re nforcement on alum num foams were nvest gated. The f nd ngs of the study a m 

to contr bute to the development of susta nable and env ronmentally fr endly mater al opt ons by 

encourag ng the use of wood ash re nforced alum num foams n ndustr al appl cat ons. Metall c foams 

were produced us ng wood ash re nforcement and bor c ac d blow ng agent at 5%, 10%, 15% and 20% 

we ght percentages. Th s approach enables the product on of compos te mater als us ng cost-effect ve and 

durable raw mater als. The potent al of boron compounds to form pores by releas ng water at low 

temperatures was nvest gated as an alternat ve blow ng agent. The study evaluated the effects of pore s ze, 

shape, wall th ckness and connect on on the mechan cal propert es of metall c foams. In case of pos t ve 

results, boron compounds can be evaluated n more deta l and can contr bute to the nat onal economy n 

l ght of the fact that Turkey has 72% of the world's boron reserves. Cons der ng the h gh product on costs 

of metall c foam mater als, cost reduct on was also nvest gated by us ng alternat ve add t ves. Another a m 

of the research s to nvest gate the controllab l ty of relat ve dens ty, m crostructural propert es and n t al 

compress ve stress behav ors us ng process parameters such as n t al powder s ze, spacer type and amount, 

s nter ng temperature. When poros ty and hardness values were exam ned, t was observed that 5% wood 

ash add t on ncreased the mechan cal propert es of the mater al. 

Keywords: Metall c Foams Bor c Ac d Wood Ash Compos tes 
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 Abstract ï Soil improvement methods in geotechnical engineering are comprised of different techniques 

such as compaction, jet grouting. In addition, use of additives in soils to create composite material and to 

improve engineering properties is widely used by researchers. In this study, the effect of adding 

polypropylene fibers in sandy soils is investigated in terms of shear strength behavior by carrying out 

consolidated undrained triaxial compression tests. Samples are prepared with two relative densities 

representing loose sand and dense sand conditions. The amount of fiber content is determined as 0.1%, 

0.3% and 0.5%. To reflect the effect of overburden, samples are subjected to consolidation pressures of 50, 

100 and 200 kPa. Results are interpreted in terms of dilative and contractive behavior, stress-strain 

relationship, excess pore pressures and undrained effective stress path behavior. 

 

Keywords ï Soil improvement, Polypropylene fiber, Triaxial compression test 

 

1. Introduction 

Geosynthetic materials can achieve multiple tasks such as separating, filtration, drainage, and reinforcement 

in geotechnical applications. Natural soils, especially sands, are incapable of carrying tension forces. 

Literature shows that this tension force can be compensated by geosynthetic materials like fibers, 

geotextiles, geomembranes and geogrids. Geotextiles and geomembranes are planar materials. Geogrids 

are three dimensional geosynthetics. However, reinforcement supplied by fiber materials is somewhat 

different from geotextiles and geomembranes. Geotextiles and geomembranes contribute to reinforcement 

of the soil at a specific planar surface. On the other hand, since fiber materials are distributed all over the 

soil material their contribution is in the form of a composite material. Compared to chemical additives, 

reinforcement by geosynthetic materials has a great potential in decreasing the cost of reinforcement 

operations (Zornberg, 2002; Yetimoĵlu and Salbaĸ, 2003; Consoli et.al., 2005; Chen and Loehr, 2008; 

Choobbasti et.al., 2019; Claria and Vettorelo, 2016; Michalowski and Cermak, 2003; Noorzad and 

Zarinklaei, 2015; Sadek et.al, 2010).  

 

The aim of this study is to investigate consolidated undrained shear strength properties of sands reinforced 

by polypropylene fibers. Samples are prepared with two relative densities representing loose sand and dense 

sand conditions. The amount of fiber content is determined as 0.1%, 0.3% and 0.5%. To reflect the effect 

of overburden, samples are subjected to consolidation pressures of 50, 100 and 200 kPa. Results are 

interpreted in terms of dilative and contractive behavior, stress-strain relationship, excess pore pressures 

and undrained effective stress path behavior. Literature shows that fibers contribute to undrained shear 

strength by two basic mechanisms: stolen void ratio concept and fiber stretching (Wood et al., 2014; Wood 

et.al., 2016). Contribution of these concepts in the test results was investigated through undrained effective 

stress paths. 
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2. Materials and Methods 

2.1 Test Materials 

To investigate consolidated undrained (CU) shear strength behavior of fiber-reinforced sand, CU triaxial 

tests were performed on both silica sand and silica sand reinforced by polypropylene fibers. Engineering 

properties of silica sand and polypropylene fibers are presented in Table 1. 

Relative density (Dr) of silica sand is obtained as medium dense sand considering D10 (effective grain size), 

D30, D50 and D60 of 0.16, 0.42, 0.65 and 0.8 mm., respectively. According to Unified Classification System 

(USCS), silica sand is classified as poorly graded sand (SP), since coefficient of uniformity is Cu=5<6 and 

coefficient of curvature is 1<Cc=1.38<3. Maximum (emax) and minimum (emin) void ratios of silica sand are 

calculated as 0.904 and 0.480, respectively. 

Polypropylene fibers are transparent in color. They have a diameter of 18 microns. 6 mm length fibers were 

used in the testing program. Specific gravity of polypropylene fibers is 0.91 gr/cm3 and modulus of 

elasticity is 4000 MPa. Fiber geometry and sand geometry ratios are essential parameters for the 

interpretation of sand fiber interaction during loading. The fiber aspect ratio is 333. Df / D50 ratio is 0.028. 

Lf / D50 ratio is 9.23. 

 

Table 1. Engineering properties of silica sand and polypropylene fiber. 

PARAMETERS SILICA SAND FIBER PROPERTY 
ANALYSIS 

RESULT 

Gra n s ze d str but on parameters Index and strength parameters 

D10 (mm) 0.16 Color Transparent 

D30 (mm) 0.42 D ameter (m cron) (Df) 18 

D50 (mm) 
0.65 (med um sand-

ASTM) 
Length (mm) (Lf) 6 

D60 (mm) 0.80 
Spec f c surface area 

(m2/kg) 
250 

Cu 5.00 Spec f c grav ty (gr/cm3) 0.91 

Cc 1.38 Tens le strength (MPa) 300 

Gs 2.65 
Modulus of elast c ty 

(MPa) 
4000 

<0.075 mm (%) 0.00 
F ber geometry and sand granulometry 

rat os 

So l Class SP 
Aspect Rat o (Lf / Df) 333 

Relat ve dens ty parameters 

emax (ASTM D 4254) 0.90 
Df / D50 0.028 

em n (ASTM D 4253) 0.48 

ɔdry-m n (kN/m
3) 14.46 

Lf / D50 9.23 
ɔdry-max (kN/m

3) 16.18 
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2.2 Testing Method 

 

Consolidated undrained triaxial compression tests were performed on silica sand both with fibers and 

without fibers. Unreinforced and reinforced samples were both prepared in loose (Dr = 25%) and dense (Dr 

= 70%) conditions. Reinforced samples were prepared with fiber length of 6 mm. Fiber concentrations are 

f = 0.1%, 0.3% and 0.5% by dry weight of the host sand. Moist tamping method was used during the sample 

preparation stage in which maximum water content of 5% was added into the host sand. Since the host sand 

became moist, it was easier for the polypropylene fibers to be distributed more uniformly all throughout 

the sample. Moist sand-fiber mixtures were compacted in the split mould by tamping each layer of the 

mixture with a circular tamper.  

 

It is essential to mention that shear strength behavior of fiber reinforced sand is greatly affected by the 

sample preparation technique since sample preparation technique affects the orientation of fibers inside the 

reinforced sample. Orientation of fibers is an important parameter, which is closely related to stretching of 

fibers. Stretching of fibers is essential to resist against tension forces. 

 

CU triaxial compression tests on both unreinforced and reinforced samples were conducted on a 

deformation controlled triaxial test apparatus. ASTM D 4767 (Standard Test Method for Consolidated 

Undrained (CU) Triaxial Compression Test) standard was used as reference in the experiments. All samples 

were isotropically consolidated under pc'=50 kPa, pc'=100 kPa and pc'=200 kPa consolidation pressures 

before shearing stage. During the application of deviatoric load (shearing stage), the rate of shear was 

selected as 1 mm/min which was thought to be sufficient to record the pore water pressure change during 

load application. 

 

3. Interpretation of CU Triaxial Test Results 

 

3.1 Interpretation of CU Triaxial Tests on the Host Sand 

 

The relationship between axial strain-deviatoric stress, axial strain-excess porewater pressure ratio and 

effective stress paths for the host sand compacted under Dr=25% and Dr=70% relative densities are 

presented in Figure 1. It is evident that loose sand samples (Dr=25%) exhibit strain-softening behavior 

under all consolidation pressures. Excess porewater pressure ratio for loose samples range between ru=0.98-

1.1. Dense samples (Dr=70%) on the other hand, exhibit somewhat rigid plastic behavior where deviatoric 

stress increases up to some value after which axial strains increase while the deviatoric stress maintains its 

maximum value (Figure 1 (a)). Maximum excess porewater pressure ratios for dense samples range 

between, ru=0.4-0.5 (Figure 1 (b)).  

 

Effective stress paths of both loose and dense samples under 50, 100, 200 kPa consolidation pressures are 

given in Figure 1 (c). In this figure, critical state line and instability line for the host sand are given as well. 

Here, it is obvious that effective stress paths of all unreinforced samples irrespective of relative density and 

consolidation pressure lie on a unique line called the critical state line (CSL) which is the ultimate failure 

line at large strains. 
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Figure 1. a) Axial strain ïcorrected deviatoric stress b) Axial strain ï excess porewater pressure ratio and 

c) Undrained effective stress paths for the host sand with Dr = 25% and 70% relative densities and 

consolidated under pc'=50 kPa, pc'=100 kPa, pc'=200 kPa consolidation pressures. 

 

Since loose samples exhibit strain-softening behavior, instability line can be derived by drawing a line 

through the peak deviatoric stress points belonging to each of 50 kPa, 100 kPa and 200 kPa consolidation 

pressure. These peak deviatoric stress points are called the instability points. When deviatoric loading goes 

beyond instability point, the structure of the sample suddenly collapses, excess porewater pressures increase 

due to compressive volumetric tendency of the sample caused by rearrangement of sand grains and effective 

stresses decrease. As a result, shear strength decreases due to structural collapse and structural collapse 

initiates compressive volumetric tendency. Phase transformation points in dense unreinforced samples are 

not distinct enough. 

 

3.2 Interpretation of CU Triaxial Tests on Fiber Reinforced Sand  

 

3.2.1 Interpretation of stress-strain and excess porewater pressure behavior of loose samples 

 

Stress ï strain relations for loose samples under 50, 100 and 200 kPa consolidation pressures are given in 

Figures 2 (a), (b) and (c), respectively and those for excess porewater pressure behaviors are given in 

Figures 2 (d), (e) and (f). It is clear that polypropylene fibers with 6 mm. fiber length cause an increase in 

deviatoric stresses compared to unreinforced case. Test results also show that deviatoric stresses increase 

with an increase in fiber content in loose samples. 

 

Talking about stress-strain behavior of loose samples, effect of fibers starts to become obvious after e=1-

2% axial strain level. Irrespective of consolidation pressure, loose unreinforced samples exhibit strain-

softening behavior with excess porewater pressure ratios approaching ruº1 during straining of the sample. 

This behavior turns into limited strain softening or strain-hardening one with the addition of 0.3% and 0.5% 

fibers, respectively.  Samples with F=0% (unreinforced sample) and F=0.1% fiber contents show similar 

trend (strain- softening) in terms of stress-strain behavior. Coupling between F=0.3% and F=0.5% samples 

become more obvious at pcô=100 kPa and pcô=200 kPa.  This is probably due to suppression of dilative 

volumetric tendency due to increase in consolidation pressure.  
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Looking at the variation of excess porewater pressures with axial strain, loose samples with F=0% and 

F=0.1% fiber contents reach excess porewater pressure ratios of ru=1 irrespective of consolidation pressure. 

For loose samples with F=0.3% and F=0.5% fiber contents, there is a tendency of dilative volumetric 

behavior and hence, decrease in excess porewater pressures under all consolidation pressures. This dilative 

tendency is higher under pcô=50 kPa, however, it gets lower at pcô=100 kPa and 200 kPa. As stated in the 

previous paragraph, increase in consolidation pressure suppresses may have suppressed dilative volumetric 

tendency. 

 

It is known dilative volumetric tendency occurs in dense granular soils. Test results show that loose 

reinforced samples tend to dilate more with an increase in fiber content while in unreinforced case they are 

contractive. A research group from Bristol University Civil Engineering Geotechnical Division explained 

this phenomenon by stolen void ratio concept. According to this concept, fibers steal voids from the sand 

matrix, i.e, some voids of the sand matrix do not belong to the sand matrix anymore, therefore sand matrix 

feels denser. Since the sand matrix feels denser, excess porewater pressures decrease leading to increase in 

mean effective stress level under undrained loading conditions. This in turn leads to increase in deviatoric 

stresses. In our case, reinforced samples, although they are loose, have an increasing tendency for dilative 

volume change when fiber content increases. This makes sense according to the stolen void ratio concept 

since presence of more fibers inside the sample means more voids to be stolen from the sand matrix. For 

F=0.3% and F=0.5% samples, this behavior is obvious under all consolidation pressures. Sample having 

F=0.1% fiber content exhibits dilative volume change tendency under pc'=50 kPa as well, however, this 

tendency for F=0.1% fiber content is restrained under higher consolidation pressures. This leads to the 

conclusion that for lower levels of fiber contents, lower consolidation pressures are more suitable for the 

fibers to steal voids from the sand matrix. As consolidation pressure increases, freedom of fibers to steal 

voids from the sand matrix is suppressed (Diambra et.al. 2010; Diambra et.al. 2011; Diambra et.al. 2013; 

Diambra and Ibraim, 2015; Ibraim et.al. 2010; Ibraim et.al, 2012; Wood et.al, 2014; Wood et.al, 2016; 

Eldesousky et.al., 2016; Soriano et.al,2017) 

 

 

 

Figure 2. (a), (b) and (c) Axial strain-corrected deviatoric stress, (d), (e) and (f) Axial strain-excess 

porewater pressure ratios for (Dr=25%) loose samples under pc'=50 kPa, pc'=100 kPa and pc'=200 kPa 

consolidation pressures. 
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3.2.2 Interpretation of stress-strain and excess porewater pressure behavior of dense samples  

 

Stress ï strain relations for dense samples under 50, 100 and 200 kPa consolidation pressures are given in 

Figures 3 (a), (b) and (c), respectively and those for excess porewater pressure behaviors are given in 

Figures 3 (d), (e) and (f). It is clear that deviatoric stresses increase with an increase in fiber content in 

dense samples as well.   

 

Talking about stress-strain behavior of dense samples, effect of fibers starts to become obvious after e=1-

2.5% axial strain level.  The strain level where fibers begin to affect behavior decreases as consolidation 

pressure increases. It is clear from Figure 3 that, irrespective of consolidation pressure, deviatoric stresses 

of dense unreinforced samples increase up to some strain level and then stay constant up to high axial strain 

levels starting from that point. Dense reinforced samples, on the other hand, exhibit strain-hardening stress-

strain behavior. Excess porewater pressure behavior of unreinforced samples reaches up to approximately 

ru=0.4 and stay constant afterwards. Reinforced dense samples on the other hand exhibit dilative volumetric 

tendency giving way to decrease in excess porewater pressures. 

 

3.2.3 Interpretation of Undrained Effective Stress Paths 

 

Figure 4 shows the undrained effective stress paths for loose and dense samples. Both unreinforced and 

reinforced cases are included in the figure. There are some obvious trends in this figure. 

 

¶ The first trend is that, in most of the reinforced samples, presence of fibers causes undrained 
effective stress paths move to the right and upwards on the p'-q plane. This means they cause an 

increase in mean effective and deviatoric stresses. 

¶ The second trend is that approximately all undrained effective stress paths travel on a constant path 
which is the critical state line of the host sand. This result goes along well with the stolen void ratio 

concept put forward by the Bristol Geotechnical Engineering Group (Diambra and Ķbraim, 2015; 

Diambra et.al, 2010; Diambra et.al, 2011; Diambra et.al, 2013; Ibraim et.al., 2010 Ibraim et. al., 

2012; Soriano et.al., 2012; Wood et.al, 2014; Wood et.al., 2016). According to this concept, fibers 

steal voids from the sand matrix and cause sand matrix feel denser which causes decrease in excess 

porewater pressures and hence increase in mean effective stress level of the sample. This leads to 

undrained effective stress paths of the samples go right and upwards on the critical state line of the 

host sand. 

¶ Therefore, stolen void ratio concept and stretching of fibers are the basic concepts to be considered 
when interpreting the behavior of fiber reinforced granular soils. 
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Figure 3. (a), (b) and (c) Axial strain-corrected deviatoric stress, (d), (e) and (f) Axial strain-excess 

porewater pressure ratios for (Dr=70%) dense samples under pc'=50 kPa, pc'=100 and pc'=200 kPa 

consolidation pressures. 

 

 

 

Figure 4 Undrained effective stress paths for loose and dense samples with various fiber contents. 

 

4. Conclusion 

  

In the context of this study consolidated-undrained triaxial compression tests were performed on 

unreinforced and polypropylene fiber reinforced sand samples to investigate the effect of fiber 

reinforcement on undrained shear strength of sand. Samples were prepared by using moist tamping method 

then tested under relative densities of Dr=25% (Loose) and Dr=70% (Dense) with fiber contents of F=0%, 

0.1%, 0.3% and 0.5%. Length of the fibers was 6 mm. Tests were conducted under consolidation pressures 

of pcô=50, 100 and 200 kPa. Following conclusions can be drawn from the test results: 
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¶ Under consolidated ï undrained loading conditions, loose unreinforced samples exhibited strain-

softening stress-strain behavior; on the other hand, dense unreinforced samples exhibited slightly 

strain ï hardening stress strain behavior. Excess porewater pressure ratios for loose unreinforced 

samples were approximately ru=0.9-1 and those for dense unreinforced samples were ru=0.4-0.5. 

¶ It is clear from the test results that increase in fiber content increases mean effective and deviatoric 
stresses.  

¶ Fibers contribute to shear strength of the host sand by two basic mechanisms: stolen void ratio 
concept and fiber stretching. In this study, increase in mean and deviatoric stresses was mainly from 

stolen void ratio concept in which fibers steal voids from the sand matrix causing the sand matrix 

feel denser and have a tendency to exhibit dilative volumetric tendency. These causes decrease 

excess porewater pressures and an increase in mean effective stress level of the sample, which 

causes an increase in rigidity, and shear strength of the sample. 

¶ Lower consolidation pressures are more effective for the activation of fibers in terms of stolen void 
ratio concept. 

¶ Lower relative densities are more effective in terms of stolen void ratio concept. 

¶ Higher relative densities are more effective in terms of fiber stretching. 
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1 Akk m K mya 

 

Water repellency s mportant as t prevents l qu ds from adher ng to the fabr c and ensures sta n res stance 

n text le appl cat ons. It ncreases durab l ty and extends the product's l fe, espec ally n outerwear, sports 

equ pment, and upholstery fabr cs. In add t on, these surfaces make clean ng eas er and reduce ma ntenance 

costs. For text le appl cat ons, the l terature ncludes natural water repellents such as tree res ns or beeswax, 

polyurethane and s l cone-based water repellents, nanocoat ng, and fluor-funct onal polymers. Among 

these, fluorocarbons are preferred n h gh-performance outerwear due to the r water and o l repellency. On 

the other hand, fluorocarbons ra se concerns due to the r cost and harmful effects on the env ronment. 

Fluorocarbon-free water-repellent alternat ves are less tox c, less health hazard, and more susta nable. 

Although fluorocarbon-free water-repellent systems offer s gn f cant advantages regard ng susta nab l ty 

and health, they may have some l m tat ons regard ng performance and durab l ty. To overcome th s 

problem, var ous crossl nkers such as polys loxanes, acryl c polymers, ester and ether b nders, epoxy 

funct onal b nders, and blocked socyanates are used together w th fluorocarbon-free water repellents. 

Blocked socyanates offer easy-to-use formulat ons that can be appl ed homogeneously to var ous text le 

surfaces. It prov des res stance to water and d fferent chem cals, mechan cal strength, and res stance to wear 

and tear. It also mproves the performance of text le products by prov d ng res stance to UV rays n outdoor 

cond t ons. In th s study, solvent-free waterborne blocked socyanate emuls ons were prepared to be used 

as crossl nkers to mprove the performance of fluorocarbon-free water repellents n text le appl cat ons. 

Two socyanate monomers were used n var ous molar rat os w th a t n-free catalyst. Pyrazole and 

hexaned ol were preferred as block ng agents and cha n extenders, respect vely. For text le appl cat ons, 

cotton and polyester fabr cs were selected and performance tests were conducted w th a certa n amount of 

fluorocarbon-free water repellent. The emuls ons prepared w th a monomer mole percentage of 75-25% 

and a block ng temperature of 70ÜC have shown emuls on stab l ty for up to 6 months and durab l ty for up 

to 10 wash ngs. 

Keywords: text le appl cat ons, hydrophob c ty, fluorocarbon-free surfaces, f x ng agents, blocked 

socyanate 
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(ID-6255) Development Of A Packag ng Structure That Prov des Ease Of Use For The User By 

Us ng The Hotmelt Techn que For Rolled Shredded Tobacco Packag ng 

Beyza Efe ¢ ĵdem1, Eda Arkon1, Alperen Konuk1, ¥mer L¿tf  Yēldērēm1, Arzu Kara1 

1 P lenpak Ambalaj 

 

Shredded tobacco for roll ng s produced for hand roll ng nto c garette paper or f ll ng empty c garette 

tubes. The packag ng mater al to be developed w ll prov de proof that the user s the f rst person to open 

the package. In tobacco packag ng des gned us ng OPP/PE f lm, the polyethylene f lm n the structure has 

a heat seal feature. S nce the adhes on of polyethylene w th tself s strong n the thermal seal ng jaw, 

deformat ons due to force occur when the package s opened by the user. Hotmelt appl caton temperature 

s usually 120 ÁC. However, PE f lm deforms at these temperatures. PE f lm s spec ally des gned to prevent 

th s deformat on. Seal n t al temperature, FTIR, DSC, f lm layer analys s, coeff c ent of fr ct on (COF), PE 

hotmelt appl cat on weght and hotmelt heat seal strength analyses were performed on the new structure 

and the barr er propert es of the structure were exam ned. As a result, a structure res stant to the hotmelt 

appl cat on temperature of 120 ÁC has been developed and results sm lar to the structure w thout hotmelt 

appl cat on have been obta ned n mater al character zat on and mechan cal tests such as FTIR, DSC, COF 

and heat seal temperature. 

Keywords: Tobacco, hotmelt, polyethylene. 
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1 Dokuz Eyl¿l Un vers ty 

2 Ege Un vers ty 

 

Magnes um (Mg) plays an mportant role n many appl cat ons due to ts low dens ty. However, ts 

hexagonal close packed (HCP) structure makes t d ff cult to shape. Therefore, the powder metallurgy (PM) 

method s a su table product on techn que for Mg. The surfaces of act ve metals are sens t ve to atmospher c 

contam nat on, wh ch makes the surface cond t on of Mg powders cr t cal n s nter ng processes. In th s 

study, mechan cally m lled (MM) Mg was coated w th Polyv nyl Alcohol (PVA) under an Argon 

atmosphere to m n m ze surface contam nat on. The s nterab l ty of these powders was exper mentally 

nvest gated us ng the F eld Ass sted S nter ng Techn que (FAST). The protect ve effect of the PVA coat ng 

on the Mg powder surfaces was exam ned, and the resultng compos te part cles were analyzed us ng X-

Ray D ffract on (XRD), Energy D spers ve X-Ray Spectroscopy (EDS), and Scann ng Electron M croscopy 

(SEM). Add t onally, two layer compos te mater als were produced, one w th PVA coat ng and one w thout. 

One layer of these compos tes ach eved a dens ty of 99% and a compress ve strength of 195 MPa, wh le 

the other layer reached a dens ty of 99% and a compress ve strength of 215 MPa. The layered compos tes 

were produced w th a smooth nterface, and m crostructural exam nat ons, as well as SEM and EDS 

analyses, were conducted. In v tro corros on tests were performed on the samples. 

Keywords: Magnes um (Mg) plays an mportant role n many appl cat ons due to ts low dens ty. However, 

ts hexagonal close packed (HCP) structure makes t d ff cult to shape. Therefore, the powder metallurgy 

(P 
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(ID-6313) Enhanc ng Hydrogen Storage In Magnes um-Based Compos tes: The Role Of Carbon 

Nanotubes, Graphene, And S l con Dop ng 
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1 Ege Un vers ty Mechan cal Eng neer ng Department 

 

Magnes um (Mg)-based compos tes are regarded as prom s ng mater als for hydrogen storage due to the r 

h gh theoret cal hydrogen capac ty of 7.6 wt%. However, the pract cal appl cat on of these mater als s 

l m ted by slow hydrogen absorpt on and desorpt on k net cs, as well as the h gh temperatures requ red for 

hydrogen release. Th s rev ew focuses on the s gn f cant mprovements ach eved by dop ng Mg w th 

carbon-based mater als such as carbon nanotubes (CNTs), graphene, and s l con-based compounds. These 

mater als have demonstrated cons derable potent al to enhance hydrogen storage performance by mprov ng 

k net cs and lower ng desorpt on temperatures. CNTs fac l tate hydrogen d ssoc at on by creat ng defect 

s tes that act as act ve centers, thus accelerat ng hydrogen absorpt on and desorpt on. The r nanostructure 

shortens hydrogen d ffus on paths, mprov ng react on rates wh le also prevent ng the agglomerat on of Mg 

part cles dur ng hydrogen cycl ng, lead ng to enhanced long-term stab l ty. S m larly, graphene, w th ts 

h gh surface area and electron transfer propert es, enhances hydrogen d ssoc at on, weakens Mg-H bonds, 

and reduces desorpt on temperatures. Add t onally, graphene supports prevent the ox daton of Mg and 

ma nta n ts d spers on, further mprov ng hydrogen storage capac ty and cycl ng stab l ty. S l con dop ng 

destab l zes MgH  by form ng Mg S  phases dur ng dehydrogenat on, wh ch lowers the desorpt on 

temperature and mproves hydrogen absorpton/desorpt on k net cs. S l con d ox de (S O ), a cost-effect ve 

catalyst, also contr butes to reduc ng the desorpt on temperature, mak ng Mg-based compos tes more 

su table for pract cal appl cat ons. Advanced product on techn ques such as h gh-energy ball m ll ng have 

played a cr t cal role n max m z ng the benef ts of these dopants. Ball m ll ng creates nanostructured Mg 

compos tes that exh b t faster hydrogen absorpt on and release, shorter d ffus on d stances for hydrogen 

atoms, and enhanced cycl ng stab l ty. In conclus on, Mg-based compos tes doped w th CNTs, graphene, 

and s l con have shown s gn f cant prom se for hydrogen storage. These mater als offer mproved k net cs 

and reduced operat ng temperatures, pos t on ng them as key cand dates for the development of eff c ent 

and susta nable hydrogen storage systems. 

Keywords: Magnes um-based compos tes, hydrogen storage, carbon nanotubes (CNTs), graphene, s l con 

dop ng, magnes um hydr de (MgH2), nanostructur ng, ball m ll ng. 
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Nanocelluloses s one of the most mportant top cs of recent t mes. It can be used n many f elds such as 

construct on, polymer, plast c, energy, defense, agr culture, automob le, b otechnology. It s among the very 

valuable and nterest ng research for the product on of nanocellulose from waste by up-cycl ng. In th s 

study, CNC synthes s study was carr ed out us ng tumbler dryer mach ne waste. Sulfur c ac d and 

hydrochlor c ac d are reported as the most used ac ds n ac d hydrolys s stud es. Cellulose nanocrystals 

prepared w th sulfur c ac d offer h gher d spers b l ty and stab l ty but reduce thermal stab l ty. 

Hydrochlor c ac d, on the other hand, prov des less sulfat on, wh ch ncreases thermal stab l ty but reduces 

d spers on stab l ty. For th s reason, n th s study, a m xture of HCl (HA) and H2SO4 (SA) was stud ed to 

exam ne the effect of the m xture. The exper mental cond t ons were 40-50-60ÁC and 90 m nutes. For HA-

SA m xture stud es, the ac d concentrat on was kept constant at 60% and the rat os of the ac ds were changed 

as 0:5, 1:4, 2:3, 3:2, 4:1; 5:0. In a 2-factor-3-level central compos te des gn of the CNC solat on process, 

HA rat o, and hydrolys s temperature were ass gned as ndependent var ables, and the CNC y eld was the 

ass gned as the dependent var able. These values expla n 95.57% of the change n y eld %. Accord ng to 

the M n tab opt m zat on study, the max mum y eld value can be obta ned at exper mental cond t ons as 

hydrolys s temperature of 58.6ÁC, HCl rat o 5 and H2SO4 rat o 0. Excludng the s ngle ac d po nts 0 and 

5, that s, f the a m s to mprove the propert es of HCl and H2SO4 n the f nal nanomater al to be obta ned, 

the opt mum po nt was the po nt where HCl was 1.67, H2SO4 was 3.33 and the temperature was 40ÁC. 

W th n the scope of the study, XRD, TEM, SEM, FT-IR character zat on stud es were carr ed out to 

determ ne the structural and phys cal propert es of crystall ne nanocellulose. In TEM mages, rod shaped 

CNC was seen. In th s study, an mportant nanocellulose that can be developed by upcycl ng for the 

preparat on of nanocompos tes, wh ch are ga n ng mportance n sectors such as protect ve mater als, 

pharmaceut cals and electron cs, was ach eved. 

Keywords: nanocellulose, CNC, upcycl ng, nanocompos te, text le waste 
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W th the beg nn ng of the ndustr al revolut on, mass product on has gradually ncreased, the qual ty of l fe 

has ncreased, and s gn f cant breakthroughs have been ach eved n technolog cal developments. However, 

mass product on has resulted n s gn f cant demand for raw mater als and substant al waste generat on. 

Upon evaluat ng these two outcomes, ndustr al processes must be structured accord ng to a cycle model 

that promotes susta nable product on and env ronmental cleanl ness, wh le m n m z ng ssues related to raw 

mater als and waste. In th s study, b ochar/DES compos te catalyst was synthes zed ut l z ng econom cally 

valueless tobacco stalk waste and ac d c deep eutect c solvent (DES). The obta ned compos te mater al was 

evaluated as a heterogeneous catalyst n the product on of solketal, a fuel add t ve. The structural and 

chem cal propert es of the compos te mater al were character zed by perform ng FTIR, SEM-EDS, N2 

adsorpt on, XRD, Raman Spectroscopy and ac d ty measurements. The study revealed that the compos te 

mater al possesses a porous structure and exh b ts an ncreased ac d c character. To exam ne the 

effect veness of the mater al as a catalyst, t was tested n the acetal zat on react on of glycerol w th acetone. 

Accord ng to the react on result, 90% glycerol convers on and 97% solketal select v ty were ach eved. As 

a result, w th the study, a compos te mater al that w ll contr bute to green product on us ng waste mater als 

was successfully produced and tested. Acknowledgement: Th s work was f nanc ally supported by 

Sc ent f c and Technolog cal Research Counc l of T¿rk ye (T¦BĶTAK) under Project number 124M076. 

Keywords: tobacco stalk, compos te catalyst, B ochar, DES, Solketal 
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(ID-6611) Ut l zat on Of Deep Eutect c Solvents (Des) For The Development Of Susta nable Coat ng 

Systems 

G¿lg zem D n­1, Murat Sert 2 

1 [1] Ege Un vers ty Department Of Chem cal Eng neer ng, [2] Ege Un vers ty Graduate School Of 

Natural And Appl ed Sc ences, Chem cal Eng neer ng D v s on, [3] Akzonobel Kem pol A.ĸ. 

2 Ege Un vers ty Department Of Chem cal Eng neer ng 

 

Organ c solvents used n coat ng systems are essent al components that enhance coat ng qual ty. However, 

due to the volat l ty of organ c solvents, Volat le Organ c Compound (VOC) em ss ons pose var ous 

env ronmental and health r sks. In recent years, deep eutect c solvents (DES) have emerged as nnovat ve 

solut ons n the coat ng ndustry, part cularly due to the r non-volat le and env ronmentally fr endly 

propert es. DES typ cally cons sts of a comb nat on of a hydrogen bond acceptor and donor and offers the 

potent al to reduce VOC em ss ons due to ts low vapor pressure. Therefore, the use of DES n develop ng 

susta nable coat ng systems appears h ghly prom s ng. Th s study ncludes prel m nary research on the 

ut l zat on of deep eutect c solvents (DES) for the development of susta nable coat ng systems. G ven the 

h gh VOC em ss ons caused by organ c solvents used n coat ng systems, the use of non-volat le DESs s 

be ng nvest gated for more susta nable coat ng solut ons. D fferent res n types commonly used n the 

coat ng ndustry nclude alkyd, acryl c, and epoxy res ns. For th s study, t s cruc al to f nd a DES 

compat ble w th res n systems w dely used n the coat ng ndustry. The DES used should not exh b t 

ncompat b l ty w th the res n and other components requ red for coat ng. Moreover, when des gn ng a new 

system, spec f c propert es must be exam ned to assess the su tab l ty of the solvent. These propert es 

nclude phys cal and chem cal dry ng rate, s de react on format on, compat b l ty, solub l ty, v scos ty, sol d 

content, settl ng, pot l fe, rheology, and surface tens on. In th s study, control was ma nta ned us ng three 

DESs prepared w th chol ne chlor de (ChCl) as s HBA w th a var ety of HBD, such as ethylene glycol, 

urea, and glycerol, respect vely. The DES prepared w th 1:2 molar rat o chol ne chlor de and ethylene glycol 

was selected. Follow ng th s, compat b l ty tests w ll be conducted w th var ous res n systems at d fferent 

rat os under amb ent cond t ons and at temperatures of 18 and 50 ÁC to establ sh a compat ble system. After 

these compat b l ty checks, an appropr ate res n system w ll be selected, allow ng the dent fcat on of a 

DES and res n system that could be ntegrated nto the coat ng system as an outcome of th s study. 

Keywords: Deep Eutect c Solvents, Susta nable Coat ngs, Volat le Organ c Compounds, Coat ngs 
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(ID-6613) Evaluat on Of Var ous B nders And F llers In Tr calc um Alum nate Based Inks For 

D rect Wr t ng 

Erdem ķah n1, Serdar Kulakoĵlu2 

1 Muĵla Sētkē Ko­man ¦n vers tes  Metalurj  ve Malzeme M¿hend sl ĵ  Bºl¿m¿ 

2 Man sa Celal Bayar ¦n vers tes  Malzeme B l m  Ve M¿hend sl ĵ 

 

Cement t ous nks for add t ve manufactur ng of complex structures were des gned and tested us ng 

tr calc um alum nate (C3A) as the react ve sol d phase, water, hydroxyethyl cellulose, polyethylene glycol 

as b nders, marble and quartz powders as f llers. Aqueous C3A suspens ons w th and w thout MgSO4 

retarder and hydrogel b nders were tested n a mechan cal spectrometer and a cap llary rheometer to 

understand the development of compos te m crostructure and the pressure nduced flow behav or. An 

opt mum MgSO4 concentrat on of 1M extended the sett ng t me of 40wt% sol ds conta n ng cement from 

20 m nutes to 150 m nutes to enable d rect wr t ng. The effect of hydrogel b nders and f ller part cles on 

the sett ng t me were also determ ned. Add t on of 2wt% HEC and/or 10wt% marble powder to retarded 

cement ncreased the sett ng rate and the y eld strength whereas 1 wt%PEG reduced both. 10wt% quartz 

add t on reduced the sett ng rate and ncreased the y eld strength. The r comb nat ons were seen to prov de 

slow harden ng and stably flow ng nks w th adequate y eld strength for d rect wr t ng. Cap llary rheometer 

tests conducted at s m lar cond t ons w th the mater al extrus on process showed the benef c al synerg st c 

effect of HEC and PEG as v scos f er and plast c zer respect vely. Marble powder add t on upto 20 wt% 

stab l zed the pressure-dr ven flow as a f ller w th mult ple mechan sms wh le quartz add t on reduced flow 

stab l ty. H gh def n t on extrudates conta n ng comb nat ons of these add t ves were produced from 1mm 

d es that demonstrates the ut l ty of the nvest gated compos te system as d rect wr t ng nks. 

Keywords: D rect nk wr t ng, tr calc um alum nate, hydroxyethyl cellulose, polyethylene glycol, marble 

powder, quartz powder, mater al extrus on, add t ve manufactur ng, cement 
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Introduct on  

 

The demand for wind energy, one of the renewable energy sources, has increased in recent years due to the 

strong effects of climate change all over the world and the global energy crises resulting from wars. This 

has created the need to accelerate and develop production processes in order to meet that increasing demand 

[1-3]. 

Producing wind turbine blades without defects in a single attempt is highly challenging, that is why many 

repair processes are carr ed out on blade surfaces. These repairs involve grinding down the defected surface, 

followed by the application of repair parts using the hand layup method, and then curing them. However, 

conventional curing process requires at least 4 hours or more, leading to increased cycle time for blades, 

which results in lower production capacity and significantly higher cost [4-6]. 

UV cur ng, as an alternat ve cur ng method, offers advantages such as fast process ng, lower energy 

consumpt on, reduced env ronmental mpact, mproved surface qual ty, and m n m zed r sk of thermal 

damage to the structure due to the low cur ng temperature [7]. 

UV curing of epoxy resin is a polymerization process using specific wavelengths of ultraviolet (UV) light. 

UV rad at on has a wavelength rang ng from 100 to 400 nm. The 280-320 nm range has h gh energy and s 

used n surface cur ng. However, the 320-400 nm range prov des suff c ent energy for polymer zat on and 

photochem cal react ons, offer ng deeper cur ng. Th s s the common wavelength range for UV LEDs [7-

10]. 

This mechanism generally consists of the following steps: Activation of photo initiators, radical formation, 

polymerization, networking and complete curing. First, UV l ght act vates photo n t ators present n the 

res n. These n t ators absorb UV l ght and generate free rad cals or cat ons. In part cular, for acrylate res ns, 

the act vat on of photo n t ators leads to the release of free rad cals. These rad cals react w th acrylate 

monomers to n t ate polymer zat on. The produced free rad cals open the double bonds of acrylate 

monomers, allow ng them to bond together. Th s process n t ates cha n growth and connects the monomers 

[7-14].  

Industr al res ns are typ cally l m ted to e ther rad cal or cat on c polymer zat on processes. For example, 

(meth)acrylates and unsaturated polyesters can only undergo rad cal polymer zat on, wh le epoxy 

monomers, oxetanes, and v nyl ethers follow the caton c route. To address th s l m tat on, epoxy acrylates 

offer a versat le solut on, as they can be cured by both mechan sms due to the presence of epoxy and v nyl 

groups. Epoxy acrylates comb ne des rable propert es such as flex b l ty, hardness, thermal stab l ty, and 

res stance to yellow ng wh ch contr butes to both strength and flex b l ty due to the r epoxy backbone [7-

14]. 

When epoxy components are also nvolved n the polymer zat on process, a more complex network 

structure can be formed through the use of both rad cal and cat on c polymer zat on. As the polymer zat on 

process cont nues, cha ns and network structures bond together, result ng n the harden ng of the res n. 

When the appl cat on of UV l ght ceases, all react ve monomers polymer ze, and the res n fully cures. Th s 

mechan sm allows for the rap d harden ng of UV-cured epoxy and acrylate res ns, prov d ng h gh durab l ty 

[7-14]. 

mailto:SYildiz@tpicomposites.com
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Desp te all ts advantages, the use of UV cur ng n the structural compos te product on ndustry has not 

become w despread, because there has been nsuff c ent research on the method and ts current appl cab l ty 

has not been clearly def ned. The a m of ths study s to address th s uncerta nty by dent fy ng the structural 

l m tat ons of UV cur ng n compar son to trad t onal cur ng methods. 

Mater als & Methods 

 

Mater als 

In th s study, prepreg fabr cs mpregnated w th epoxy acrylate-based UV-curable res n were ut l zed. The 

fabr cs had an areal we ght of 600 g/mĮ and were b ax ally (Ñ45o) or ented. A h gh- ntens ty portable LED 

UV lamp served as the cur ng source. The fabr cs and UV lamp were sourced from Gur t (UK) and Phoseon 

Technology (GR), respect vely. Add t onally, pure lam nates were produced us ng the trad t onal HLU 

method, w th glass fabr cs of 1000 g/m2 areal we ght obta ned from Hengsh , and mpregnated w th 

Westlake brand HLU type res n. 

 

Character zat on Lam nate Product on 

Lam nates composed of UV curable prepreg fabr cs were fabr cated by stack ng fabr c layers, spread ng an 

epoxy acrylate adhes ve w th a spud between each, and then add ng another fabr c layer on top. Th s 

sequence was repeated unt l a th ckness of 4 mm (5 layers of pl es) was ach eved. Pr or to cur ng, a we ght 

was appl ed to compress the lam nate, enhanc ng ts consol dat on. The UV lamp was set up to llum nate 

the ent re surface of the layers, ensur ng complete exposure to UV rad at on across all areas. To ensure 

proper cur ng, the UV dev ce ntens ty was set to 10%, the d stance from the substrate surface to 12 cm, 

and the cur ng t me to 270 seconds. 

On the other hand, convent onal HLU type lam nates were produced by nd v dually mpregnat ng glass 

fabr cs w th epoxy res n, layer ng them, and apply ng compress on to remove any trapped a r vo ds, 

result ng n a th ckness of 4 mm. These lam nates were then cured us ng a mold heat ng system set to 80ÁC. 

Repa r Panel Product on 

Compos te panels ntended for repa r appl cat ons were produced through a res n nfus on process, 

resembl ng the method used n w nd blade product on, w th s x layers of 1000 g/m2 b ax al (Ñ45o) pl es to 

s mulate shop floor cond t ons. F ve layers of HLU and 3 layers of UV panel compos te surface were ground 

away, and scarf repa rs were carr ed out by w den ng the removal area around each damaged layer for repa r 

preparat on. Repa r prepregs were then placed over the affected sect ons. 

An epoxy acrylate adhesive layer was applied to the prepared surface to improve bonding and reinforce the 

repair before placing the prepreg patches. Each UV prepreg patch was subsequently added in order, with 

extra adhesive applied between layers. Consol dat on was carr ed out n two ways: by apply ng we ght and 

by us ng a vacuum. For vacuum application, the entire area was covered with vacuum foil, similar to the 

resin infusion process, and a vacuum of 1000 mbar was applied to ensure proper consolidation. Also, other 

Curing was accomplished with a UV lamp that illuminated the entire surface. 

The process of producing UV cured repair laminates was compared with conventional HLU repairs. For 

the HLU repairs, the prepared surfaces were manually saturated with HLU-type resin before vacuum 

application, following a similar procedure to that of the UV cured laminates. 

 

Prepared samples were assessed us ng D fferent al Scann ng Calor metry (DSC) and Dynam c Mechan cal 

Analys s (DMA) n accordance w th ISO 11357-5 and ASTM E1640 standards, respect vely. Mechan cal 
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propert es of the pure lam nates were measured w th a Sh madzu Un versal test ng mach ne. A m n mum 

of three samples were tested for each test category. 

 

    

F gure 1: Image from tens le test. 

Results & D scuss on 

 

Tg Determ nat on  

Tg value s mportant for understand ng the thermal stab l ty and h gh-temperature performance l m ts of 

compos te mater als. For th s reason, D fferent al Scann ng Calor metry (DSC) and Dynam c Mechan cal 

Analys s (DMA) nstrumental tools were used for Tg analys s of the mater als. DSC s an analyt cal 

techn que wh ch s used to character ze mater al propert es such as heat flow assoc ated w th phase 

trans t on based on the r thermal behav or whereas DMA s w dely used to character ze the mater al 

propertes of compos te mater als. It measures the v scoelast c propert es of a mater al, allow ng for the 

analys s of the effects of var ables such as temperature, frequency, and stress on mater al behav or.  

 

F gure 2: DSC graph of cured sample. 
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F gure 3: DMA graph of cured sample. 

Tg value of HLU lam nate was determ ned w th DSC. On the other hand, UV cured lam nate can only g ve 

the Tg value w th DMA. Th s d fference s due to the chem cal structure of the res ns. Certa n res ns, such 

as epoxy acrylate res ns, may have a more complex structure and react v ty. Epoxy acrylate res ns can 

exh b t more elast c and v scoelast c propert es due to the nfluence of acrylate groups. These types of res ns 

may make t more challeng ng to accurately determ ne Tg us ng DSC, as the d fferences between elast c 

propert es and the glass trans t on temperature become more pronounced. On the other hand, DMA 

measures the v scoelast c propert es of a mater al, nclud ng ts elast c and v scous behav or. Therefore, the 

Tg value of epoxy acrylate res n can be determ ned more accurately us ng DMA analys s 

 

As t can seen n F gure:2, measured onset Tg value of HLU lam nate was 76. ÁC whereas t was 96.8 oC 

for 12 cm d stance, 10% ntens ty, 90 second UV cur ng cond t ons. On the other hand, the po nt of 

max mum energy d ss pat on, nd cated by the tan delta value, was measured at 113.08ÁC (F gure:3). The 

temperature at wh ch the tan delta peaks s also nterpreted as the glass trans t on temperature. H gh energy 

absorpt on n compos tes prov des advantages for appl cat ons where the structure w ll be cont nuously 

exposed to var ous mechan cal v brat on or shock loads such as w nd loads, a r currents, etc. Tan delta data 

n th s graph shows a favorable behav or for compos te w nd turb ne blades. As long as operat ng 

temperatures rema n below the glass trans t on temperature, th s mater al w ll have suff c ent damp ng 

capac ty and w ll reta n ts st ffness. These propert es contr bute to the longev ty and eff c ent operat on of 

the turb ne blades. 

 

Mechan cal propert es 

In th s study, the mechan cal propert es of UV cured panels were evaluated us ng two ma n approaches. 

The f rst nvolved character z ng panels produced w th purely UV cured prepregs and compar ng them w th 

convent onal fabr cs mpregnated w th HLU res n (see F gure 4). The second focused on assess ng the 

mechan cal ntegr ty of repa r patches on compos te surfaces. A camera system was employed to measure 

the Youngôs modulus of test samples dur ng tens le test ng. Average of the measurements  
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F gure-4: Comparat ve Mechan cal test graphs of convent onal and UV curable prepreg lam nates a) ILSS 

b) n-plane shear c) compress on strength d) tens le strength e) tens le modulus. 

 

Invest gat ng the shear propert es of compos te mater als s cruc al due to the r s gn f cant an sotropy. Based 

on the results for pure glass fabr c and prepreg panels shown n the graphs above (F gure:4), the average 

nterlam nar shear strength of UV cured panels was found to be 15.5% lower than that of convent onal HLU 

lam nates. However, th s trend reverses for n-plane shear strength, where UV cured panels show a 19.5% 

ncrease. Th s d fference can be attr buted to the super or n-plane load res stance of UV curable prepreg 

fabr cs w th n the sotrop c plane, as opposed to the r weaker out-of-plane performance. Nevertheless, the 

structural cohes on between layers s not as strong n UV cured panels as t s n HLU lam nates, mak ng 

them more suscept ble to delam nat on. Th s may result from the h gher res n content used n produc ng 

HLU lam nates, wh ch enhances ply bond ng more effect vely than the adhes ve layer alone. Add t onally, 

the adhes ve layer used n UV cur ng may lack suff c ent cur ng capab lty under UV exposure.  

Compress on test results reveal that prepreg spec mens exh b t approx mately 9% greater strength; however, 

the r strength n the tens le d rect on decreases by 35.5%. Th s reduced tens le strength s ant c pated due 

to the +45Á/-45Á b ax al f ber or entaton n the fabr c, wh ch nfluences the mater alôs tens le behav or. 
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F gure 5: ILSS results of repa r panels a) w thout b) w th vacuum appl cat on. 

ILSS tests have also been performed on repa r panels. Th s test s cruc al for evaluat ng the compat b l ty 

between vacuum- nfus on-produced epoxy panels and the epoxy acrylate repa r layers added to them. The 

ILSS test demonstrates the structural compat b l ty of these components when comb ned. Tests were 

performed both under vacuum and non-vacuum cond t ons due to the need for mproved ILSS propert es 

and dependency of vacuum appl cat on on spec f c OEM requ rements for blade repa rs. The results, shown 

n the graphs above, nd cate that apply ng vacuum enhances ILSS by mprov ng the consol dat on between 

scarf patches and the ground compos te surface. For convent onal HLU repa rs, ILSS ncreased from 26.16 

MPa to 31.04 MPa, wh le for UV cured repa r prepreg patches, t rose from 23.24 MPa to 26.78 MPa. Th s 

corresponds to an ncrease n mechan c strcutural ntegr ty of 18.3% and 15.3% for each system, 

respect vely. A compar son between the two systems shows that the lam nate ntegrat on n panels produced 

w th HLU decreased by 11.2% and 13.7% under vacuum and non-vacuum cond t ons, respect vely, when 

compared to the UV-cured systems. 

Conclus on  

 

W th the rap d growth of the renewable energy sector, enhanc ng the effect veness and energy eff c ency of 

w nd turb ne blade repa r methods w ll soon become cr t cally mportant. In l ght of th s, the present study 

nvest gates the feas b l ty of the UV cur ng techn queðcommonly used n coat ng appl cat ons and 

adhes ve layer cur ng rather than n th ck lam nate repa rsðfor both shop-floor and f eld repa rs of w nd 

turb ne blades. The adopt on of UV l ght sources s part cularly valuable for the ndustry, as t can 

s gn f cantly reduce repa r t me, thereby eas ng product on bottlenecks and enabl ng ncreased blade output. 

Accord ng to the prel m nary UV cur ng stud es a l ght source d stance of 12 cm, 10% l ght ntens ty and a 

cur ng t me of 270 seconds were selected and the rest of study was cont nued w th these parameters. The 

level of cur ng has been determ ned by measurement of the Tg value of compos te structure by DMA and 

DSC analys s. Obta ned Tg values were 96.8ÁC and 76.8 ÁC, for UV and HLU lam nates, respect vely. A 

h gher Tg value nd cates better cur ng of the structure. 

In a comparat ve mechan cal character zat on of pure prepreg and HLU lam nates, t was observed that UV-

cured prepreg samples showed reduct ons of 51% n tens le strength and 15.5% n nterlam nar shear 

strength (ILSS) relat ve to convent onal HLU lam nates. However, n-plane shear and compress on 

strengths of the UV-cured prepregs ncreased by 19.5% and 9%, respect vely. Wh le UV-cured prepregs 

demonstrated moderate surface adhes on, they were less effect ve than the current HLU system n terms of 

bond ng for repa r appl cat ons. In summary, UV cur ng offers a pract cal approach for repa rs, s gn f cantly 

reduc ng the cur ng cycle t me w th only a modest trade-off n mechan cal performance. 
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1 Ege ¦n vers tes 

 

Ant b ot cs, nclud ng sulfonam des, enter agr cultural env ronments pr mar ly through human act v t es n 

ndustry and agr culture, part cularly through rr gat on water. Th s accumulat on poses r sks to crop 

development and fosters drug-res stant bactera, ntroduc ng potent al health hazards. Sulfamethaz ne 

(SMT), a w dely used ant b ot c, has been detected n h gh concentrat ons n groundwater and so l, ra s ng 

concerns over ts poss ble adverse effects on human health. The safe and susta nable removal of SMT from 

agr cultural env ronments rema ns a s gn f cant challenge. In th s context, N Fe-LDH (LDH: layered double 

hydrox de) was synthes zed from spent electroplat ng baths for appl cat on n the removal of SMT from 

aqueous solut ons, effect vely enablng the recovery of valuable metals such as n ckel from waste streams. 

N ckel recovery from waste baths not only addresses env ronmental concerns but also supports resource 

eff c ency by re ntroduc ng th s cr t cal metal nto ndustr al cycles. The SMT removal process employs a 

peroxymonosulfate-v s ble l ght ox dat on, w th exper mental des gn opt m zed through Box-Behnken 

approach n M n tab. Key parameters cons dered were pH, peroxymonosulfate concentrat on, and catalyst 

dosage. Results nd cated that for SMT w th 2 mg/L n t al concentrat on the opt mum removal eff c ency 

of 77.46 % was ach eved at a catalyst dosage of 1 g/L, pH 3, and peroxymonosulfate concentrat on of 10 

ppm. Th s approach offers an effect ve method for SMT degradat on and h ghl ghts the dual benef ts of 

env ronmental remed at on and resource recovery. 

Keywords: Electroplat ng bath, metal recovery, layered double hydrox de, ant b ot c removal, 

peroxymonosulfate-v s ble l ght ox dat on 
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(ID-6620) Development Of Hydrogel Compos te Scaffolds For Men scus Regenerat on 

Oylum ¢olpankan G¿neĸ1, G zem Baysan1, Reĸ t Buĵra H¿semoĵlu1, Pēnar Akokay Yēlmaz2, Ayl n 

Kara ¥zenler1, Ayl n Z ylan Albayrak1, Hasan Havēt­ēoĵlu1 

1 Dokuz Eylul Un vers ty 

2 Izm r Kavram Vocat onal School 

 

Men scus tears caused by trauma, excess ve cell wear or tear, or low m tot c act v ty cause h gher cart lage 

stress. These can eventually lead to cart lage degenerat on and osteoarthr t s, wh ch causes jo nt 

degenerat on. Cart lage t ssue eng neer ng s a prom s ng approach for cart lage regenerat on, us ng 

appropr ate t ssue scaffolds, cells, and b oact ve molecules. In t ssue scaffold, the natural extracellular 

matr x (ECM) should be taken as a role model regard ng phys cal structure and chem cal compos ton. In 

th s study, 3D-pr nted PLA strut and cellulose nanof ber-re nforced ch tosan-collagen hydrogel compos te 

scaffolds were prepared to m m c the hydrated compos te structure of cart lage ECM. F rst, PLA struts were 

produced by a 3D pr nter, then combned w th wet electrospun cellulose nanof bers and freeze-dr ed. 

Ch tosan:collagen solut on prepared at a we ght rat o of 3:1 was added to the result ng structure, and after 

freeze-dry ng, t was subjected to cross-l nk ng at d fferent gen p n concentrat ons. After the chem cal 

react on, the result ng hydrogels were freeze-dr ed, and three-d mens onal hydrogel compos te t ssue 

scaffolds were obta ned. The hydrogel compos te scaffolds have approx mately 400% swell ng rate and 

80% water content, s m lar to natural cart lage ECM. Scann ng electron m croscope mages showed that 

the PLA strut/cellulose nanof bers n the scaffolds were well ntegrated nto the matr x and had an 

nterconnected m croporous structure. The compress ve strength of all compos te hydrogel scaffolds was 

su table for cart lage t ssue eng neer ng appl cat ons. In add t on, the compos te hydrogel scaffold 

conta n ng 0.3% gen p n by we ght had the h ghest damp ng value at a frequency of 1 Hz, wh ch s close to 

the human walk ng frequency. The bocompat b l ty of the scaffolds was evaluated us ng rabb t 

mesenchymal stem cells (rMSCs) by b ochem cal, morpholog cal, h stochem cal, and 

mmunoh stochem cal analyses. Accord ng to the results, the scaffolds d d not show any cytotox c effect on 

rMSCs and enabled the cells to adhere to the scaffold and prol ferate. M croscop c mages demonstrated 

the d fferent at on of rMSCs nto chondrocyte-l ke cells; h stochem cal nvest gat ons nd cated elevated 

collagen product on and mmunoh stochem stry analys s revealed enhanced product on of type I and type 

II collagen. In conclus on, the developed hydrogel compos te scaffold exh b ts s gn f cant potent al for 

men scus t ssue eng neer ng. 

Keywords: wet electrosp nn ng, cart lage regenerat on, 3D pr nt ng, cellulose nanof ber, t ssue eng neer ng 
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(ID-6629) S¿rekl  Elyaf Takv yel  Termoplast k Kompoz tler Ķ­ n Elyaf Yºnel mler ne Dayalē 

Yorulma ¥mr¿ Tahm n 

Mete Kayēhan1, Mustafa Bakkal1 
1Istanbul Tekn k ¦n vers tes , T¦RKĶYE, kay hanm@ tu.edu.tr 

 

Abstract ï Glass f ber re nforced compos te mater als (GFRP) are frequently used n aerospace, 

construct on, mar ne, sports equ pment, med cal dev ces and many other ndustr es due to the r super or 

mater al propert es.ШHowever, due to env ronmental reasons, t s a med to use recyclable thermoplast c 

res n as matr x mater al. In th s study, the fat gue propert es of a novel cont nuous GFRP w th acryl c-based 

thermoplast c El umÈ matr x were nvest gated. Fat gue propertes of 0Á/90Á/Ñ45Á, 0Á/90Á and Ñ45o f ber 

or entat ons of glass f ber layers were determ ned. The h ghest fat gue strengths were obta ned at 0Á/90Á 

glass f ber or entat on. The st ffness decrease n compos tes w th 0Á/90Á and 0Á/90Á/45Á f ber or entat on 

was compared. The temperature r se durng fat gue was measured us ng an IR camera, and the temperature 

r ses were calculated for all ult mate tens le stress levels and compos te mater als w th d fferent f ber 

or entat ons. The results are presented and a fat gue damage l fe as a result of the temperature ncrease s 

also formulated and found. The related coeff c ents have been calculated and the fat gue l m t was 

determ ned as 37.5% UTS for 0/90 f ber or entat on and 38.5% UTS for 0/90/45 f ber or entat on. By 

determ n ng the coeff c ents, fat gue l fe pred ct on at a g ven stress value can now be made w th an 

accuracy of up to 93 percent. 

 

Keywords: Thermoplast c compos tes, Fat gue l m t, Glass f ber, S-N curve, IR Thermography (IRT) 

 

¥zet ï Cam elyaf takv yel  kompoz t malzemeler (GFRP), ¿st¿n malzeme ºzell kler nden dolayē havacēlēk, 

nĸaat, den zc l k, spor malzemeler , tēbb  c hazlar ve daha b r­ok end¿str de sēklēkla kullanēlmaktadēr. 

Ancak ­evresel nedenlerden dolayē matr s malzemes  olarak ger  dºn¿ĸt¿r¿leb l r termoplast k re­ ne 

kullanēlmasē ama­lanmaktadēr. Bu ­alēĸmada, akr l k esaslē termoplast k El umÈ matr sl  yen  b r s¿rekl  

cam elyaf takv yel  termoplast k kompoz t malzemen n yorulma ºzell kler  araĸtērēlmēĸtēr. Cam elyaf 

katmanlarēnēn 0Á/90Á/Ñ45Á, 0Á/90Á ve Ñ45o elyaf yºnlenmeler n n yorulma ºzell kler  tesp t ed lm ĸt r. En 

y¿ksek yorulma mukavemetler , 0Á/90Á cam elyaf yºnlenmes nde elde ed lm ĸt r. 0Á/90Á ve 0Á/90Á/45Á elyaf 

yºnlenmes yle kompoz tlerde r j tl k d¿ĸ¿ĸ¿ karĸēlaĸtērēlmēĸtēr. Yorulma sērasēnda sēcaklēk artēĸē b r IR 

kamera kullanēlarak ºl­¿lm¿ĸ ve sēcaklēk artēĸlarē t¿m ger lme genl kler  ve farklē elyaf yºnel mler ne sah p 

kompoz t malzemeler ­ n hesaplanmēĸtēr. Sonu­lar sunulmuĸ ve sēcaklēk artēĸēnēn sonucunda b r yorulma 

hasarē ºmr¿ de form¿l ze ed lerek bulunmuĸtur. Gerekl  katsayēlar hesaplanēp, yorulma sēnērē 0/90 elyaf 

yºnlenmes  ­ n y¿zde 37.5, 0/90/45 elyaf yºnlenmes  ­ n y¿zde 38.5 olarak bel rlenm ĸt r. Kat sayēlarēn 

bel rlenmes  sayes nde artēk bel rl  b r ger lme deĵer ndek  yorulma ºmr¿ tahm n  y¿zde 93ôe varan sabetle 

yapēlab lecekt r.   

 
Anahtar Kel meler ï Termoplast k kompoz tler, Yorulma ¥mr¿, Cam elyaf, S-N Eĵr s , Kēzēl ºtes  termograf  (IRT) 

 

1. G r ĸ 
 

Yeni nesil ­elikler ve d¿ĸ¿k yoĵunluklu alaĸēmlar gibi metaller, daha y¿ksek mukavemet ve ºzg¿l sertlik saĵlayan 

daha d¿ĸ¿k yoĵunluklu metalik malzemelerin yerini almak i­in iyi adaylar olsa da, elyaf takviyeli polimer matris 

kompozitler, onlara y¿ksek ºzg¿l mukavemet ve ºzg¿l sertlik saĵlar [1]. Zorlu bir diĵer alan ise ¿retim adēmlarēnda 

kullanēlan teknolojilerin ve malzemelerin s¿rd¿r¿lebilirliĵi ve geri dºn¿ĸt¿r¿lebilirliĵidir. [2] 

 

Yapēsal uygulamalar i­in ilk kompozit malzeme ­alēĸmalarē, neredeyse sadece termoset matrisli kompozitlere 

odaklanmēĸtēr, ­¿nk¿ bu malzemeler termoplastik olanlardan daha y¿ksek bir mukavemet saĵlamēĸtēr. Bununla 

birlikte, termoplastik matrislerin kullanēmē geri dºn¿ĸ¿m a­ēsēndan daha ºnemli hale gelmiĸtir [3]. ¢oĵu termoplastik 

matris, eriyik formda daha y¿ksek viskoziteleri nedeniyle ¿retimde zorluk ­ēkarmaktadēr. Termoset polimer 

kullanarak bir kompozit par­a ¿retmek daha ucuzdur, ­¿nk¿ daha d¿ĸ¿k sēcaklēklar ve basēn­lar gerektirirler [4]. 
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Daha yakēn zamanda Arkema, polimerizasyonu oda sēcaklēĵēnda ger­ekleĸtiĵi ve ayrēca oda sēcaklēĵēnda daha d¿ĸ¿k 

viskozitelere (100-200 MPa-s) sahip olduĵu i­in daha d¿ĸ¿k ¿retim maliyetine sahip olan ve bu polimerin geri 

dºn¿ĸt¿r¿lebilir par­alarēn ¿retiminde kullanēlabileceĵi EliumÈ adlē akrilik bazlē bir termoplastik geliĸtirdi [5]. 

 

Yorulma, ­oĵu m¿hendislik yapēsēndaki arēzanēn baĸlēca nedenlerinden biridir. Bu nedenle, araĸtērmalarēn b¿y¿k 

­oĵunluĵu kompozit malzemelerdeki yorulmaya odaklanmalēdēr. Yorulma hasarēnēn ilerlemesi genellikle 

kompozitlerin rijitlik  mod¿l¿n¿n d¿ĸ¿ĸ¿yle bir korelasyon i­indedir [6].  Polimerlerin, bilhassa termoplastiklerin 

mekanik ºzellikleri sēcaklēk artēĸēndan etkilendiĵi gibi mekanik ve dºg¿sel bir y¿k uygulanmasē da malzemede 

sēcaklēk artēĸēna sebebiyet verir.  

 

Son zamanlarda geliĸtirilen akrilik esaslē cam elyaf takviyeli termoplastik matrisli kompozitlerin otomotiv gibi 

kritik alanlarda kullanēlmasē hedeflendiĵinden, malzemenin bilhassa yorulma ºzelliklerinin iyi ĸekilde irdelenmesi 

gerekmektedir. Bu ­alēĸmada, yeni bir akrilik esaslē matris malzemesi olan EliumÈ ile ¿retilen cam elyaf takviyeli 

kompozitlerin yorulma davranēĸē incelenmiĸtir. 3 farklē elyaf yºnlenmesi olan [0/90], [0/90/45] ve [-45/+45] 

laminatlar i­in S-N eĵrileri elde edilmiĸtir. Bu testler sērasēnda termal kamera vasētasēyla rijitlik d¿ĸ¿ĸ¿ ve malzeme 

y¿zeyindeki sēcaklēk artēĸē dºng¿sel y¿kleme sērasēnda anbean takip edilip hasar birikimini ve malzemenin 

davranēĸēnē tartēĸmak i­in kullanēlmēĸtēr. Bu sēcaklēk artēĸē yorulma ºmr¿yle iliĸkilendirilmek suretiyle form¿lize 

edilmiĸtir. Yorulma ºmr¿, bazē kritik bazē gerilme deĵerlerinde test yapēlma ve test sērasēnda sēcaklēk deĵiĸiminin 

takibiyle birlikte tespit edilmektedir. Bºylece enerjiden ve zamandan kar edilerek malzemelerin yorulma ºm¿rleri 

tahmin edilebilmektedir.  

 

2. Malzemeler ve Metodlar 

 

Kompoz tler, FAR-UK fr masēnēn Re­ ne Transfer Kalēplama (RTM) ĸlem yle ¿ret lm ĸt r. Kalēplama, 

kalēba ayērēcē madde uygulanmasēyla baĸlar. 490 mm x 490 mm boyutlarēnda kare b r E-Cam elyaf par­asē 

kalēba yerleĸt r lm ĸt r. B r sonrak  adēm olarak, Arkema tarafēndan ¿ret len El um 151SOÈ ve %3 aĵērlēk­a 

El um A10È'un sēvē karēĸēmē kalēba enjekte ed lm ĸ, ardēndan katal zºr (%1,5 aĵērlēk­a Butanox M-50) 

kalēba aktarēlmēĸtēr. Malzeme k¿rlenmes  ­ n 2 saat boyunca 25oC'de tutulmuĸtur. B r son adēm olarak, 4 

saat boyunca b r otoklavda 80oC'de b r k¿rleme sonrasē ĸlem uygulanmēĸtēr. El um 180È' n t p k f z ksel 

ºzell kler  Tablo 1'de sunulmaktadēr. 
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Tablo 1. Elium 180Èôin fiziksel ºzellikleri 

Fiziksel ¥zellikler Deĵer 

23ÁC yoĵunluk 1.19 

Shore D sertlik 85 - 90 

Isēl genleĸme katsayēsē, 

mm/m/ÁC 

0.065 

Kērēlma tokluĵu, K1C MPa.Ѝά 1.2 

Kērēlma uzamasē, % 2.8 

Eĵilme Dayanēmē, MPa 111 

Eĵilme Mod¿l¿, GPa 2.91 

¢ekme Dayanēmē, MPa 66 

¢ekme Mod¿l¿, GPa 3.17 

Basma Dayanēmē, MPa 116 

Basma Mod¿l¿, GPa 3.83 

 

0/90/Ñ45Á, 0/90Á veya Ñ45Á 8 katlē cam elyaflē kompoz t levhalarēn boyutlarē 480 mm x 480 mm ve 

levhalarēn kalēnlēĵē yaklaĸēk 3,5 ml metred r. Her kompoz t katmanēnda b rb r ne d k olan ­ ft eksenl  cam 

kumaĸlar bulunur. Kompoz t malzemedek  elyaflarēn aĵērlēk y¿zdes  %54 la %57 arasēndadēr.  

 

2.1 ¢ekme ve yorulma testler 

 

Kompoz t malzemeler n ­ekme deneyler  le maks mum ­ekme dayanēmlarē (UTS) bel rlend kten sonra, 

buna gºre yorulma deneyler  planlanmēĸtēr. T¿m yorulma deneyler  0,1 (ům nùůmax) R oranē le ve 5 Hz 

frekansēnda ger­ekleĸt r lm ĸt r. Y¿k kontroll¿ ve kuvvet-zaman eĵr ler  ¿zer nden ger­ekleĸt r len testler 

s n¿zo dald r. Her ger lme sev yes  ­ n m n mum 3 test ger­ekleĸt r lm ĸt r. Yorulma deneyler  ­ n MTSÈ 

Flextest 40 kontrol ¿n tes  kullanēlarak gel ĸt r len 100 KN kapas tel  h drol k tahr kl  DartecÈ yorulma test 

d¿zeneĵ kullanēlmēĸtēr. Pol merler n mekan k ºzell kler , oda sēcaklēĵē sev yeler nde b le sēcaklēk arttēk­a 

b¿y¿k ºl­¿de etk lend ĵ nden, yorulma testler  sērasēnda y¿zey sēcaklēĵē deĵ ĸ kl kler  kayded ld . Sēcaklēk 

ºl­¿mler  b r FLIR T540 IR kamera kullanēlarak ger­ekleĸt r ld . ¥rnek b r test uygulamasē ķek l 1'de tak p 

ed leb l r. Yapēlan ­ekme test  sonucunda elde ed len mekan k ºzell kler Tablo 2, yorulma test  ­ n 

uygulanacak ger lme deĵerler  Tablo 3ôte sunulmuĸtur.  
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ķek l 1. Test d¿zeneĵ . 

 

 
 

Tablo 2. ¢ekme testi sonucunda elde edilen mekanik ºzellikler. 

Elyaf 

yºnlenmeleri 

UTS (MPa) E (GPa) % Uzama 

0/90/Ñ45Á 400 7 6 

0/90Á 550 8.4 6 

Ñ45Á 120 2.8 21 

 

Tablo 3. Yorulma test  kapsamēnda kullanēlacak ger lme sev yeler . 

Ger lme Sev yeler % UTS 

1 %75 

2 %60 

3 %45 

4 %30 

5 %15 

 

3. Sonu­lar ve Tartēĸma 

 

Ortalama ger lme sēfēr olmadēĵēndan ve ­ekme-­ekme yorulma testler nde poz t f olduĵundan, S-N 

eĵr s n n ger l m genl ĵ , Denklem 1'dek  aĸaĵēdak  form¿lle Goodman yaklaĸēmē zlenerek d¿ĸ¿r¿lm¿ĸt¿r. 

ů_aT, dºn¿ĸt¿r¿lm¿ĸ ger l m genl ĵ , ů_a, elde ed len ger l m genl ĵ , ů_m, ger l mler n ortalama deĵer  ve 

S_u, n ha  ger l m ger l mler  kullanēlarak hesaplanēr [7]. Farklē cam elyaf yºnlenmeler ne sah p 

kompoz tler ­ n ger lme genl ĵ n n hasar dºng¿ler ne gºre graf ksel gºster m  ķek l 2'de gºster lm ĸt r. 
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ρ                                                                          (1) 

 

ķek l 2. S/N graf ĵ . 

 

 
 

Beklend ĵ  g b  0/90 elyaf oryantasyonu daha y¿ksek yorulma dayanēmē gºstermekted r. Ancak elyaf 

oryantasyonu yorulma ºmr¿ a­ēsēndan ºneml  b r etk ye sah p deĵ ld r. B aks yel ger lmen n olduĵu 

uygulamalarda 0/90 elyaf oryantasyonu daha y¿ksek yorulma sēnēr deĵer  gºstermes ne raĵmen 0/90/45 

elyaf oryantasyonunun da kullanēlab leceĵ  sºyleneb l r. Hasar durumlarē ncelend ĵ nde t p k lam ne 

kompoz t malzeme hasar davranēĸē gºzlenm ĸt r. Ñ 45Á yºnlenmes  yorulma test nde matr s malzemes n n 

ºzell kler n  gºsterd ĵ  ve uzun ­evr ml  yorulmada b¿y¿k b r uzama gºsterd ĵ  ­ n sēcaklēk ºl­¿m¿ bu 

numune ­ n yapēlmamēĸtēr. ķek l 3ôte yorulma test  sērasēnda oluĸan sēcaklēk artēĸē gºster lm ĸt r. ķek l 4ôte 

se termal kameradan alēnan b r gºr¿nt¿ ºrneĵ  paylaĸēlmēĸtēr. 

 

ķek l 3. (Solda) 0/90/45 ve (saĵda) 0/90 numuneler ndek  yorulma test  sērasēnda t p k sēcaklēk artēĸē. 
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ķek l 4. Yorulma test  boyunca termal kameradan alēnan gºr¿nt¿ ºrnekler . 

 
Test sērasēndak  sēcaklēk deĵ ĸ m  ve yorulma ºmr¿n¿n ­arpēmē b r sab te baĵlanmēĸ ve buna gºre her k  

elyaf yºnlenmes  ­ n malzeme katsayēlarē bel rlenm ĸt r. Form¿l fades  Denklem 2ôde ver lm ĸt r. Burada, 

ȹT, sēcaklēk artēĸē, N hasar gºr¿len ­evr m , k se malzeme sab t d r. 0/90/45 yºnlenmel  kompoz t n 

yorulma ºmr¿ Denklem 3, 0/90 yºnlenmel  malzemen n yorulma ºmr¿ se Denklem 4ôte ver lm ĸt r. 

ЎὝ ὼ ὔ ίὥὦὭὸ                                                                         (2) 

 

ЎὝ ὼ ὔȟ ωτȢω                                                                         (3) 

 

ЎὝ ὼ ὔȢ ρρπȢςψ                                                                         (4) 

 

Bu katsayēlar elde ed ld kten sonra artēk herhang  b r ger lme deĵer nde yorulma ºm¿rler  tesp t 

ed leb lecekt r. ¥rneĵ n, 0/90/45 elyaf yºnlenmes ne sah p malzemen n %22,5 UTS ger lmes nde yapēlan 

yorulma test nde yorulma ºmr¿n¿n 1.63 x 107 olarak hesaplanmēĸtēr. Aynē ger lme y¿zdes nde bu deĵer 

0/90 elyaf yºnlenmes ne sah p malzemede se 3.2 x 106 olarak bulunmuĸtur. Bu deĵerler testlerle de 

tamamlanmēĸ ve yakēnsama y¿zde 93ôe kadar ­ēkmēĸtēr. Bunun sonucunda elde ed len S/N graf kler  de 

ķek l 5 ve ķek l 6ôda ayrē ayrē ver lm ĸt r.  
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ķek l 5. 0/90/45 yºnlenmedek  malzemede tahm n sonucunda elde ed len S/N graf ĵ .Ш

 
 

 

 

 

ķek l 6. 0/90 yºnlenmedek  malzemede tahm n sonucunda elde ed len S/N graf ĵ .Ш 

 
4. Sonu­ 

 

Daha haf f konstr¿ks yon ve ger  dºn¿ĸt¿r¿leb l r tasarēm saĵlamak amacēyla termoplast k matr sl  

kompoz tler gel ĸt r lm ĸt r. ¢alēĸmada, E-cam takv yel  kompoz t n ¿ret m nde Re­ ne Transfer Kalēplama 

(RTM) yºntem  kullanēlmēĸtēr. ¢ekme-­ekme y¿klemes nde yorulma davranēĸē 0/90Á, 0/90Á/45Á, Ñ45Á 

olmak ¿zere ¿­ farklē elyaf oryantasyonu ­ n ncelenm ĸt r. A­ēĵa ­ēkan ºz ēsēdan kaynaklanan sēcaklēk 

artēĸē yorulma deney  boyunca tak p ed lm ĸ, yorulma ºmr¿ de anal t k yaklaĸēmla hesaplanmēĸtēr. Sonu­lar 

graf kler hal nde ver lm ĸ gerekl  katsayēlar hesaplanēp, yorulma sēnērē 0/90 elyaf yºnlenmes  ­ n y¿zde 

37.5, 0/90/45 elyaf yºnlenmes  ­ n y¿zde 38.5 olarak bel rlenm ĸt r. Katsayēlar yardēmēyla n hayet nde 

bel rl  b r ger lme deĵer ndek  yorulma ºmr¿ tahm n  y¿zde 93ôe varan sabetle yapēlab lecekt r. Bºylece 

hem zamandan hem de enerj den tasarruf etmek suret yle malzemeler n yorulma ºzell kler  hakkēnda hēzlē 

ve sabetl  yorumlar yapēlab lecekt r.  
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ABSTRACT 

Today, solid waste is a significant environmental problem. Activated carbon is an important solution for 

evaluating solid waste and producing new products with high-added value. Activated carbon production is 

carried out by pyrolysis. In pyrolysis processes, inert gas is typically used to create an oxygen-free 

environment, but its use increases both the cost and the embedded energy of the process. In this study, a 

nonwoven-woven textile composite made from natural fibers was carbonized and activated in a single step 

using process gases such as CO2 without the need for inert gas. Sulfuric acid was used as an activation 

agent and catalyst, accelerating the carbonization process. This method also minimized dimensional 

shrinkage while yielding a high-performance carbon material. The carbonized textile structure exhibited 

excellent electromagnetic interference (EMI) shielding effectiveness, achieving 99.99% shielding at 1-6 

GHz. Frequency range. This study contributes significantly to the circular economy by converting textile 

waste into high-value-added products. 

Keywords: Nonwoven-woven compos te, act vated carbon, Electromagnet c Sh eld ng (EMI)  
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The level of protect on prov ded by f ber-re nforced compos te systems, commonly used as part cle sh elds 

and helmets n armor systems, s of cr t cal mportance when fac ng var ous threats. Ultra-h gh molecular 

we ght polyethylene (UHMWPE) s a w dely preferred materal n ball st c armor appl cat ons due to ts 

except onal mechan cal propert es and super or energy absorpt on capac ty. Th s study evaluates the 

ball st c performance of UHMWPE sheets aga nst 0.3 cal ber fragment s mulat ng project les (FSP). The 

tests were conducted us ng sheets w th a th ckness of 10 mm and an areal dens ty of 12 kg/mĮ, focus ng on 

energy absorpt on capac ty, penetrat on res stance, and deformat on behav or. Exper mental results 

demonstrated that UHMWPE sheets prov de effect ve protect on aga nst 0.3 cal ber FSP, ow ng to the r 

h gh energy absorpt on capab l ty. The mater al successfully offered complete protect on aga nst project les 

travel ng at veloc t es of 700 m/s and 900 m/s, w th project le energy d ss pated through nterlayer 

delam nat on. It was observed that the 10 mm th ck samples exh b ted approx mately 30 mm delam nat on 

under a veloc ty of 700 m/s and about 40 mm delam nat on at 900 m/s. These f nd ngs nd cate that 

UHMWPE sheets are l ghtwe ght and h ghly effect ve ball st c armor mater als, mak ng them a prom s ng 

cand date for personal protect ve equ pment and l ghtwe ght armor appl cat ons. 

Keywords: Ultra-H gh Molecular We ght Polyethylene (UHMWPE), Ball st c Res stance, Fragment 

S mulat ng Project le (FSP), Armor Mater als 
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1. Introduction 

Aerogels are lightweight and highly porous materials with porosities varying from approximately 80% to 

99.8%, achieved through sol-gel reactions. These unique materials are often regarded as one of the lightest 

porous substances with a typical density value ranging from 0.01 to 0.1 g/cm3 (Wang et al., 2013). First 

developed in 1931 by Steven S. Kistler, aerogels attracted academic interest due to their low density and 

extremely porous structure (Aegerter et al., 2011). 

Silica aerogels, one of the aerogel types, are sol-gel derived materials with a three-dimensional solid 

network and a mesoporous structure. These materials offer significant advantages for industrial applications 

due to their low density, high porosity, low thermal conductivity and low refractive index (Li et al., 2016; 

Wang et al., 2015). In recent decades, the synthesis of silica aerogels has been extensively studied by 

researchers exploring various precursors and modifying the synthesis parameters to improve the production 

process. Recently, many research works have been devoted to ambient pressure drying, which makes the 

production of silica aerogel commercially and industrially viable (Lee et al., 2002; Parvathy Rao et al., 

2005). Despite their advantages, silica aerogels exhibit limitations in thermal stability, especially at elevated 

temperatures above 500ÁC, where their structural integrity and insulating properties begin to degrade 

(Gªchter and M¿ller, 1985). This challenge has spurred research into enhancing the flame retardancy and 

thermal stability of silica aerogels, particularly when used as composite additives in various building 

materials. Flame retardant additives, designed to address the fire risks associated with the application of 

aerogels, have become a critical area of focus in this field. 

Various types of flame retardants are employed to enhance the fire resistance of materials including 

halogenated compounds, phosphorus-based retardants, nitrogen-based additives, inorganic minerals, 

intumescent systems, and synergists (Gªchter and M¿ller, 1985). While halogenated flame retardants such 

as polybrominated diphenyl ethers (PBDEs) and chlorinated organophosphates have traditionally 

dominated the market due to their cost-effectiveness and efficiency, concerns regarding their environmental 

and health impacts have led to increased restrictions on their use. This has driven the development of 

halogen-free alternatives, which are gaining importance due to their reduced toxicity and environmental 

impact. 

Several studies have explored the integration of flame retardants into silica aerogels to enhance their 

performance in high-temperature environments. For instance, the synthesis of magnesium hydroxide 

(Mg(OH)2)/silica composite aerogels using ambient pressure drying has shown promising results. These 

aerogels, when used as fillers in polymer coatings, significantly enhanced the flame retardancy of the 

coatings, allowing them to withstand fire exposure for over 15 seconds before ignition. The incorporation 

of nonionic surfactants further improved the uniformity and flexibility of the coatings, highlighting the 

potential of composite aerogels in fire-resistant applications (Lee et al., 2022). The development of silica 

aerogel elastomers (SAEs) with excellent mechanical robustness and flexibility has also opened new 

avenues for multifunctional applications. By combining low thermal conductivity with flame retardancy, 

these aerogels, when coated with Mg(OH)2, demonstrated remarkable fire resistance, suppressing smoke 

and reducing the peak heat release rate (Liu et al., 2020). Such advancements underscore the potential of 

mailto:buseyagiz1999@gmail.com
mailto:nilay.gizli@ege.edu.tr
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aerogels as flame-retardant materials, particularly when combined with synergistic additives and innovative 

production methods. 

In addition to polymer coatings, flame-retardant aerogels have been incorporated into poly(lactic acid) 

(PLA) composites to improve both mechanical and fire-resistant properties. The use of BF-SiP and APP in 

PLA composites resulted in significant improvements in flame retardancy, achieving UL-94 V0 ratings and 

higher limiting oxygen index (LOI) values (Niu et al., 2022). These composites also exhibited a notable 

reduction in heat release rates and the formation of toxic combustion by products, further demonstrating 

the efficacy of aerogels as flame-retardant additives. Beyond polymer composites, aerogels have been 

integrated into polyimide foams, enhancing both their thermal insulation and flame resistance properties. 

By incorporating silica aerogel layers into the foamôs cellular structure, researchers achieved significant 

improvements in LOI, heat release rates, and smoke suppression (Sun et al., 2020). Similarly, the 

development of P/Cu-hybrid silica aerogels (m-SA) for use in rigid polyurethane foam (RPUF) 

demonstrated improved thermal insulation, flame retardance, and mechanical strength, showcasing their 

potential for advanced industrial applications (Tao et al., 2023). 

In recent years, the flammability of both synthetic and natural textiles has emerged as a critical concern, 

prompting a growing demand for treatments to enhance their flame resistance. Studies indicate that over 

94% of fire-related fatalities in households are associated with the burning of upholstered furniture. 

Traditional approaches, such as the use of bulk nanocomposites, have proven effective in improving flame 

retardancy in various polymer matrices. Silica, in particular, has demonstrated a protective role in the form 

of silica nanoparticles or layered silicates. During combustion, these nanocomposites form an inorganic 

barrier on the surface, protecting the underlying polymer from oxygen and reducing heat transfer. This 

protective layer of nanoparticles, accumulates on the surface, minimizing convection and surface tension. 

However, despite the advantages offered by bulk nanocomposites, their application in textile production is 

limited due to difficulties in fiber formation, such as microscopic aggregation, which can lead to fragile 

materials. Nevertheless, flame retardant nanotechnology remains a promising approach when applied as a 

surface treatment, offering the same protective barrier without the drawbacks of bulk nanocomposites. This 

surface modification approach can enhance flame retardancy without compromising the textile's structural 

integrity (Carosio et al., 2011). 

Cotton fabrics, widely used due to their softness, breathability, and comfort, pose a particular challenge due 

to their inherent flammability and hydrophilicity, especially in environments with high heat or humidity. 

Unlike synthetic fibers, natural cotton cannot incorporate flame retardant additives through mechanical 

means. As a result, surface modification techniques, such as ultraviolet curing, sol-gel processes, and layer-

by-layer (LbL) assembly, have been developed to enhance the flame retardancy of cotton. Among these, 

the sol-gel process stands out as an effective method for achieving both hydrophobicity and flame resistance 

on cotton fabrics. This process involves the hydrolysis and condensation of silane precursors, leading to a 

Si-O-Si network that provides hydrophobic properties. By controlling the degree of hydrolysis and 

condensation or selecting the proper organofunctional silane co-precursors, the level of hydrophobicity can 

be tailored. Additionally, intumescent flame retardant coatings, composed of carbon sources, acid sources, 

and blowing agents, have proven successful in providing fire resistance. These coatings suppress flame 

propagation by creating thermal insulation layers that protect the fabric substrate from destruction. 

As a conclusion, the growing need for flame retardant treatments in both synthetic and natural textiles, 

particularly cotton, has led to significant research into surface modification techniques such as sol-gel 

processes and intumescent coatings. While challenges remain, particularly in scalability and cost, the 

development of effective, durable, hydrophobic and multifunctional flame retardant systems holds promise 

for a wide range of practical applications in textiles. 

In this study, halogen-free flame retardants, specifically zinc borate (ZNB), melamine cyanurate (MCN), 

and ammonium polyphosphate (APP), were incorporated into silica aerogel structures at varying 

concentrations. These modified silica aerogels were then applied to cotton fabrics using an impregnation 
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technique. Additionally, surface modification of the treated fabrics was carried out using 

methyltrimethoxysilane (MTES). To characterize the surface morphology of the resulting samples, 

scanning electron microscopy (SEM), energy dispersive spectrometer (EDS), and Fourier-transform 

infrared spectroscopy (FTIR) were employed. Furthermore, thermogravimetric analysis (TGA) and limiting 

oxygen index (LOI) tests were conducted to evaluate the thermal stability and flame retardant performance, 

providing a comprehensive interpretation of the results from multiple perspectives. 

2. Materials and Methods 

2.1 Materials 

Tetraethylorthosilicate (TEOS, 98%) has purchased from Sigma Aldrich that was used as sol-precursor. (3-

Glycidyloxypropyl) trimethoxysilane (GLYMO, Ó 98%) was added to increase the retention efficiency of 

flame retardant materials in the epoxy inserts within the silica aerogel structure and was supplied by Sigma 

Aldrich. Ethanol (EtOH) and n-hexane were selected as solvents that are purchased from Sigma Aldrich. 

As acid and base catalyses, 0.1 M HCl and 0.1 M NH4OH solutions were added into sol-gel reaction. 20% 

NaOH solution was prepared for pre-treatment of cotton fabric. Zinc Borate (ZNB), Melamine cyanurate 

(MCN) and Ammonium polyphosphate (APP) were used as flame retardant materials. 

Methyltriethoxysilane (MTES) was added as ex-situ silylating agent during surface modification of fabrics 

which has supplied from Sigma Aldrich.  

2.2 Methods 

The sol-gel method followed in this study was illustrated in Figure 1. Sol mixture of TEOS, GLYMO, EtOH 

and H2O with a molar ratio of 1:2:6 were stirred for 30 min. Followed by adjusting the pH to initiate a 

hydrolysis reaction. After an additional 2 hours of stirring, the base solution was gradually added until the 

pH reached 7, accelerating the condensation reaction. In a separate beaker, flame-retardant (FR) mixture 

was prepared by dispersing 2 g of FR and 25 mL of EtOH. This mixture was then ultrasonicated for 40 min. 

to ensure uniform dispersion. After ultrasonification, the FR mixture was added to the main silica solution 

and stirred at high speed using a magnetic stirrer.  

Cotton fabrics were cut to appropriate sizes and pre-treated to remove impurities. Firstly, they were 

immersed in deionized water at 100 oC for 10 min. to eliminate dust and chemical residues. Afterwards, the 

fabrics were soaked in 20% NaOH solution for 20 min. in order to activate their surface structure. Finally 

they were rinsed with deionized water and dried at room temperature. The pre-treated cotton fabrics were 

then placed in the aerogel solution containing FR and subjected to ultrasonification device for at least 30 

min. allowing the solution to penetrate the fabric thoroughly. Following the penetration, the surfaces of 

selected cotton fabrics were modified with MTES to achieve hydrophobic properties. The modification 

process involved immersing the fabrics twice in a solution containing 15% MTES by volume in n-hexane. 

Finally, all samples were subject to drying at ambient temperature. The content details of the formulations 

prepared are given in Table 1. 
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Figure 1. Schematic diagram of on halogen ï free silica aerogel (SA) composite for cotton fabric 

 

Table 1. Content of the formulations 

Sample ID Aerogel type FR type 
Amount of FR 

(g) 

Content of 

MTES (%) 

Cotton/SA-ZNB Silica ZNB 3 - 

Cotton/SA-ZNB-

MTES 
Silica ZNB 3 15 

Cotton/SA-MCN Silica MCN 2 - 

Cotton/SA-MCN-

MTES 
Silica MCN 2 15 

Cotton/SA-APP Silica APP 2 - 

Cotton/SA-APP-

MTES 
Silica APP 2 15 

 

2.3 Characterization 

Fourier transform infrared (FTIR) spectra were measured by Spectrum100 (Perkin Elmer, Inc., 

Massachusetts, USA) to evaluate the structural characterization. The surface morphologies of the fabrics 
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were analyzed with a Scanning Electron Microscopy (SEM) (FlexSEM, Hitachi Co., Ltd., Tokyo, Japan). 

Before analysis, the samples were sputtered with gold under high vacuum to improve their conductivity. 

Chemical and elemental analysis of the fabric surfaces were conducted by the Energy Dispersive 

Spectrometer (EDS) (FlexSEM-EDS, Hitachi Co., Ltd., Tokyo, Japan). Thermogravimetric Analysis (TGA) 

was carried out on a thermogravimeter (STA300, Hitachi Co., Ltd., Tokyo, Japan) in the temperature range 

of 50 oC to 600 oC. The samples were heated at a rate of 10 oC/min under a nitrogen or air atmosphere with 

a flowing rate of 200 m/min. The Limiting Oxygen Index (LOI) test, which measures the minimum oxygen 

concentration needed to continue burning in air, was used to assess the flammability of fabrics. Higher LOI 

values indicate that the material has more difficult burning characteristics in standard atmospheric 

environments (Guicide and Benitez., 2001). Cotton fabrics coated with silica aerogel containing FR 

material were tested in the LOI test device (Oxygen Index, Fire Testing Technology Ltd., East Grinstead, 

UK). 

3. Results and Discussion 

3.1 Surface Morphology and Chemical Composition 

The microscopic morphology of ZNB, MCN and APP containing SAs on cotton fabric were observed by 

field emission SEM wtih the resulting images presented in Figure 2. The untreated cotton fabrics (A1-A2 

in Figure 2) displayed a relatively smooth surface, free from visible particles, and maintained the 

characteristic structure and appearance of natural cotton fibers (Lie et al., 2016). However, after the 

treatment, the surface of the cotton fabric became rougher and showed particles as well as thin, film-like 

substances, with numerous flake-like particles clearly visible. This observation indicates that the deposition 

of SA and flame retardants were effectively achieved. On the other hand, coatings are actually in the shape 

of irregular platelets forming agglomerates. This is due to the feature of nanomaterials prone to aggregation 

(Cheng et al., 2022) 

In addition, EDS analyses were performed to investigate the presence of elements such as C, O, Si, Zn, B, 

P, N are shown in Figure 2 (E1-E4). The presence of elements such as Si, Zn, B was found in the cotton 

fabric structure coated with silica aerogel containing ZNB. While 3 grams of ZNB was used in the synthesis 

of silica aerogel containing ZNB, since 2 grams of each were used in silica aerogels containing MCN and 

APP, the presence of P and N atoms was not directly found in the EDS maps. However, it is understood 

from the distribution of Si atoms on the map that the silica structure was successfully included in the cotton 

fabric structure. 
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Figure 2. SEM images of cotton fabrics and coated cotton fabrics: Cotton fabric (A1 ïA2), Cotton fabric/SA-

ZNB (B1ïB2), Cotton fabric/SA-MCN (C1ïC2) and Cotton fabric/SA-APP (D1ïD2); EDS mapping images 

of Cotton fabric/SA-ZNB/SA-MCN/SA-APP (E1ïE4) 

To investigate the extent to which cotton fabrics have integrated with various ingredients, FTIR analysis 

was performed to examine the internal structural changes of the cotton fabrics before and after undergoing 

different treatments. Figure 3 presents the FTIR spectra of both the untreated and treated cotton fabrics. 

The original cotton fabric shows characteristic cellulose peaks at 723, 1053, 1243, 1338, 1713, 2917 and 

3332 cm-1. These peaks correspond to C-H out-of-plane bending vibrations, C-O-C asymmetric stretching, 

C-O symmetric stretching, C-H deformation vibrations, CHO- stretching vibrations, stretching vibration of 

C-H in cellulose and -OH vibrations, respectively (Yuan et al., 2017) Compared to the pristine cotton fabric, 

SA-APP and SA-APP-15% MTES display three new characteristic peaks near 793/792, 1055/1020, 

907/912 and 1339/1267 cm-1, which corresponds to the P-O-P in APP, Si-O-Si (symmetrical stretching 

vibration), Si-C bond, the peak depth indicates relatively better development of silica network and P=O in 

APP, respectively (Ashori et al., 2012). The existences of Si-O-Si and Si-O bonds reflect that silica sol has 

been coated on the surface of cotton fabric. The new B-O absorption peak and P-N-C absorption peak at 

1535 cm-1 and 970 cm-1 of the cotton fabric are the characteristic peaks of ZNB and MCN respectively. The 

symmetrical stretching vibration of Si-O-B bond appears at 574 cm-1. The presence of C-H, B-O, and Si-

O-B bonds suggests that the composite and hybrid silica sols are successfully deposited onto the cotton 

fibers' surface. Additionally, the hybrid sol forms a strong chemical bond with the cotton fibers, adhering 

tightly without altering their fundamental molecular structures. However, the absence of ïOH related peaks 

around 3500 cm-1 or 1600 cm-1 in the spectra further confirms that the hydrophobic structure was effectively 

achieved for all samples through silylation with MTES (Parale et al., 2018). 

 

 

Figure 3. FTIR spectra of untreated and treated cotton fabrics 

3.2 Thermogravimetric Analysis of Cotton Fabrics 

The thermal behavior of both untreated and treated cotton fabrics under a nitrogen atmosphere is illustrated 

in Figure 4, with the main analysis parameters summarized in Table 2. As seen in Figure 4 (a-c), the TG 

EΝ EΞ EΟ EΠ 



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

ΦΜ 
 

curves can be broadly divided into three stages: (1) the initial pyrolysis phase (25ï250 oC); (2) the rapid 

pyrolysis phase (25ï450 oC); and (3) the final pyrolysis phase (450ï600 oC). During the initial pyrolysis 

phase, physically adsorbed water and small molecule additives in the cotton fabrics are released as 

temperature rises, resulting in a mass loss of no more than 5%. In the rapid pyrolysis phase, moisture in the 

gel coatings is progressively and fully volatilized, leading to cracking, fragmentation, granulation, and even 

decomposition of the coatings (including thermal degradation of components such as silica aerogels, ZNB, 

MCN, and APP). This occurs due to increased surface tension, capillary action, and mechanical stress (Li 

et al., 2022). While the residual amount of the original cotton fabric at the end of the process at 600 oC was 

12%, it was observed that this value increased to 24.2%, 27.1%, 24.3% in the coated fabrics prepared with 

SA-ZNB, SA-MCN and SA-APP, respectively. These results reveal that the coatings applied to the fabric 

provide at least 2 times higher temperature resistance and residue amount. In addition, it is one of the 

important points that the fabric prepared with SA-ZNB increases the temperature (T5%) value at which the 

first 5% mass loss is reached from 250 oC to 350 oC. 

  

 

Figure 4. TGA curves of the original cotton fabric (a) and fabricated cotton fabrics under N2: Cotton 

fabric/SA-MCN (b), Cotton fabric/SA-APP (c) 

 

Table 2. Specific data of the TGA results for the cotton fabrics 

Atmosphere Sample T5% (%) Tmax (%) Residue (wt%, at 600 oC) 

N2 Cotton fabric 250 450 12 

Cotton fabric/SA-ZNB 325 450 24.2 

Cotton fabric/SA-MCN 250 450 27.1 

Cotton fabric/SA-APP 160 450 24.3 
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3.3 Analysis of the Burning Behaviors of the Cotton Fabrics 

The LOI values of the original cotton fabric, the fabric samples coated with silica aerogels containing ZNB, 

MCN and APP, and the coatings subjected to surface modification with MTES in the last step are given in 

Table 3 and Figure 5. The coatings generally improved the LOI values of the original fabric to different 

degrees. When compared to the original cotton fabric, 5% improvement was achieved in the fabric coated 

with SA containing ZNB. It is seen that there is an additional contribution of approximately 1% in the 

version of the same coating subjected to surface modification with MTES. When we look at the silica 

aerogel coatings containing MCN and APP, an average of 5% improvement can be mentioned. What should 

be noticed here is that 3 grams of ZNB and 2 grams each of MCN and APP were used in the prepared 

coating formulations. Therefore, although MCN and APP were used in lesser amounts in the aerogel 

formulation, they provided approximately the same level of improvement as ZNB. To further verify the 

inherent flame retardancy ability of each component, a new concept is introduced here, namely, LOI 

increase with unit weight increase (æLOI/æm), which can eliminate the effect of flame retardant efficiency 

of the material on LOI (Li et al., 2022). The LOI increase values with unit weight increase of SA-ZNB and 

SA-APP samples modified with MTES are the highest among others (æLOI/æm=6 and 6.7 %/g). When 

these values are considered together with the unit weight increases of the coatings, it shows that these two 

samples have higher flame-retardant activity compared to the others. However, since the values obtained 

are close to each other, it can be said that there are no major differences between the results obtained. It 

was also observed that the surface modification with MTES did not provide a significant improvement in 

the LOI value for the samples prepared with the same material. The porous structure of SAs ensured that 

the flame-retardant components were distributed and adhered homogeneously to the fabric surface. Under 

high temperatures, the effectiveness of these coatings can be explained by several mechanisms. Firstly, 

ZNB promotes the release of water vapor by dehydration reactions when exposed to heat, thus creating a 

cooling effect on the fabric surface and also ensuring that the heat required for combustion is absorbed. At 

the same time, ZNB promotes carbonization and forms a protective carbon layer. MCN prevents the 

formation of free radicals by releasing nitrogenous compounds at high temperatures and stops the spread 

of flame. In addition, the endothermic decomposition of MCN supports the delay of the combustion reaction 

by drawing heat from the system. This process increases the thermal stability of the fabric and makes it 

difficult for the flame to spread. APP, on the other hand, forms phosphoric acid derivatives during thermal 

decomposition, both increasing carbonization in the dense phase and providing flame retardancy with free 

radical inhibition in the gas phase. Phosphoric acid derivatives form a protective char layer on the surface 

of the fabric, reducing the release of flammable gases and making it difficult for oxygen to reach the fabric 

surface. The synergistic effect of these components, combined with SA structures, significantly increases 

the flame retardancy performance of the fabric. The high surface area of SAs helps control flame spread 

more effectively by increasing the effectiveness of these components. 

Table 3. LOI values of the original and coated cotton fabrics 

Sample LOI (%) æLOI (%) æm (g) 
æLOI/æm 

(%/g) 

Cotton fabric 17 0 0 0 

Cotton/SA-ZNB 22.1 5.1 1.1 4.6 

Cotton/SA-ZNB-

MTES 

23 6 1 6 

Cotton/SA-MCN 22 5 0.9 5.6 

Cotton/SA-MCN-

MTES 

21 4 0.8 5 
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Cotton/SA-APP 22 5 1 5 

Cotton/SA-APP-

MTES 

23 6 0,9 6.7 

Note: æm is the increase of the sample, g. 

 

 

Figure 5. æLOI and æLOI/æm of the original and coated cotton fabrics 

4. Conclusion 

In this study, it was aimed to apply SA containing ZNB, MCN and APP as coatings in order to increase the 

flame retardancy performance of original cotton fabrics. For this purpose, morphological and elemental 

analyses were performed to understand the distribution, presence and chemical bonding of the coatings on 

the fabric. SEM and EDS analyses revealed that the flame retardant-containing aerogels were successfully 

placed on the cotton fibers and formed a homogeneous coating, while FTIR analysis confirmed that the 

chemical components of the aerogels were integrated into the fabric structure. TGA results evaluated the 

temperature resistances of these composite coatings comparatively and evaluated the effect of each 

component on temperature-dependent mass loss. LOI tests showed that all flame retardant coatings 

improved the combustion performance and provided similar effects by increasing the minimum oxygen 

requirement of these materials. However, surface modification with MTES applied to each coating did not 

create a significant difference in the combustion performance of the coatings. Based on this, it was 

concluded that the cotton fabric/SA-ZNB sample gave the highest temperature (350 oC) as the initial 

temperature at which 5% mass loss was reached (T5%), while the cotton fabric/SA-MCN sample gave the 

highest residual amount (27.1%); the cotton/SA-ZNB-MTES and cotton/SA-APP-MTES samples gave the 

highest LOI (23%) and æLOI/æm (5.6 and 6.7 %/g). In addition, the amounts of flame retardants used in 

aerogel synthesis were optimized due to gelation problems; while ZNB was used as 3 grams, the amounts 

of MCN and APP were set as 2 grams each. This situation revealed that the flame-retardant contributions 

of all three materials were at similar levels. The findings provide innovative ideas for the development of 

new generation flame retardant coated cotton fabrics and provide potential strategies for the design of 

higher performance textile products. 
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Abstract ï Thermoplastic nanofiber interleaving is a novel technique to enhance the fracture toughness of 

carbon fiber/epoxy (CF/EP) composites without weight penalty and thickness increase. In this study, the 

mechanical behavior of CF/EP composites interleaved with polyamide (PA 6,6) nanofibers under Mode-I 

loading was investigated numerically. For this aim, PA 6,6 nanofibers were directly electrospun onto 

unidirectional CF/EP fabrics at different areal weight densities. Then, the CF/EP laminates with/without PA 

6,6 nanofibers were manufactured by vacuum-infusion. The mechanical test data were used as material data 

input in numerical simulations. Mode-I fracture toughness tests were carried out in accordance with ASTM 

standard. Numerical analysis of the CF/EP composites were carried out by using ANSYS 16.2 software 

package. The numerical results showed that the use of two exponential cohesive zone models could be a 

good solution to predict the response of the PA 6,6 nanomodified composites under Mode-I loading 

accurately. 

 

Keywords ï Composite structures; cohesive zone model (CZM); Nanofiber interleaving 

 

1. Introduction 

Carbon fiber/epoxy (CF/EP) composites have been found in many engineering applications since they offer 

significant weight reduction and better corrosion and fatigue resistance compared to their metal 

counterparts. However, they are generally prone to delamination damage due to the out-of-plane 

interlaminar stresses arising from low-velocity impact, manufacturing imperfections etc. Delamination is 

the most dominant failure mode observed in these materials which promotes damage growth and premature 

failure. Therefore, researchers have devoted significant attention to searching techniques for improving 

delamination resistance of these materials. Many different techniques were developed and evaluated by the 

researchers over the years [1-4].  

Thermoplastic nanofiber interleaving is a novel technique to improve the delamination resistance of CF/EP 

composites without weight penalty and thickness increase. In this technique, electrospun thermoplastic 

nanofibers are collected onto primary reinforcing carbon fibers before traditional composite manufacturing. 

With this technique, it is possible to improve delamination resistance (fracture toughness) of CF/EP 

composites without negatively affecting their mechanical and thermomechanical properties (tensile and 

flexural modulus, glass transition temperature (Tg) and dynamic modulus etc.) unlike the other toughening 

methods. A recent review by Palazzetti and Zucchelli [5] systematically reviewed the experimental studies 

of this topic. In the literature, different types of nanofibers such as PCL [6], PVA [7], PU/CNTs [8], PSF 

[9], PA 6,6 [10], and were used as secondary reinforcement between the primary reinforcing plies to 

improve both Mode-I and Mode-II fracture toughness of CF/EP and E-glass/epoxy laminated composites.  

mailto:bertan.beylergil@alanya.edu.tr
mailto:metintanoglu@iyte.edu.tr
mailto:enginaktas@iyte.edu.tr
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The delamination behavior of laminated composites has been extensively investigated using the fracture 

mechanics framework. Different computational methods such as the virtual crack closure technique 

(VCCT) and the J-integral were developed and evaluated to simulate the crack propagation in laminated 

composites. However, there are some shortcomings that arise when they are performed with finite element 

method. The cohesive zone modelling (CZM) can be used to predict delamination growth within the 

framework of damage mechanics. It is based on zero-thickness cohesive elements ahead of the crack as a 

model of fracture process zone without the stress singularity. In the study by Dugdale [11], the CZM was 

first applied to a ductile material (steel) and it was assumed that the cohesive stresses were equal to the 

yield stress of the steel. Barenblatt [12] proposed a cohesive zone concept to simulate crack initiation and 

growth in ideally brittle materials.  

Although there are increasing number of experimental studies on the nanofiber interleaving technique, a 

few studies have been published where the authors have used CZM approach to simulate the delamination 

behavior of CF/EP composites interleaved with thermoplastic nanofibers. The following paragraph 

summarizes the numerical studies in which CZM approach was used to simulate the mechanical response 

of PA 6,6 nanofiber interleaved composite laminates under Mode-I loading. 

Moroni et al. [13] investigated the PA 6,6 nanofiber interleaved CF/EP composites under Mode-I and Mode-

II loading conditions. They conducted both laboratory experiments and numerical simulations. It was 

concluded that a bilinear damage law should be used to match experimental and numerical results of the 

PA 6,6 nanofiber interleaved CF/EP composites whereas a linear damage law could predict the response of 

reference CF/EP samples correctly. Giuliese et al. [14] also showed that a bilinear damage law was 

necessary to accurately predict the delamination response of the nanomodified interface. They also showed 

that there was an obvious relationship between the nanofiber layer parameters and the cohesive energy of 

the interface. Saghafi et al. [15] determined the cohesive zone parameters of reference and PA 6,6 

nanomodified composite laminates then the effects of PA 6,6 nanofibers on the impact response was studied 

by using these cohesive zone parameters. Garcia et al. [16] and Beylergil [17] investigated the effects of PA 

6,6 nanofibers on the global dynamic response of composite laminates using a simple FE modeling 

procedure. Unlike the studies which use bilinear damage law to simulate the delamination behavior of PA 

6,6 nanomodified composites, this study uses exponential cohesive law. Although both methods converge 

well, the linear softening not as well as the exponential softening for Mode-I simulation. The bilinear 

damage law requires the determination of many cohesive zone parameters to fit experimental and numerical 

results than the exponential law. In most of the studies in literature, laboratory experiments were carried 

out to investigate the effects of different types of nanofibers on the mechanical response of laminated 

composites. However, only a few studies on numerical modeling of nanomodified composites were 

published. The aim of this study is to fill this research gap in this research area and strengthen our 

knowledge on the effects of PA 6,6 nanofibers when they are placed as a secondary reinforcement between 

the composite plies. 

In this study, Mode-I fracture toughness of CF/EP composites interleaved with/without PA 6,6 nanofibers 

was investigated numerically. Numerical analyses of the CF/EP composites were carried out by using 

ANSYS 16.2 software package. Firstly, the numerical results were verified against those presented in the 

literature. Then, the verified FE model was extended to the current study. The cohesive zone parameters to 

simulate interfacial delamination of the reference and PA 6,6 nanomodified CF/EP composites were 

determined by using the experimental data. 

 

2. Experimental 

The unidirectional (UD) carbon fibers (with an areal weight density of 350 gsm) were used as the primary 

reinforcement. The epoxy resin and its corresponding hardener (Momentive L160/H160, weight ratio: 

80:20) were used as the matrix. 10 wt% PA 6,6 electrospinning solutions were prepared by using the binary 
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formic acid/chloroform with the ratio of 75:25 v/v at room temperature. The electrospinning set-up was 

composed of a rotating collector, a syringe pump and six nozzles and shown in Figure 1.  

 

 

Figure 1.  (a-b) Electrospinning process and deposition of PA 6,6 nanofibers, (c) carbon fabrics after 

electrospun nanofiber deposition and (d) SEM image of PA 6,6 nanoveil sample taken from the surface 

carbon fabrics [7, 10]. 

 

The electrospinning duration was selected as 30 and 60 minutes. After the electrospinning process, the 

deposited nanofiber PA 6,6 layer onto carbon fabric was slowly peeled off and the PA 6,6 nanofiber layer 

was weighted by using a high precision scale. The corresponding PA 6,6 nanofiber amount for 30- and 60-

minutes deposition was calculated as 0.525 and 1.0 gsm, respectively. One nanofiber interlayer was placed 

by electrospinning between the second and third unidirectional plies for Mode-I fracture toughness tests. 

More details about experimental procedure can be found in the study by Beylergil [18]. The reference (four 

UD carbon plies) and PA 6,6 nanofiber deposited (nanomodified, four UD carbon plies+ 1 PA 6,6 nanoweb 

interlayer) CF/EP composite laminates were produced by vacuum-infusion. After at room and high 

temperature curing, the reference and PA 6,6 nanofiber interleaved composite specimens were prepared by 

a water-jet cutting. The average thickness of the composites was determined as 1.20-1.21 mm. PA 6,6 

nanofibers had no observable effect on the average composite thickness. Tensile tests were performed using 

a servo hydraulic testing machine (MTS 810) with a 100 kN capacity. The machine was operated at 2.0 

mm/min up to failure. The strain was measured by a clip-on extensometer attached to the specimen surface. 

Elastic modulus of reference and PA 6,6 nanomodified composite specimens were determined in the 

longitudinal and transverse directions. In UD composites, the tensile failure generally occurs near the ends 

of the tabs. This may result in the misjudgments of the tensile results. Therefore, dumbbell-like shape 

specimens were used in tensile tests. More information about the geometry of tensile test specimens can be 

found in Refs. [19, 20]. The Mode-I interlaminar fracture toughness of the composite specimens was 

calculated by double cantilever beam (DCB) testing in accordance with ASTM 5528-13[21] standard. 

Figure 2 shows the resistance curves (GIC vs delamination length) of the composite specimens. The 

increasing tendency in GIc values with delamination length was due to crack bridging by nanofibers 

observed in the PA 6,6 nanomodified composite specimens. To determine shear modulus (G12) of the 

composite specimens, a new group of unidirectional composite specimens were prepared and cut at a Ñ45o 

orientation. Tensile tests were carried out on these specimens and tested at a crosshead speed of 2 mm/min. 

G12 was calculated by using the following formula [22]; 
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where Ex, E1, E2 and ɡ12 represent the elastic modulus at Ñ45
o degree, longitudinal (0O), transverse modulus 

(90O), the major poisson ratio; respectively. Table 1 presents the mechanical test results of the composite 

specimens with/without PA 6,6 nanofibers. 
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Figure 2. GIC vs. delamination length (resistance curves) of (a) reference, (b) PA6,6-AWD-0.525 and (c) 

PA6,6-AWD-1.05 composite specimens. 

 

Table 1.  Mechanical properties of the CF/EP composites with/without PA 6,6 nanofibers. 

Mechanical property Reference 
0.525 gsm- PA 6,6 nano 

interleaved composites 

1.05 gsm-PA 6,6 nano  

interleaved composites 

E1 (GPa) 122.2 121.5 120.8 

E2 (GPa) 9.30 9.20 9.03 

G12 (GPa) 4.30 4.23 4.19 

v12 (-) 0.305 0.305 0.305 
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3. Numerical 

3.1 Cohesive zone modelling (CZM) 

CZM is a unique damage model based on cohesive forces and energy that holds the material (or interface) 

together. It provides an effective way of modeling delamination in laminated composites. Figure 3 shows a 

cohesive zone model for interfacial separation. Before loading, a CZ zone element is called undamaged. If 

the surfaces have been completely separated, there are no force interactions between the cohesive surfaces 

therefore the element is called fully damaged.  

 

F gure 4. Cohes ve zone model of nterfac al separat on [27]. 

 

F gure 5. Cohes ve zone model of nterfac al separat on [27-29]. 

The success of CZM mainly depends on the accurate determination of the relationship between the traction 

(ů) -required stress to open interface- and the effective separation (ŭ). The area under the traction-separation 

curve is equal to the fracture toughness GC. Figure 4 shows various cohesive zone laws, i.e. bilinear, 

exponential, trapezoidal, and trilinear, used for describing the behavior of different materials in literature. 

From the perspective of accuracy and convergence of the solutions, the exponential law was identified as 

the optimal one in literature. Therefore, in this study, the exponential law, in terms of the maximum normal 

and shear separations, was selected to simulate interface delamination of CF/EP composites with/without 

PA 6,6 nanoweb interlayers. The exponential cohesive zone parameters were given below [23]; 

0

Is: Maximum normal traction at the interface (
0

Is) 

c

nd: Normal separation across the interface where the maximum normal traction is attained. 

t

nd: Shear separation where the maximum shear traction is attained. 

h: Artificial damping (taken as 10-4 to obtain smooth force-separation plot in this study). 
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3.2 Numerical verification 

To verify finite element model, a DCB problem was taken from the literature and the obtained results were 

compared with the published results. The length and width of the DCB specimen were 100 mm and 20 mm, 

respectively. The composite specimen was made of four unidirectional carbon fiber/epoxy plies with a total 

thickness of 3 mm. The initial crack (a) was placed 30 mm away from the loaded edge. Table 2 shows 

material properties of the CF/EP composite specimen. Figure 5 (a) shows the mesh structure of the 

composite specimen. In total, 2280 elements and 2406 nodes were used to create FEM model of the 

composite specimen. Boundary and loading conditions were as follows; the right end of the beam is fixed, 

and a constant displacement of 10 mm was applied on left edges of the beam as shown in Figure 5 (b). 

Figure 6 shows von-Mises stress distribution in the composite specimen obtained from the numerical 

analysis. As expected, the equivalent von-Mises stress values reached its maximum value at the crack tip. 

Table 3 shows the comparison of the FEM obtained results with the literature. It could be seen that very 

close agreement was found between the presented results and the numerical results available in literature. 

After verification, the FE model was extended to simulate the behavior of reference specimens under mode-

I loading. To simulate the Mode-I fracture toughness experiments, the dimensions of the model were 

changed as 137.5x25x1.2 mm. The numerical data were compared with the pre-cracked test results. 

Therefore, the length of the initial crack was considered as 53 mm. The material properties obtained from 

the tensile tests were directly entered into the FEM model. The mesh structure, loading and boundary 

conditions were kept the same as in the verification step. The poissonôs ratio (ɡ12) was assumed constant as 

suggested in the study by Liu et al. [8]. The cohesive zone parameters were changed to fit the CZM 

simulation results to the set of experimental data. 

 

 

(a) 

 

(b) 

Figure 5. (a) Mesh structure and (b) applied boundary and loading conditions.  

 

 

Figure 6. von-Mises stress distribution in the DCB composite specimen. 
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Table 2.  Mechanical properties of the CF/EP composites used for the numerical verification [26]. 

Mechanical property Value 

E1 (GPa) 135.3 

E2 (GPa) 9.00 

G12 (GPa) 5.20 

v12 (-) 0.26 

 

Table 3.  Numerical verification (Maximum force, reaction force in the y-direction and von-Mises stress in 

the DCB specimen) 

 

Max Force FY 

 (N) 

End Reaction force 

FY 

(N) 

Von-Mises Stress 

(MPa) 

This 

study 

60.09 24.00 305.23 

Barbero 

[26] 

58.59 24.07 305.96 

 

4. Results and discussion 

 

Figure 7 shows comparison between experimental results and cohesive zone model response in the case of 

reference composite specimens. The FE model predictions were in reasonable agreement with the 

experimental test data although the predicted maximum force values were little lower than those of the 

experiments. The predicted maximum force was 12.5 N whereas the average maximum load of the reference 

specimens was 14.4 N. The numerical error was about 13% which could be reduced by tuning the cohesive 

zone parameters. However, the correct prediction of Mode-I fracture toughness is more important than the 

accuracy of maximum load prediction. Therefore, the cohesive zone parameters were adjusted to obtain 

highest accuracy in the fracture toughness values. The maximum normal traction at the interface, normal 

separation across the interface and shear separation cohesive zone parameters were determined as 25, 

0.0036, 0.0043, respectively. 
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Figure 7. Comparison between experimental and cohesive zone model for the reference composite 

specimens. 

 

Unlike the reference composite specimens, PA 6,6 nanomodified composites (Figure 8) behaved differently 

in the crack propagation stage. The sharp load drops were observed in the load-displacement curves of the 

reference composite specimens. This is an indication of highly unstable crack growth along the interlaminar 

region in the unidirectional CF/EP composites. On the other hand, PA 6,6 nanomodified composite 

specimens experienced many small-load drops during the crack propagation. The reason for that was the 

crack in PA 6,6 modified specimens traveled much more slowly in the interlaminar region as compared to 

the reference specimens. Therefore, it can be said that more stable crack propagation takes place in the PA 

6,6 nanofiber modified composites. The main reason for this difference is that extensive nanofiber bridging 

occurs in the interlaminar region. Figure 8 also shows the numerical results of PA 6,6-AWD-0.525 and PA 

6,6-AWD-1.05 composite specimens, respectively. It was noteworthy that using only one exponential 

cohesive zone model was not good enough to predict the behavior of PA 6,6 nanomodified composites 

accurately. The superposition of two different softening laws is suitable to simulate fracture of composite 

laminates as stated by Davila et al. [24] and Airoldi and Davila [25]. Therefore, the interfacial delamination 

simulation of PA 6,6 nanomodified composites were carried out in two-steps. Their load-displacement curve 

was divided into two parts; (i) initiation (until the crack propagates 20 mm from the artificial crack) and 

(ii) propagation stage. It was stated in the literature that the bi-linear law was suitable when the applied 

composite laminate was woven, and fiber bridging was negligible [15]. On the other hand, in this study, 

unidirectional carbon plies were used. Therefore, the response of PA66 nanomodified specimens under 

Mode-I loading were predicted by using two different exponential cohesive zone models (one for each 

stage).  

Table 4 shows the determined cohesive zone parameter values for the PA 6,6 nanomodified composite 

specimens. The average experimental maximum load (Fmax,exp) values were determined as 16.4 N and 

21.0 N and for the PA66-AWD-0.525 and PA66-AWD-1.05 composite specimens, respectively. The 

numerical maximum load (Fmax,num) values were determined as 16.39 N and 19.63 N and for the PA66-

AWD-0.525 and PA66-AWD-1.05 composite specimens, respectively. It can be said that the exponential 

cohesive law with the determined parameters were able to predict the maximum force values correctly. The 

results of two exponential cohesive zone models were superposed to calculate the Mode-I fracture 

toughness of the reference and PA 6,6 nanomodified composite specimens. The area under the curves was 

used to determine the Mode-I fracture toughness values of the specimens.  
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F gure 8. Compar son between exper mental and cohes ve zone model of (a-b) PA66-AWD-0.525 

spec mens (c-d) PA66-AWD-1.05 specimens. 

 

Table 4 presents the numerical Mode-I fracture toughness values with comparison of experimental data. It 

can be said that the numerical predictions were good agreement with the experimental results. The 

numerical error in the analyses was in the range between 3-7%. The resulting FE model provided fracture 

toughness properties that are better matching with the experimental response compared to that presented in 

the literature. 
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Table 4. Cohesive zone parameters used for the numerical modelling of PA 6,6 nanomodified composite 

specimens 

0.525 gsm- PA 6,6 nanomodified composites 

 
c

nd  
t

nd 
0

Is  
h 

In t al stage 0.0045 0.0054 40 0.0001 

Propagat on stage 0.0036 0.0043 25 0.0001 

1.05 gsm-PA 6,6 nanomodified composites 

 
c

nd  
t

nd 
0

Is  
h 

In t al stage 0.0028 0.0046 85 0.0001 

Propagat on stage 0.0037 0.00536 40 0.0001 

 

5. Conclusion 

 

In this study, numerical analyses of CF/EP composites interleaved with/without PA 6,6 nanofibers under 

Mode-loading was carried out by using ANSYS software package. PA 6,6 nanofibers were directly 

electrospun onto unidirectional CF/EP fabrics at different areal weight densities. Then, the CF/EP laminates 

with/without PA 6,6 nanofibers were manufactured by vacuum-infusion. Mechanical tests were carried out 

on these laminates to determine their mechanical properties in both longitudinal and transverse directions. 

The mechanical test data were used as material data input in numerical simulations. Numerical analysis of 

the CF/EP composites were carried out by using ANSYS 16.2 software package. The numerical results 

showed that the response of reference composite specimens could be accurately predicted by selecting one 

cohesive-zone parameter for both initiation and propagation stages of Mode-I testing. On the other hand, 

the correct prediction of the response of PA 6,6 nanomodified composites required the use of two different 

cohesive-zone parameter sets for the initiation and propagation stages of Mode-I loading. By selecting the 

exponential cohesive-zone parameters correctly, it was possible to obtain good agreement between the 

experimental and numerical results. Once the correct cohesive zone parameters are determined, the 

numerical model can be extended to investigate the mechanical response of nanofiber interleaved composite 

under different loading cases. 
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Compos tes 
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1 Esk ĸeh r Osmangaz  Un vers ty 

 

Compos te mater als have been developed for eng neer ng appl cat ons and prov de mechan cal propert es 

such as excellent thermal, acoust c, corros on and wear res stance by comb n ng d fferent mater al groups. 

Metal matr x compos tes (MMC) cons st of matr x and re nforcement phases and comb ne the duct l ty 

propert es of metals w th the strength of ceram cs. L ght metals such as alum num are wdely used as matr x 

mater als due to the r advantages such as recyclab l ty, thermal and electr cal conduct v ty. Propert es such 

as hardness and wear res stance n MMCs are mproved w th ceram c part cles such as TaB , T B , S C. In 

s tu compos tes are compos tes n wh ch the re nforcement phase s formed d rectly n the matr x dur ng 

mater al process ng. Th s method produces thermodynam cally more stable phases compared to trad t onal 

mechan cal m x ng. In s tu re nforcements formed by exotherm c react ons prov de strong bonds between 

the matr x and re nforcement and prevent harmful chem cal react ons. The product on of n s tu compos tes 

offers homogeneous d str but on, thermodynam c stab l ty n the matr x and cost advantages. Compos tes 

conta n ng h gh volume re nforcement can be produced w th techn ques such as self-propagat ng h gh 

temperature combust on synthes s (SHS). Th s method offers an eff c ent product on process n terms of 

t me and energy. In th s study, alum num matr x tantalum bor de re nforced n s tu compos te mater als were 

successfully produced by volume combust on synthes s (VCS) method. Dens ty measurement of Al matr x 

compos te mater als produced at h gh n t al press ng pressures (420 MPa, 630 MPa and 850 MPa) was 

performed by Archmedes method, m crostructural analys s by Opt cal M croscope (OM) and Scann ng 

Electron M croscope (SEM/EDX), structure and phase analys s by X-ray D ffractometer (XRD). At the 

same t me, mechan cal behav ors were determ ned by wear test and m crohardness (HV) tests. The des red 

phases were obta ned as a result of combust on synthes s n compos tes w th 15% and 20% re nforcement 

content. These mater als, wh ch show h gh hardness and wear res stance, have low poros ty and a 

homogeneous structure. Espec ally the 91.6 HV hardness value obta ned n the 20% TaB  re nforced sample 

shows that such compos tes prov de h gher hardness compared to s m lar stud es n the l terature. In wear 

tests, TaB  content also ncreased the wear res stance of the compos te. 

Keywords: SHS, Metal Matr x Compos tes,Tantalum D bor de, Wear Res stance, Hardness 
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1. INTRODUCTION 

 The increasing carbon dioxide (CO ) emissions today have become a priority issue in the efforts to 

counteract climate change and environmental degradation. In this context, developing innovative 

technologies with the potential to reutilize CO  is of great importance. Converting CO  into valuable energy 

sources such as synthetic natural gas (SNG) holds the potential to reduce dependency on fossil fuels and 

contribute to sustainable energy production (Arbaĵ et al., 2018). The aim of this study is to design new 

catalysts to enhance the efficiency, selectivity, and durability of nickel-based catalysts used for the 

conversion of CO  to methane. 

 In the project, four different types of catalysts were synthesized to evaluate the performance of 

nickel-based catalysts in hydrogenation reactions, and their efficiency was tested in a fixed-bed reactor 

under specific temperature and pressure conditions (Li, 2015). Unlike traditional methods, advanced 

analysis and characterization techniques were employed to examine the surface area, crystal structure, and 

chemical composition of the catalysts in detail. The developed catalysts are aimed at providing higher 

efficiency and long-lasting performance in the conversion of CO  to SNG. 

2. EXPERIMENTAL STUDY 

In th s study, four d fferent catalystsðN /anatase-500, N /rut le-500, N /t tan um-500, and 5Co@SGAð

were synthes zed us ng compounds such as anatase, rut le, t tan um, alum na, and pr mar ly N ckel (II) 

n trate hexahydrate and Cobalt (II) n trate hexahydrate (Ehsan, 2020). The synthes s of n ckel-based 

catalysts to be used n hydrogenat on react ons was f rst carr ed out n the project. Dur ng catalyst 

preparat on, the mpregnat on method steps wh ch s shown n F gure 1 was employed, us ng the compound 

N (NO3)2Ŀ6H2O, and each selected compound was mpregnated onto n ckel separately for each catalyst. 

The m xture formed by th s method was then subjected to dry ng, f ltrat on, and calc nat on processes. The 

mpregnat on method was commonly used for catalyst preparat on, w th sol-gel and co-prec p tat on 

methods dent f ed as alternat ve approaches (Mercan, 2012). After prepar ng the catalysts, react on tests 

were conducted n a sta nless steel f xed-bed tubular reactor under spec f ed temperature and pressure 

cond t ons. 

Based on l terature research, the su table temperature range for catalyst test ng was determ ned to be 

between 300ÁC and 450ÁC, w th pressure values set at 0, 15, and 25 bar. Catalyst react on tests were 

performed n a sta nless steel f xed-bed tubular reactor w th an nner d ameter of 9.4 mm. Pr or to the 

react on test, the catalyst was act vated by pure hydrogen at 500ÁC for 1 hour w th a flow rate of 50 ml/m n. 

Then, react on tests were conducted by feed ng 20 ml/m n CO2 and 80 ml/m n H2 nto each reactor w th 1 

grams of catalyst under the spec f ed temperature and pressure cond t ons (ķah n, 2019). The CO2, H2, and 

N2 flows and the CO2/H2 molar rat o were controlled by mass flow controllers (MFC) located at the reactor 

nlet. The reactor pressure was controlled by a back pressure regulator located at the reactor outlet. The 

reactor has a total heated length of 60 cm, d v ded nto three equal zones. The reactor temperature was 

prov ded by an external furnace and controlled by thermocouples located outs de the reactor. React on tests 

were carr ed out at four d fferent temperaturesð300ÁC, 350ÁC, 400ÁC, and 450ÁCðand at pressures of 0, 
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15, and 25 bar. Dur ng the react on tests, gas products were analyzed us ng a gas chromatography dev ce. 

For catalyst character zat on, methods such as X-Ray d ffract on (XRD), BET analys s, Temperature-

Programmed Reduct on (TPR), and elemental analys s were employed, along w th FTIR and SEM-EDS 

analyses. 

 

F gure 1. Impregnat on Process Method (Yarbaĸ, 2023). 

3. RESULTS AND DISCUSSION 

 This study explored the synthesis and performance evaluation of four different nickel-based 

catalystsðNi/anatase-500, Ni/rutile-500, Ni/titanium-500, and 5Co@SGAðdesigned for converting CO  

into synthetic natural gas (SNG) through hydrogenation reactions. Using anatase, rutile, titanium, alumina, 

and primarily Nickel (II) nitrate hexahydrate (Ni(NO3)2Ŀ6H2O) and Cobalt (II) nitrate hexahydrate 

(Co(NO3)2Ŀ6H2O), these catalysts were synthesized via the impregnation method (Hoĸg¿n, 2018). This 

method involved the gradual impregnation of each compound onto nickel, followed by drying, filtration, 

and calcination. Although alternative methods like sol-gel and co-precipitation were considered, 

impregnation was chosen for its simplicity and effectiveness in preparing nickel-based catalysts. 

Reaction tests were conducted in a stainless steel fixed-bed tubular reactor, chosen for its ability to maintain 

consistent reaction conditions at high temperatures and pressures. The catalyst activation process involved 

pre-treating each catalyst with pure hydrogen at 500ÁC for 1 hour, a critical step to enhance catalytic 

performance by increasing the active sites on the catalyst surface. During the reaction, CO  and H  gas 

flows (set at 20 ml/min and 80 ml/min, respectively) were precisely controlled by mass flow controllers to 

ensure consistent CO /H  molar ratios (Balēk­ē, 2007). Additionally, temperature was maintained at one of 

four levelsð300ÁC, 350ÁC, 400ÁC, or 450ÁCðwhile pressure conditions were set at 0, 15, and 25 bar. To 

ensure accuracy and control, a back-pressure regulator at the reactor outlet managed the reactorôs internal 

pressure. 

The gas products were analyzed using gas chromatography, which provided data on the conversion 

efficiency and selectivity of each catalyst. Results from the reaction tests were then used to assess how the 

catalysts performed under varying temperature and pressure conditions. Notably, this study found that the 

different catalyst compositions and structures led to variations in CO  conversion rates and SNG production, 

highlighting the significance of choosing suitable support materials like anatase and rutile, which influence 

the catalytic activity and thermal stability. 
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Catalyst characterization played a crucial role in understanding the physicochemical properties of each 

synthesized catalyst. XRD offered insights into crystal structure, confirming the formation of distinct 

phases and crystalline sizes. BET analysis provided surface area measurements, which are critical for 

determining the number of active sites available for reaction.TPR analysis evaluated the reducibility of the 

catalysts, which is directly linked to their ability to activate CO  (Yarbaĸ, 2023). Elemental analysis, along 

with FTIR and SEM-EDS, further contributed by identifying surface compositions and structural 

characteristics, showing how each preparation and treatment step affected the final catalytic material. 

In summary, this study illustrates how a systematic approach to catalyst with performance outcomes, 

providing valuable data to guide future optimizations. Potential future work might involve optimizing the 

impregnation parameters or testing alternative compounds to improve further the stability, selectivity, and 

conversion rates of these catalysts, thereby enhancing their viability for large-scale sustainable energy 

production. 

The results of XRD analysis are shown in Figure 2 for each catalyst of standard data and used data, blue 

and red respectively: 

 

Figure 2. The overlay of Ni/anatase-500 vs used Ni/anatase-500 catalysts (Libre, 2024). 

In this study, the XRD patterns of the "used Ni/anatase-500 catalyst" sample were scanned within a 2ɗ 

range of 5Á to 90Á using a Cu-KŬ (¡ = 1.54060) X-ray source. The diffraction pattern, obtained by applying 

a 0.6-second count time for each 0.02Á step, provides significant insights into the crystal structure. Distinct 

peaks were observed around 25Á, 38Á, 48Á, 54Á, 56Á and 62Á with these angles representing crystal planes 

of high atomic density. The peak intensities, indicating a single-phase structure, suggest that the sample 

consists of a pure phase and maintains structural order (Yarbaĸ, 2023). 
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Figure 3. The overlay of Ni/rutile-500 vs used Ni/rutile-500 catalysts (Libre, 2024). 

XRD patterns of the "used Ni/rutile-500 catalyst" sample, scanned within a 2ɗ range of 5Á to 90Á using a 

Cu-KŬ (¡ = 154060) X-ray source, were analyzed (Figure 3). The diffraction pattern obtained by applying 

a 0.6-second count time for each 0.02Á step provides significant insights into the crystalline structure of the 

sample.  

The positions of the characteristic peaks observed in the graph align with crystal planes specific to the rutile 

structure, with notable peaks concentrated around 28Á, 36Á, 42Á, 55Á and 70Á. The height of these peaks 

represents atomic density in the corresponding crystal planes, providing information on the purity and 

structural order of the sample. The peak intensities suggesting a single-phase structure support that the 

analyzed sample largely consists of the rutile phase. 

 

 

      Figure 4. The overlay of Ni/titanium-500 vs used Ni/titanium-500 catalysts (Libre, 2024). 

For this study, XRD patterns of the "used Ni/titanium-500 catalyst" sample was scanned within a 2ɗ range 

of 5Á to 90Á using Cu-KŬ (¡ =1.54060) X-ray source (Figure 4). The diffraction pattern, obtained by 

applying a 0.6-second count time for each 0.02Á step, showed prominent peaks around 25Á, 38Á, 48Á, 54Á, 

56Á and 62. These peaks represent crystal planes specific to the NiTi alloy structure. The homogeneous 

distribution and intensity of the peaks indicate a uniform atomic density between phases and preserved 

structural integrity. This distribution, reflecting the structural characteristics of the NiTi phase, supports the 

purity and orderliness of the sample. 
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In In add t on, FTIR and SEM analyses are st ll ongo ng, and the necessary calculat ons have not yet been 

made. Calculat ons w ll be carr ed out once all analys s results are obta ned. 

 

4. CONCLUSION 

 In conclusion, this project aimed to develop innovative nickel-based catalysts to convert CO2 into a 

valuable energy source (synthetic natural gas (SNG)), thereby contributing to the fight against climate 

change and promoting sustainable energy production (¥nsºz, 2014).  The catalysts were primarily 

synthesized using the impregnation method, and their reaction performance was tested in a fixed-bed 

tubular reactor under specific temperature and pressure conditions. Gas flows and molar ratios used in these 

tests were precisely controlled by mass flow controllers, and the reaction products were analyzed using gas 

chromatography. Additionally, advanced analysis techniques such as XRD, BET analysis, TPR, FTIR, and 

SEM-EDS were employed for catalyst characterization, providing detailed information about the catalysts' 

surface area, crystal structures, and chemical compositions. 
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(ID-5895) Surface Mod f cat on Of Hemp Fabr c For Compos te 

Phd Cand. Al ye Akarsu ¥zen­1, Asst. Prof. Ķd l Y ĵ t2, Dr. Za de Saka D n­1, Assoc. Prof. Sem ha 

Eren1 

1 Text le Eng neer ng Department, Bursa Uludag Un vers ty, Bursa 16059, T¿rk ye 

2 Text le, Cloth ng, Footwear And Leather Department, Bursa Uludag Un vers ty, Bursa 16980, T¿rk ye 

 

F ber-re nforced compos tes have establ shed the r s gn f cance across var ous ndustr es due to the r 

versat le appl cat ons. Natural f bers l ke hemp are eas ly sourced and are prevalent n nature, offer ng 

mater al advantages such as b odegradab l ty, cost-effect veness, h gh strength, and spec f c st ffness. 

Compared to synthet c f bers, natural f ber-re nforced compos tes present benef ts such as reduced we ght, 

lower tox c ty, m n mal env ronmental mpact, and enhanced recyclab l ty. Hemp, categor zed as a bast 

f ber, pr mar ly cons sts of cellulose, hem cellulose, and l gn nðcomponents that def ne ts phys cal 

propert es and consequently nfluence the performance of compos te mater als. A cruc al factor n the 

performance of f ber-re nforced compos tes s the nteract on at the f ber-matr x nterface. A robust nterface 

ensures eff c ent stress transfer between f bers, prevent ng f ber-matr x debond ng, wh ch could otherw se 

lead to premature damage accumulat on and eventual fa lure. Therefore, enhancng the f ber-matr x bond 

s essent al. The pr mary l m tat on n the mechan cal propert es of natural f ber-re nforced thermoplast c 

compos tes ar ses from the chem cal ncompat b l ty between the hydroph l c l gnocellulos c f bers and 

hydrophob c thermoplast c matr ces. L gn n, w th ts h ghly polar structure due to numerous hydroxyl 

groups, generally shows good compat b l ty w th polar polymer matr ces. However, t s mm sc ble w th 

most polymers due to the strong ntermolecular nteract ons w th n l gnn, wh ch weaken ts nteract on 

w th the polymer matr x. To address these challenges, surface mod f cat ons are appl ed to l gnocellulos c 

f bers. Ox dat ve processes l ke ozonat on effect vely remove mpur t es such as l gn n from the f ber 

surface, formng carbonyl and carboxyl groups that enhance the f ber's react v ty. In th s study, hemp fabr cs 

were subjected to ozone surface mod f cat on, followed by the product on of f ber-re nforced compos tes. 

Post-treatment analys s of the hemp fabr cs revealed a reduct on n l gn n content and the format on of 

hydroxyl groups on the surface. Impact tests on the compos te samples nd cated that those w thout surface 

mod f cat on exh b ted 33% h gher mpact res stance compared to the r ozonated counterparts. Th s 

outcome suggests that wh le ozonat on mproves surface adhes on by reduc ng l gn n content, t 

s multaneously d m n shes the overall mpact res stance, potent ally due to the structural role of l gn n n 

re nforc ng the compos te. Acknowledgement Th s study was supported by the Sc ent f c Research Projects 

Un t of Bursa Uludaĵ Un vers ty under the project number FGA 2023 1279. 

Keywords: Hemp, surface mod f cat on, ozone, compos te 

 

  



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

ΝΝΡ 
 

(ID-5896) Invest gat on Of The Produc b l ty Of T 3Al/t b2 Compos te Powders By Volume 

Combust on Synthes s 

Berna Paĸaoĵlu1, Iĸēn Akay Erdoĵan2, Neĸe ¥zt¿rk Kºrpe2 

1 Esk ĸeh r Osmangaz  ¦n vers tes  Metalurj  ve Malzeme M¿hend sl ĵ  Anab l m Dalē 

2 Esk ĸeh r Osmangaz  ¦n vers tes  Metalurj  ve Malzeme M¿hend sl ĵ  Bºl¿m¿ 

 

Research on the use of t tan um alum n des, wh ch have recently become nterest ng mater als due to the r 

excellent propert es at h gh temperatures, as coat ng mater als n the form of powder compos tes, has 

ncreased due to the r br ttle propert es at room temperature. Therefore, powder compos te product on has 

become mportant. In th s study, t was a med to produce powdered T B2 re nforced t tan um alum n de 

compos tes by ut l z ng the br ttleness propert es of samples produced by energy-sav ng combust on 

synthes s. The produc b l ty of these compos tes was nvest gated us ng two d fferent start ng powder 

m xtures: T B2 powder and Elemental T ;Al powder. As a result, n s tu T 3Al/T B2 compos te powder 

m xture was successfully obta ned n the samples pressed at 150 Bar n t al press ng pressure n the element 

m xture. 

Keywords: Compos te, ntermetall c, alum n de 
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(ID-5897) Impact Of Post-Product on Cur ng On The Tens le And Flexural Propert es Of Graphene 

Nanoplatelet Re nforced Polymer Compos tes 

Harun Mert Ilbeyl1, Ahmet ¢aĵrē Kēlēn­2, T¿rker T¿rkoĵlu1 

1 Balēkes r Un vers ty 

2 Osman ye Korkut Ata Un vers ty 

 

In th s study, graphene nanoplatelet (GNP) re nforced polymer compos tes were fabr cated us ng the 

Stereol thography (SLA) method. SLA s an add t ve manufactur ng techn que based on the layer-by-layer 

sol d f cat on of l qu d photopolymer res ns through lght exposure. The GNP content was set at 0.01 wt%, 

and the samples were produced w thout defects. The effects of post-product on cur ng t me on the tens le 

and flexural strengths of the samples were comparat vely analyzed. Exper mental results revealed that 

cur ng t me has a s gn f cant mpact on mechan cal propert es. Notably, substant al changes n tens le and 

flexural strengths were observed depend ng on the cur ng durat on. These f nd ngs suggest that the 

mechan cal performance of GNP-re nforced compostes produced by SLA can be opt m zed by adjust ng 

the cur ng t me. 

Keywords: Add t ve manufactur ng, Stereol thography, Mechan cal propert es. 
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(ID-5901) Extend ng The Shelf L fe Of Cl macter c Fru ts Through Ethylene-Scaveng ng B of lms 

Bedr ye Ucp nar Durmaz1 

1 Ege Un vers ty, Eng neer ng Faculty, Chem cal Eng neer ng Department, Izm r/turkey 

 

The consumer demand for fru ts and vegetables rema ns h gh due to the r essent al role n a healthy d et. 

However, the wastage of these foods s a s gn f cant problem that s becom ng ncreas ngly challeng ng to 

prevent. Th s wastage occurs at var ous stages of the supply cha n, from product on to consumpt on, and 

also pre- and post-harvest. Ethylene gas has an mportant role as a phytohormone n the post-harvest storage 

of cl macter c fru ts and vegetables. By promot ng r pen ng, t causes changes n color/scent and soften ng, 

wh ch reduces the shelf l fe of the product. Therefore, nnovat ve technolog es are necessary to prolong the 

shelf l fe of foods by reduc ng the effects of ethylene. Here, halloys te nanotubes (HNTs) were nvest gated 

as natural ethylene scavengers due to the r gas adsorb ng capac ty. The a m of th s study was to develop 

env ronmentally fr endly packag ng b of lms based on HNTs doped poly (butylene succ nate) (PBS) and to 

determ ne the r ethylene removal capac t es and appl cat ons n some fru ts. In t ally, raw HNTs were 

subjected to alkal zat on to ncrease the r lumen d ameter. Subsequently, the b of lms contan ng alkal ne 

HNTs (aHNT) were produced through extrus on and compress on mold ng process w th four d fferent HNT 

concentrat ons (1-3-5-7 wt%). The b of lms were then character zed for morpholog cal (SEM), thermal 

(DSC), ant bacter al, barr er, and ethylene removal propert es. The results showed that the water vapour 

permeab l ty of PBS decreased w th 1-3 wt% aHNT dop ng and the f lms had ant bacter al act v ty aga nst 

E. col . The ethylene scaveng ng capac ty of PBS ncreased w th aHNT dop ng and 5-aHNT exh b ted the 

best performance. The shelf l fe of apples and tomatoes was extended. 

Keywords: Eco-fr endly f lms, Ethylene scaveng ng, Shelf l fe 
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(ID-5902) Development Of D e Cool ng System By Perform ng Opt m zat on Analys s In Pvc 

Extrus on Process 

D dem Kale1, Nazm ye Yoldaĸ1, Yunus Emre Daĵēstanlē1, Emre ¥zeĵdem r1, ¢aĵan Kuru2 

1 Ege Prof l T caret ve Sanay  A.ĸ. 

2 Orta Doĵu Tekn k ¦n vers tes 

 

Th s study a med to opt m ze the cool ng system of the extrus on d e by the mod f cat on of the present 

cool ng channels n terms of ts shape. The 3D model of the present d e was des gned us ng S emens NX 

and the model created s used for the s mulat on of heat flow us ng S mcenter. Thermal analys s s used to 

dent fy the parts that are hard to cool, and an nnovat ve d e des gn has been made accord ng to the cr ter a 

to el m nate the factors that decrease the cool ng eff c ency and opt m ze the factors that ncrease the 

product on eff c ency. The shape of the cool ng channels has been trans t oned to a form to ncrease the 

surface area that cool ng water passes through. A 66% reduct on n vacuum pump work ng pressure, an 

18% reduct on n energy consumpt on n pumps, a 20% ncrease n product on rate, a 33% reduct on n 

startup t me (d e comm ss on ng t me), a reduct on n the f nal process water temperature and number of 

f ne sett ngs have been ach eved. 

Keywords: Polyv nyl chlor de (PVC), PVC extrus on, d e cool ng opt m zat on 
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(ID-5904) Delam nat on Of Carbon Compos tes 

Dr. Za de Saka D n­1, Asst. Prof. Nebahat Aral Yēlmaz2, Assct. Prof. Yahya ¥z3, Prof. Dr. Sem ha Eren4, 

Asst. Prof. Ķd l Y ĵ t1 

1 Bursa Uludag Un vers ty 

2 Yed tepe Un vers ty 

3 Turk sh Aerospace 

4 Bursa Uludaĵ Un vers ty 

 

Advanced f ber-re nforced compos te structures offer h gh spec f c strength and st ffness, mak ng them 

deal for h gh-performance structural appl cat ons. Carbon f ber-re nforced polymer compos tes are 

commonly used n modern aerospace structures and are ncreas ngly ut l zed n the automot ve ndustry. 

However, desp te the r favorable phys cal propert es, the polymer matr ces n these compos tes tend to be 

br ttle, mak ng them prone to delam nat on from stress accumulat on between layers due to mpacts. In th s 

study, an ultra-h gh molecular we ght polyethylene (UHMWPE) nonwoven nterlayer was used to address 

the delam nat on ssue n f ber-re nforced compos tes. Due to the nert nature of UHMWPE surfaces, the 

f bers were mod f ed us ng env ronmentally fr endly ozone gas. The mpact of th s surface mod f cat on on 

the adhes on between UHMWPE f bers and the res n was evaluated us ng nterlam nar shear strength tests 

(ILSS). As t expected, the ILSS results are s gn f cant and h gh, when t compared the samples that 

produced w th mod f ed UHMWPE nter layer and w thout mod f ed. 

Keywords: delam nat on, ozone, uhmwpe 
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b, Izmir Katip ¢elebi University, Faculty of Science, Department of Materials Science and Engineering, 

Izmir/TURKEY, D190218003@ogr.ikc.edu.tr 
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Introduction 

Growing environmental concerns and sustainability goals have led to significant advances in the field of 

materials science, especially in the development of biobased and biodegradable plastics [1,2]. One of the 

first examples of biobased plastics is known as polyhydroxybutyrate (PHB), which was discovered in 1926 

by Maurice Lemoigne in his work on the bacteria Bacillus megaterium [3,4,5]. This early discovery laid 

the foundation for research in the field of green materials and sustainable technologies [3,4,5,6]. 

Historically, bio-based materials such as silk have been used as sewing material, marking a significant 

milestone in the evolution of the green industry [7]. 

Bioplastics are broadly divided into two categories: bio-based plastics and biodegradable plastics [3,4,5,8]. 

Bio-based plastics are produced from renewable raw materials, while biodegradable plastics are naturally 

degradable in the environment [9,10]. Today, many plastics are still produced from petrochemical sources, 

but there is a growing focus on plastics produced from renewable sources [11,12,13]. 

It is important to understand the differences between biobased and biodegradable plastics, as these terms 

do not always overlap [4,14]. For example, bio-based plastics may include non-biodegradable species such 

as bio-PE and bio-PVC [15]. Conversely, some biodegradable materials may be derived from fossil fuels 

[3,4,5,8]. This distinction is essential for assessing the sustainability and environmental impact of different 

types of plastics [7]. 

 

Bio-based plastics can be divided into three main groups: [15] 

Biodegradable Plastics: Both biobased and biodegradable, these plastics are derived from natural 

ingredients such as starch plastics, cellulose polymers, proteins, lignin, and chitosan. Prominent examples 

include polylactic acid (PLA), polyhydroxyalkanoates (PHAs), and polyhydroxybutyrateôs (PHBs). 

Non-Biodegradable Bio-based Plastics: These plastics are polymers derived from biological sources but 

do not break down easily in the environment. Examples include bio-PE and bio-PVC. 

Biodegradable Plastics Produced from Fossil Sources: This category includes plastics obtained by 

synthesizing fossil-derived and biobased monomers. Examples include polybutylene adipate-terephthalate 

(PBAT). 

The development and use of bio-based plastics is driven by the need to reduce dependence on fossil 

resources and minimize environmental impacts [16,17]. Bio-based plastics currently represent a small 

percentage of global plastic production, but the potential for growth is quite high [5,18]. The growing 

demand for natural alternatives to synthetic polymers, the increase in waste management costs, and the 

environmental hazards of traditional plastics have accelerated research in this area [14]. 

Biopolymers are known for their environmentally friendly properties and contribute to waste management 

thanks to their biodegradability and composability [6,11,14]. Sustainability assessments show that 

mailto:ozgur.seydibeyoglu@ikc.edu.tr
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biopolymers generally have a lower environmental impact compared to petroleum-based plastics [14]. 

However, biopolymers face challenges such as high costs and limited application areas. These factors 

highlight the necessity of ongoing research and innovation to improve cost-effectiveness and expand areas 

of application [14]. This study aims to examine the status, production methods and potential applications 

of biobased plastics. By addressing these issues, it will contribute to a better understanding of biobased 

materials and shaping a more sustainable future. 

 

EXPERIMENTAL  

MATERIAL  

MATERIAL SUPPLY AND PREPARATION  

Plant-derived extracts were obtained through samples obtained from a previous research project of my 

advisor Prof. Dr. M. ¥zg¿r SEYDĶBEYOĴLU. Plants such as Rubia tinctorum (Root Dye), Punica 

granatum (Pomegranate Peel), Quercus ēnfectoria (Thuja Oak), Juglans regia (Walnut Shell), Reseda lutea 

(Budgerigar) were included in the experimental part of the thesis using these previously characterized and 

determined samples.  

GRINDING PROCESS AND EXTRACTION  

The supplied herbs were ground using the RETSCH RS 200 Ring Grinder. This device was used to ensure 

that the plants had a homogeneous structure. After the milling process, the plant materials were subjected 

to the extraction process. For the extraction process, RETSCH Analysis Sieve 100 ɛm, 200 mm Ï diameter 

and 50 mm high sieve in accordance with ISO 3310/1 standard was used. The extraction process was carried 

out with this sieve, and plant extracts were obtained. The extracts obtained were then mixed with plastic 

MB and used in experiments. 

 

EQUIPMENT AND METHOD  

SCANNING ELECTRON MICROSCOPE (SEM)  

Scanning electron microscopy (SEM) analysis of the samples was carried out at the Central Research 

Laboratory of Izmir Katip ¢elebi University. These analyses, which were carried out using the Carl Zeiss 

300VP SEM device and the QUORUM Q150 RES coating device, were carried out to determine the 

pigment states of the plants before combining with MB. The Carl Zeiss 300VP SEM device sends 

accelerated electron beams to the surface of the sample, allowing the scattered electrons to be analyzed 

through various detectors. The QUORUM Q150 RES coating device was used for more detailed and clear 

imaging of non-conductive samples. The data obtained using these devices in the laboratory environment 

allowed the determination and analysis of the structural properties of the sample.  

THERMODYNAMIC GRAVIMETRIC ANALYSIS (TGA)  

In the experimental process, thermogravimetric analysis (TGA) was performed using the TA Instruments 

TGA-SDT Q600 device to examine the thermal behavior of the sample. The samples were carefully 

prepared and placed in the TGA device before the test. During the experiments, the thermal behavior of the 

sample was analyzed by monitoring its weight depending on temperature or time. The settings used in TGA 

experiments were made in accordance with standard procedures and it was aimed to determine the thermal 

stability of the samples and the thermal decomposition profiles of their components.  

HYDRAULIC PRESS  

The plastic particles were shaped by the compression molding method of thermoplastic materials as test 

specimens for color measurement. The melted mixture of masterbatch and Bio polyethylene was 
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compressed and converted into samples using a hydraulic press. In the production process, after reaching 

the temperature level of the hot press (140ÁC), the prepared mixture was placed in the mold cavity (15 cm 

x 15 cm) with a thickness of 2 mm. At this stage, Teflon sheets are used to prevent direct contact of the 

mixture with hot press metal plates during heating and compression processes. The specimens were 

manufactured using a Hydraulic Laboratory Press (Labtech) to prevent direct contact with the heating and 

cooling plates. 

SPECTROPHOTOMETER  

X-Rite benchtop spectrophotometer Ci7860 model was used for color strength measurements of 

masterbatches. This spectrophotometer is designed to accurately measure the colors of rough surfaces of 

plastic parts. Measurements were carried out using the CIELAB D65/10Á method according to TS 7259 

standard. 

 

RESULTS AND DISCUSSION  

EXTRACTS OF PLANT ORIGIN 

 

 

Figure 3-1 Plant Extracts a) Rubia tinctorum, b) Punica granatum, c) Juglans regia, d) Quercus 

Grinding and homogenizing plant residues is critical for analytical and other laboratory operations. The 

RETSCH RS 200 Ring Grinder has ensured effective and reliable results in this process. The grinding 

process ensures the breakdown of plant tissues, making them suitable for analysis, while the sieving process 

ensures the separation of unwanted residues. This method allows plant residues to be made available for 

analysis. In the process of grinding and homogenizing plant residues, significant differences were observed 

between different plant materials. In particular, the grinding process of Juglans regia took place easier and 

faster, while Reseda lutea was more difficult to grind. This difference may be due to differences in the 

tissues and components of plants. Juglans regia had a thinner and more pourable texture, while the Reseda 

lutea material had a harder and fibrous structure. This may require longer grinding times or higher speeds 

for the Reseda lutea material. In addition, the different temperature tolerances of the plants must be 

considered during the grinding process, since as the temperature rises, the structure of the plants can change 

and the risk of burns increases. 
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SEM ANALYSIS OF PLANT ORIGIN EXTRACTS  

Analyses using SEM imaging technique revealed the detailed morphological structure of the specimens 

presented in Figure 3-2 of the study. Examination of the specimens at 250x magnification revealed the 

unique structural features of different plant species. Significant differences in root structure in the Rubia 

tinctorum sample, characteristic patterns, and grooves of the fruit shell in the Punica granatum sample, 

dense and irregular texture of the walnut shell in the Juglans regia sample, protrusions, and cavities on the 

surface in the Quercus ēnfectoria sample, and the detailed examination of the flower structure and pollen 

grains in the Reseda lutea sample are noteworthy. These observations help us understand the adaptation 

strategies and structural diversity of plant species. It is thought that SEM analyses can contribute to a deeper 

understanding of the ecological roles and evolutionary adaptations of plants. 

 

Figure 3-2 250 KX magnification SEM analyses of pigments a) Rubia tinctorum, b) Punica granatum, 

c) Juglans regia, d) Quercus ēnfectoria, e) Reseda lutea. 

 

TGA ANALYSIS OF PLANT ORIGIN EXTRACTS 

The Juglans regia sample shows a relatively high weight loss at the baseline temperature (34.14966ÁC), 

while the Rubia tinctorum sample exhibits a similar trend at a lower baseline temperature (31.98237ÁC). 
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This may indicate that Juglans regia is experiencing more thermal decay or weathering at higher 

temperatures.  

On the other hand, the Reseda lutea sample showed a lower initial temperature (24.17163ÁC) and a 

relatively low weight loss, which may indicate that the sample is more thermally stable or reflects the 

thermal behavior of different compounds. Similar baseline temperatures and weight loss trends are observed 

between Quercus ēnfectoria and Punica granatum specimens. The thermal profiles of both samples are quite 

close to each other, suggesting that they may have similar compositions or thermal properties.  

As a result, the thermal behavior of each plant sample is unique and provides important information about 

the composition, structural properties, and thermal stability of the plants. These findings can help identify 

suitable conditions for industrial, agricultural, or medical use of plant materials and improve product 

quality. This detailed analysis highlights the complexity of the thermal behavior of vegetative materials and 

reveals that TGA plays a critical role in the characterization of vegetative samples. 

 

SPECTROPHOTOMETRY OF BĶO-PE MASTERBATCH 

 

Plant Extract Concentration L a* b* 

Rubia tinctorum %1 32,56 14,45 10,84 

 %3 27,50 5,73 4,34 

 %5 27,17 3,99 3,12 

Juglans regia %1 30,87 2,50 4,83 

 %3 27,79 1,59 2,88 

 %5 26,61 1,25 2,14 

Punica granatum %1 49,72 9,66 24,09 

 %3 38,78 8,72 14,69 

 %5 34,82 6,69 10,22 

Quercus ēnfectoria %1 40,63 11,35 16,97 

 %3 31,80 5,96 7,56 

 %5 31,38 4,76 6,93 

Reseda lutea %1 57,05 7,51 31,33 

 %3 46,07 8,08 24,76 

 %5 41,75 5,73 19,69 

 

Table 3.4-1  Lab* Values of Plant Extracts 

The data obtained provides an important source of information to examine the effects of plant powders on 

the color properties of masterbatch formulations containing Bio polyethylene (BIO-PE). Masterbatch 

powders containing BIO-PE of Rubia tinctorum, Juglans regia, Punica granatum, Quercus ēnfectoria and 

Reseda lutea plants were examined at different concentrations and the effect of these masterbatches on color 
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parameters was evaluated in detail. In the case of Rubia tinctorum, at a concentration of 1%, the L value 

was determined as 32.56. However, a slight tendency to decrease in L values was observed with an increase 

in concentration, but this decrease was not statistically significant (p > 0.05). This suggests that the color 

properties of Rubia tinctorum do not change markedly under masterbatch formulations containing Bio-

polyethene. In the case of Juglans regia, at a concentration of 1%, the L value was determined as 30.87. 

However, a statistically significant decrease in L, a, and b values was observed at higher concentrations (p 

< 0.05). These results suggest that the color properties of Juglans regia under masterbatch formulations 

containing Bio polyethylene are concentration-sensitive and that these formulations may affect the color 

intensity of the plant. In the Punica granatum sample, a significant decrease in L, a and b values was 

observed with the increase in concentration, and this decrease was found to be statistically significant (p < 

0.05). These results show that the color properties of Punica granatum change significantly under 

masterbatch formulations containing Bio polyethylene and that these changes are statistically significant. 

Similar trends were observed in Quercus ēnfectoria and Reseda lutea samples, indicating that masterbatches 

containing Bio polyethylene influence the color characteristics of these plant species.  

These results are important for the study of changes in color properties of plant powders under masterbatch 

formulations containing Bio polyethylene and provide a fundamental understanding of how vegetable-

based pigments may play a role in industrial applications. 
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Figure 3-3 Spectrophotometry of Bio-PE Masterbatch Samples from Various Natural Sources 
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Abstract ï The materials used in the rapidly advancing automotive industry are increasingly expected to be 

both environmentally friendly and highly durable. Various coating processes are employed to enhance the 

durability and performance of these materials. In current EPDM (ethylene propylene diene monomer) 

applications, the material is generally utilized without sufficient surface treatment or protective coating. 

Prolonged exposure to environmental stresses can lead to degradation of EPDM rubber due to its organic 

structure, resulting in surface abrasion, aging, and a decline in sealing properties over time. 

The aim of this study is to develop an economical, highly durable sealing material through the synthesis of 

a novel coating. This approach is expected to improve vehicle durability and quality in the automotive 

sector, ultimately contributing to economic benefits by reducing maintenance costs. The coating method 

explored in this research focuses on enhancing outcomes by utilizing organic-inorganic hybrid materials. 

The synthesized coating will be applied to EPDM surfaces, and its performance will be assessed through 

durability tests and surface analysis. 

Our findings indicate that surface etching plays a crucial role in promoting adhesion of the coating material 

during the preparation of EPDM surfaces. Furthermore, in synthesizing the hybrid coating material via the 

sol-gel method, factors such as temperature, pH, mixing speed, and curing temperature were found to 

significantly influence the homogeneity and flexibility of the coating. Variations in the proportions of 

materials used in the synthesis also impacted the network structure within the coating, thereby affecting 

both its internal cohesion and its adhesion to the EPDM surface. 

 

Keywords ï Hybrid coating, Sol-Gel Method, EPDM Surfaces, 

 

1. Introduction 

Elastomers are character zed by the r elast c propert es, wh ch ar se from the r d st nct ve molecular 

arch tecture. These mater als exh b t amorphous structures w th a low modulus. A s gn f cant category of 

elastomers ncludes rubber types, encompass ng both natural and synthet c rubber (Low et al,2023; Morales 

et al., 2023). Ethylene-propylene elastomers represent a category of synthetic elastomers synthesized 

through the polymerization processes involving ethylene, propylene, and, optionally, a non-conjugated 

diene (Scaglia et al., 2023). EPDM rubber is frequently employed in applications such as vehicle door and 

window seals, appliance hoses. (Poltabtim et al., 2018). To achieve properties such as low friction, high 

abrasion resistance, and effective release characteristics, the rubber compound is customarily subjected to 

a specialized coating process (Ginic et al., 2000). The organic component of the hybrid material has the 

potential to enhance the adhesion between the coating and a polymer substrate, whereas the inorganic 

component can augment the coating's hardness. The sol-gel technique has become increasingly prevalent 

for the fabrication of hybrid material coatings, as it offers the benefits of being a low-temperature process 

while potentially yielding highly homogeneous coatings. (Eo et al., 1998). These materials effectively 

combine the mechanical and chemical attributes of their organic and inorganic components, resulting in the 

formation of a dense barrier film (Pirhady et al.,2011). The sol-gel technique enables the fabrication of 
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coating materials that possess extensive application potential, allowing for precise manipulation of thin-

film morphology. (Gasiorek et al.,2018) 

Lu et al. used sol-gel technique with silicone and applied a simple one-step method with commercial 

silicone sealant and silica nanoparticles. They dried the material to be coated for 12 hours at room 

temperature after 1 minute in the coating solution. They have realized a coating that has mechanical 

resistance against water drops, high chemical, thermal, UV resistance and can have wide application 

prospects (Lu et al., 2019). Suriano et al. prepared hybrid silica-zirconia coating on polycarbonate substrates 

using sol gel method. As a result, plastic surfaces with high mechanical and scratch resistance, high 

hardness and long-term UV resistance were obtained. In the study, zirconium/silica mixed oxide coatings 

were prepared by mixing two different solutions prepared separately due to different hydrolysis rates of 

silicon and zirconium alkoxides. The authors concluded that these materials can be used in the field of 

functional coatings with the promising progress shown by the study. EPDM The surface is expected to 

maintain its flexibility after coating. It is seen that the material gives hard features. This is due to the 

zirconium in its structure (Suriano et al., 2017). Chen et al. prepared a hybrid organic-inorganic coating 

with silicone-epoxy coating and pre-hydrolyzed tetraethyl orthosilicate (HTEOS). The results showed that 

the silicone epoxy coating with HTEOS provided enhanced protection and long durability. It was noted that 

the hybrid coating exhibited better adhesion to the substrate due to the presence of sufficient silica phase at 

the coating/alloy interface, resulting in less delamination when immersed in abrasive solution. The 

improved corrosion protection of the hybrid coating has been proven to provide the coating with better 

flexibility, improved impact resistance and adhesion. Thus, it has been shown that the use of HTEOS can 

improve the performance of the coating material and provide durability to the coating material (Chen et al., 

2020). Jiang, et al. investigated the synthesis and formation mechanism of amorphous silica particles by 

the sol-gel method. Hydrolysis and polycondensation reactions of TEOS enabled the formation of 

amorphous silica structures in the presence of water. The findings showed that amorphous silica particles 

exhibited optimal properties at certain pH ranges. Highly acidic conditions led to smaller and more uniform 

particles, while more neutral conditions resulted in larger particles with wider distributions (Jiang, et al., 

2019). 

2. Experimental Study 

 

The object ve of th s research was to synthes ze a hybr d coat ng mater al for appl cat on on EPDM 

substrates us ng the sol-gel method. The exper mental procedures were conducted n three parts. In the f rst 

part, surface clean ng and etch ng were appl ed to the EPDM substrate to prepare t for coat ng. In the 

second part, an organ c- norgan c hybr d coat ng mater al was synthes zed. F nally, th s coat ng was appl ed 

to the EPDM rubber, and ts performance was evaluated through a ser es of durab l ty and adhes on tests. 

 

2.1 Preperation and pretreatments of EPDM surface 

To determine the most effective etching method to enhance coating adhesion, two different etching 

solutions were tested to evaluate the adhesion of the coating material to the EPDM surface. 

In the first etching method, the EPDM surface was thoroughly rinsed with deionized (DI) water. Samples 

were then immersed in ethanol (EtOH) for 15 minutes to remove organic contaminants, followed by another 

DI water rinse. Next, the samples were immersed in a 37% hydrochloric acid (HCl) solution for 15 minutes 

to increase surface roughness, then rinsed again with DI water and allowed to dry. This etching sequence 

was repeated three times to achieve an optimal surface finish. 

In the second etching method, EPDM samples were initially washed with DI water and left to dry. The 

etching solution was prepared by mixing 98% sulfuric acid (H SO ) and DI water in a 1:3 ratio, stirred at 

200 rpm at room temperature for 3 minutes. To this solution, 0.2 mol of 30% hydrogen peroxide (H O ) 
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was added and stirred for an additional 2 minutes. The dried EPDM samples were then immersed in the 

prepared etching solution for 5 minutes. After this step, samples were washed with DI water, immersed in 

a 5% sodium carbonate (Na CO ) solution for 3 minutes to neutralize the surface, and then washed again 

with DI water. This process was also repeated three times to achieve optimal surface modification. 

2.2 Preperation of Coating Material 

Two different formulations were created for the coating synthesis, and the coatings were subsequently 

applied to EPDM surfaces. The effects of varying PEG concentrations, temperature, pH, mixing speed, 

coating time, and curing conditions on the quality of the hybrid coating were investigated. Experiments 

were conducted using PEG amounts of 0.006 mol, 0.008 mol, 0.01 mol, and 0.03 mol; temperatures of 

40ÁC and 60ÁC; pH values of 2, 3, and 4; mixing speeds from 200 to 1000 rpm; coating durations of 2 and 

3 minutes; and different curing temperatures and times (120ÁC for 90 minutes and 60ÁC for 180 minutes). 

In the first formulation, the coating solution containing TEOS and EtOH was prepared using the sol-gel 

method. The molar ratio of HTEOS to EtOH was set to 1:6, and the mixture was stirred at 800 rpm for 10 

minutes at room temperature. Then, the heater was activated, raising the solution temperature to 60ÁC.Than, 

0.25 mol of H O was added, and the solution was stirred at 1000 rpm for 30 minutes to initiate the hydrolysis 

process. Following this, 0.0008 mol of 0.5M HCl was added to adjust the pH, and the solution was stirred 

at 600 rpm for 60 minutes before the heater was turned off. Once the solution reached room temperature, 

0.006 mol of PEG400 was introduced, and the mixture was stirred at 600 rpm for 5 minutes before adding 

0.035 mol of EtOH and stirring for an additional 15 minutes. The coating material was applied to etched 

EPDM surfaces using the dip coating method for 2 minutes. The coated samples were allowed to dry and 

subsequently cured in an oven at 120ÁC for 90 minutes. 

In the second formulation, the coating solution containing TEOS and EtOH was also prepared in two steps 

using the sol-gel method. For the first solution, the molar ratio of TEOS to EtOH was 1:5, and the mixture 

was stirred at 800 rpm for 30 minutes at room temperature. The heater was then turned on to reach a solution 

temperature of 60ÁC. At this temperature, 0.15 mol of H O was added to initiate the hydrolysis process, and 

the solution was stirred at 1000 rpm for 20 minutes. Subsequently, 0.0005 mol of HCl was added to adjust 

the pH, followed by stirring at 600 rpm for 10 minutes, after which the heater was turned off. For the second 

solution, a 1:1 molar ratio of PEG400 (0.033 mol) to EtOH was prepared and stirred at 200 rpm for 20 

minutes at room temperature. The prepared first and second solutions were then combined and stirred at 

200 rpm for 15 minutes at room temperature. The synthesized coating material was applied to the etched 

EPDM surfaces using the dip coating method for 3 minutes at room temperature. The coated samples were 

then allowed to dry and cured in an oven at 60ÁC for 180 minutes. 

 

2.3 Characterization of the Coating 

Visual examination of the synthesized hybrid coating distribution on the EPDM surface, along with 

adhesion assessment, is essential for evaluating the quality of the coating material. Coating thickness is a 

crucial parameter for determining the protective qualities and durability of the synthesized coating on the 

EPDM surface. To measure coating thickness, a section was taken from the coated EPDM sample, and the 

transition between the EPDM substrate and the coating was examined. Coating distribution and thickness 

were analyzed using a Metkon IMM 902 microscope. Images were captured with a 5x/0.15 optical lens, 

and further digital magnification was achieved by setting the image to 100x within the software, enabling 

detailed imaging and analysis of the coating structure. 

3. Results and Discussions 

To determ ne the opt mal etch ng method, two d fferent etch ng techn ques were appl ed to EPDM surfaces, 

and the result ng surface morphology was analyzed us ng m croscope mag ng. Based on these mages, t 
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was observed that the second etch ng method, nvolv ng H SO , H O , and Na CO , effect vely ncreased 

the m cro-roughness on the EPDM surface. 

When the amount of PEG400 is insufficient, the coating material lacks adequate elasticity, leading to crack 

formation. It was observed that when the amount of PEG40 added to the solution was increased to 0.33 

mol, there were no cracks on the coating surface and elasticity was achieved. 

Prepar ng coat ng mater als n a s ngle stage can negat vely mpact the plast c zat on and homogene ty of 

the coat ng. In th s study, a two-stage preparat on method was used for the coat ng solut on: sol-gel 

format on was ach eved n the f rst stage, and PEG400 was added n the second stage. Th s approach 

allowed for gradual plast c zat on and produced a more homogeneous d str but on. 

Most sol-gel-based coat ngs are thermally cured at 100ęCï150ęC for 1ï2 hours (Czyzyk et al., 2020). 

In t ally, the coated sample was cured at 120ęC for 90 m nutes; however, surface cracks appeared n the 

coat ng. To address th s ssue, the cur ng temperature was reduced to 60ęC and the cur ng t me was extended 

to 180 m nutes. H gher cur ng temperatures negat vely affect the qual ty of the coat ng by ncreas ng 

nternal stress, lead ng to cracks on the surface. 

An nsuff c ent coat ng t me prevented the coat ng from bond ng effect vely to the EPDM surface, result ng 

n poor adhes on. Increas ng the coat ng t me mproved the adhes on of the coat ng to the surface. Extend ng 

the coat ng t me allows for greater accumulat on of the coat ng mater al, thereby ncreas ng the coat ng 

th ckness. However, the coat ng t me must be opt m zed, as excess vely th ck coat ngs may lead to surface 

cracks. Surface appearances at d fferent coat ng t mes. 

Chen et al. (2023) investigated the effect of pH on the structure of sol-gel coatings. Sols were synthesized 

across a broad pH range (pH = 1, 4, 7, 10), with the pH 4 samples exhibiting the highest performance. In 

this study, the best surface appearance for sol-gel hybrid coatings synthesized at pH levels of 2, 3, and 4 

was also achieved at pH 4. Hydrolysis proceeds more rapidly in acidic environments, and this rapid 

hydrolysis led to premature hardening and crack formation in the coating. 

M x ng speed plays a cr t cal role n ach ev ng a homogeneous bond between the components of the coat ng. 

H gh st rr ng speeds are requ red at the beg nn ng of the hydrolys s and th s gradually reduced as the 

react on progresses. Th s approach helps prevent bubble format on, crack ng, and wh ten ng ssues. 

Adjust ng the m x ng speed accord ng to each react on stage, rather than us ng a constant speed, s essent al 

for opt mal coat ng qual ty. An an n t al st rr ng speed of 1000 rpm was used to accelerate hydrolys s dur ng 

the sol-gel process. After the add t on of PEG 400, the speed was gradually reduced to 200 rpm to prevent 

bubble format on dur ng the plast c zat on stage. Surface coat ng mages reflect ng the effects of vary ng 

m x ng speeds. 

Naz r et al. (2011) nvest gated the mpact of temperature changes on the sol-gel process and the 

morphology of the result ng compos tes. The r study showed that conduct ng the sol-gel process at h gher 

temperatures, spec f cally at 25ÁC and 60ÁC, accelerated the hydrolys s rate, affect ng collo dal stab l ty 

and overall m sc b l ty. In th s study, exper ments were conducted at 40ÁC and 60ÁC to observe the effect 

of temperature on coat ng qual ty, and 60ÁC was determ ned to be the opt mal temperature. In the sol-gel 

process, nsuff c ent react on temperatures prevent the ma n components from bond ng effect vely and 

ach ev ng homogene ty. Therefore, coat ng qual ty was found to be super or at the opt mal temperature of 

60ÁC. 
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The process parameters were opt m zed by assess ng the effects of each parameter through 

comparat ve exper ments conducted n th s study. For the two-stage coat ng solut on, the 

temperature was ncreased to 60ÁC dur ng the f rst stage to promote effect ve hydrolys s. 

Throughout synthes s, the m x ng speed was gradually reduced to prevent bubble format on and 

ensure homogene ty. Adjust ng the amount of PEG400 (0.33 mol) and ma nta n ng a pH of 4 

ncreased elast c ty and prevented crack ng. EPDM samples were coated for 3 m nutes and then 

cured at 60ÁC for 180 m nutes. Reveal ng a homogeneous layer w th a th ckness of 20ï24 

m crons. The mage of the coat ng mater al synthes zed w th the opt m zed parameters on the 

EPDM surface s shown n F gure 1. 

 

F gure 1. Coating images according to optimized formula a) Hybrid coating on EPDM surface 

b) Microscope image of the coating surface c) Coating section and coating thickness 

measurement of the coating. 

4. Conclusion 

In this experimental study, the optimal conditions for applying the hybrid coating material, 

synthesized using the sol-gel method, to the EPDM surface were investigated. The parameters 

examined included PEG amount, temperature, pH, mixing speed, coating time, curing 

temperature and time, and etching method. The study demonstrated that optimizing the 

formulation parameters of the hybrid coating significantly affects the quality of the coating. 

Based on the results of this experimental study, the following conclusions can be drawn: 

¶ H SO, used in the second etching method, exhibits higher reactivity than HCl, which 

was employed in the first etching method. This increased reactivity accelerated the 

etching process by creating a aggressive abrasive effect, thereby enhancing the micro-

roughness of the surface and promoting stronger adhesion of the coating. The addition 

of H O facilitated the formation of oxidative groups on the EPDM surface, which 

increased the surface energy and weakened the chemical bonds, further improving the 

adhesion of the coating. Neutralization with Na CO after etching removed acidic 

residues, resulting in a more stable surface. 

¶ Preparing the coating solution in two stages ensured a more homogeneous distribution 

of the components, which resulted in a smoother and more uniform coating. 

ċ Ĥ 

Ħ 
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¶ In sol-gel coating processes, pH directly influences the hydrolysis and condensation 

reactions. Hydrolysis occurs more rapidly in acidic environments, and this rapid 

hydrolysis can lead to quick hardening of the coating and the formation of surface 

cracks. Therefore, a pH of 4 allows for more controlled reactions and better coating 

integrity. 

¶ Insufficient amounts of PEG 400, which serves as a plasticizer and elasticizer, disrupt 

the homogeneity of the coating and result in brittleness. Optimizing the amount of PEG 

400 is crucial for achieving high-quality coatings with the desired flexibility. 

¶ Inadequate coating time reduces the interaction between the solution and the surface, 

limiting cross-linking and preventing effective surface coverage. A coating time of 3 

minutes was found to be sufficient for achieving adequate surface coverage. 

¶ Optimizing mixing speeds is critical for obtaining a homogeneous and smooth coating. 

Initially mixing at a high speed (1000 rpm) ensures uniformity, and subsequently 

reducing the speed to 200 rpm after adding PEG 400 provides better control and 

flexibility in the coating process. Therefore, a gradual decrease in mixing speed 

positively impacts the coating quality. 

¶ Low temperatures slow down hydrolysis and condensation reactions, disrupting the 

homogeneity of the coating. The optimal temperature for effective coating preparation 

was found to be 60ÁC, which provides a balance between reaction speed and coating 

quality. 

¶ Prolonged curing at lower temperatures (60ÁC for 180 minutes) reduces internal 

stresses within the coating, preventing cracking and resulting in more durable coatings. 
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1. INTRODUCTION 

Adhesives are nonmetallic materials used to bond other materials, mainly on their surfaces 

through adhesion and cohesion (Benedek, 2004). Adhesives are increasingly used in industry. 

Adhesive materials is including binders, solvents and additives. Binders are effective in holding 

the joints together physically and chemically. Generally, synthetic and natural polymers are 

used. Solvents are liquids that dissolve binders without changing their chemical structure. 

Acetone, ethyl acetate, toluene, gasoline, hexane etc. are the most commonly used solvents. 

Additives are substances added to provide many features such as shortening the drying time of 

adhesives, preventing cracking, increasing viscosity, increasing the bond strength of the 

adhesive. Examples include resins, plasticizers, crosslinkers, fillers (Ak­akale, 2022). 

Adhesion strength and cohesion strength are one of the most important points for adhesive 

materials. Adhesion is the occurrence of the bonding force between the surface of the adhered 

material and the adhesive. Cohesion is the force that keeps the adhesive together without 

breaking against the forces applied from the outside and keeps the two parts or surfaces together 

by sticking them. 

The ingredients generally found in an adhesive are: 

¶ Polymers 

¶ Catalyst, curing agent 

¶ Adhesion promoting agents 

¶ Solvents 

¶ Fillers, antioxidants, etc. 

There are many types of adhesives. Water-based adhesives, solvent-based adhesives, pressure 

sensitive adhesives, UV-curable adhesives are a few of them. 

The chemical and physical properties of the adhesive are the most important factors in the 

performance of the adhesive. Whether the adhesive will perform adequately or not depends on 

the type of materials used. There are many types of adhesives according to their properties. 

Some of them can be classified as: 

¶ Natural Adhesives 

¶ Animal Glue 

¶ Casein Glue 

¶ Synthetic Adhesives 

mailto:91210000679@ogrenci.ege.edu.tr
mailto:canan.uraz@ege.edu.tr
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¶ Structural Adhesives 

¶ Hot-melt Adhesives 

¶ Pressure Sensitive Adhesives 

¶ Ultraviolet-cured Adhesives 

Pressure-sensitive adhesives have been in wide use since the late 19th century, starting with 

medical tapes and dressings (Benedek, 2004). The term ñpressure-sensitiveò describes 

adhesives (PSAs) that are permanently tacky at room temperature in the ñdryò form and that 

firmly adhere to a wide variety of surfaces upon mere contact without the need for more than 

finger or hand pressure (Kowalsk  & Czech, 2015). Currently, the widely used PSA materials 

are acrylic, natural and synthetic rubbers, and polyurethane (PU). Rubber PSAs generally have 

excellent adhesion properties, they suffer from low oxidative resistance. Acrylic PSAs require 

chemical crosslinking because of their low cohesive strength, and they have the advantages of 

high transparency, water resistance, and controllable adhesive properties. PU-based PSAs have 

the advantages of low toxicity and environmental friendliness. However, PU-based PSAs have 

the disadvantages of low tack and peel strength (Park, et al., 2022). 

Solution polymerization is a polymerization technique in which monomers are polymerized in 

a solvent or solvent mixture to overcome viscosity-related problems such as heat transfer, 

mixing, product handling. In terms of engineering, batch or continuous method is generally 

used in the production of chemicals. With this approach, solution polymerization is done as 

batch polymerization. In the batch polymerization method, inputs such as monomer and initiator 

are added directly to the system at certain times. In solution polymerization, monomer, initiator, 

catalyst and resulting polymer are prepared by dissolving in solvent. 

¶ Exothermic 

¶ The higher the conversion 

¶ The lower the viscosity 

The most important point in solution polymerization is to determine the solvent to be used. 

Solvents are expected to have properties such as melting and boiling points suitable for 

polymerization conditions, easy removal from the polymer, low flash point, non-transfer 

reactions and ease of recovery. Solution polymerization has advantages such as ease of heat 

transfer, low viscosity, ease of temperature control, direct use of the product (¥zbay & Erb l, 

2010). 

Polymeric materials used in adhesives: Thermoplastics, thermosets, elastomers and polymer 

mixtures. Polymer mixtures are strong adhesives that can be used at high temperatures, 

providing very good adhesion depending on the material. Acrylic polymers have been most 

widely used as PSAs in commercial products, such as tapes, labels and protective films because 

of the low-cost, nontoxicity, transparency, and good resistance to weathering (Lu, Cao, N u, & 

Pan, 2013). Different solvent-based, acrylic pressure-sensitive adhesives (PSAs), synthesized 

with different monomers and different process parameters below a 50 wt % solid content (SC), 

have been shown to have very good adhesion, refractive index, and transmittance (Kuo & Chen, 

2017). 

Solvents are organic substances that are liquid at normal temperature and pressure. Many 

solvents can be used depending on the type of polymer used in the polymerization solution 

method. 
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¶ Methyl chloride 

¶ Cyclohexane, pentane or octane 

¶ Ethylene 

¶ Water 

¶ Ethylene glycol 

¶ Ethylene acetate 

¶ Acetone or benzene 

The peel force is all the more influenced as the water content in the water-polyethylene glycol 

mixture is increased. It is remarkable that the total influence of water in the wet peel test on the 

acrylic PSA system is much less than on the epoxide system, which confirms the superior 

stability of the bonds under humid conditions. 3M Scotch Isotac 9473 shows a clear tendency 

to lower relative peel forces with increasing peel rate  (Brockmann & H¿ther, 1996). 

In order to highlight the advantages and disadvantages of the dual curing procedure, 0.7 mm 

single-lap joints were prepared by a one-step curing procedure at 1000 C and compared to the 

same sample prepared in a dual-cure process. The control of the curing sequence is affected, 

leading to a significant overlapping of the two reactions but the main properties of the final 

thermosets (Tg, E) are not altered because they only depend on the contribution of the thiol-

acrylate and thiol-epoxy reactions (Russo, Bustamante, Fernandez-Francos, & Flor, 2022). 

Typical acrylic PSAs observe an increase in peel adhesion and cohesive strength with increasing 

molecular weight to some maximum at which the cohesive strength exceeds the adhesive 

strength. One can see that the higher molecular weight polymer displays a broader range of 

cohesion/adhesion properties while the lower molecular weight material is much more limited 

(Un ted State Patent No. US 2011/0118372 A1, 2011). 

For the efficiency of the process, it is necessary to use solvents suitable for the polymer type. 

The most used solvents are; acetone, ethyl acetate, toluene, gasoline, hexane etc. Adhesives 

contain polymers, catalysts, hardeners, adhesion promoters, solvents, fillers, antioxidants, etc. 

materials are available. These materials are effective in increasing the adhesive strength and 

heat resistance of the adhesive. Surface factors such as smoothness, surface energy, removal of 

contaminants, etc. are also important to proper bonding for PSAs. Acrylic pressure sensitive 

adhesives are highly preferred due to their high resistance to adhesion and environmental 

conditions, functional acrylic foam core for dynamic stress and vibration absorption, and 

adhesion to the widest range of materials. PSAs prepared by solution polymerization method 

provide advantages by providing high conversion and low viscosity. 

Adhes ves are act vely used n many sectors. In order for the tape used n sectors such as 

automot ve, construct on and packag ng to show good adhes on, t must have a certa n cohes on 

and adhes on strength. These forces affect the format on of many propert es of the adhes ve 

such as not leav ng sta ns on ts surface, bond ng to the adhered surface, flex b l ty. In th s thes s, 

t s a med to mprove the adhes on and cohes on strength of the adhes ve to be produced by 

observ ng the effect of monomer rat o and n t ator on solut on polymer zat on. In add t on, the 

amount of volat le organ c compounds (VOCs) such as toluene was to be reduced n order to 

cons der the env ronment. For th s purpose, a non-toluene-based compos t on w th a polymer 

synthes zed n an aqueous solvent or n a non-toluene-based organ c solvent such as ethyl 

acetate was used. 
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In th s study, the use of acryl c PSA glue w th solut on polymer zat on w ll prov de an 

nnovat ve perspect ve to the adhes ve ndustry. Improved adhes ve force w ll enable acryl c 

glue to bond more strongly w th d fferent mater als. Th s makes the bond between the mater als 

stronger. Increas ng the adhes on strength of acryl c adhes ve w ll contr bute to the product on 

of more durable and long-last ng products. W th mproved adhes on strength, less adhes ve w ll 

be used, wh ch s ntended to reduce the amount of waste and reduce costs. 

2. EXPERIMENTAL STUDY 

Exper ments to mprove the adhes ve strength of acryl c solvent-based adhes ve were carr ed 

out n an ndustr al reactor w th a capac ty of 5 kg, us ng a formulat on cons st ng of base 

monomer, comonomer, n t ator, and solvent (Tables 1, 2, 3). 

The exper ments were conducted n four stages: preparat on of chem cals and mater als, 

adhes ve product on, appl cat on of the adhes ve onto a f lm substrate, and analys s of the 

samples. The parameters nvest gated nclude the effect of the type of base monomer used, the 

amount of n t ator, and the mpact of the crossl nker. 

2.1 Adhes ve Product on Procedure 

1. F rst, the monomers and solvent are added to the jacketed reactor. 

2. The temperature s set to 58ÁC, and the st rr ng speed s set to 120-150 rpm us ng a 

paddle-type m xer. 

3. Once the reactor temperature reaches 58ÁC, the n t ator d ssolved n the solvent s added 

to the reactor. 

4. After an ncrease n temperature s observed, the nternal set temperature s adjusted to 

75ÁC, and the react on s allowed to cont nue for 4 hours. 

 

Table 1. F rst Exper ment Raw Mater al 

Chem cal Concentrat on (%) 

n-Butyl Acrylate 50-70 

2-Ethylhexyl Acrylate 25-35 

Acryl c Ac d 10-20 

In t ator ï 1 0-1 

In t ator ï 2 0-1 

Solvent 120 
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Table 2. Second Exper ment Raw Mater al 

Chem cal Concentrat on (%) 

2-Ethylhexyl Acrylate 75-90 

Ethyl Acrylate 7-14 

Acryl c Ac d 10-20 

In t ator ï 1 0-1 

Solvent 120 

 

 

Table 3. Chem cal propert es of chem cals 

Raw Mater al Phys cal State Dens ty (g/ml) Tg (ʐC) Tg (K) 

n-Butyl Acrylate L qu d 0,898 -54 219 

2-Ethylhexyl 

Acrylate 

L qu d 0,885 -70 203 

Acryl c Ac d L qu d 1,051 105 378 

In t ator ï 2 Sol d 0,430 ï 0,480   

5. After 4 hours, a sample s taken from the adhes ve. If the free monomer content s h gh, 

the n t ator d ssolved n the solvent s added to the system, and efforts are made to 

reduce the free monomer count. 

6. After 8 hours, a sample s taken from the reactor, and the free monomer content s 

checked. The adhes ve s removed from the system once the ppm reaches the des red 

range. 

7. The v scos ty of the cooled adhes ve s measured. 

8. The adhes ve s appl ed to a 36-m cron PET f lm us ng the d rect coat ng techn que. 

9. The PET f lm w th the appl ed adhes ve s dr ed n an oven at 60ÁC for 30 m nutes. 

10. One day later, the analys s of the 36-m cron PET f lm prepared w th the produced 

adhes ve s performed us ng Loop Tack, 180Á Peel Strength, Hold ng Power and Saft. 

3. RESULTS AND DISCUSSION 

The glass trans t on temperature (Tg) of all the produced adhes ves was analyzed us ng 

D fferent al Scann ng Calor metry (DSC) and calculated us ng the Fox Equat on. 

 

Tgco= Tg of copolymer, Wfx=we ght fract on of monomer x, Tgx=Tg of a polymer made from 

monomer x (Table 4). 
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Table 4. Glass trans t on temperature of adhes ves 

 Tg (Cʐ) Tg (K) 

Exper ment 1 -50,4 222,6 

Exper ment 2 -37,9 235,1 

 

In the f rst exper ment, two base monomers, one comonomer, and two n t ators were used, 

wh le n the second exper ment, two base monomers, one comonomer, and one n t ator were 

used. It was observed that us ng a s ngle n t ator nstead of two and replac ng n-butyl acrylate 

w th 2-Ethylhexyl acrylate resulted n an ncrease n Loop Tack, 180ÁC Peel Strength, and 

Hold ng Power values. Add t onally, the d rect add t on of the n t ator n t ally led to a reduct on 

n ts effect veness due to the decompos t on t me, prevent ng the reduct on of free monomer 

content. Th s affected the convers on rate and led to the fa lure n ach ev ng the des red 

analyt cal results. 

When exam n ng Table 5, F gure 1, and F gure 2, t s observed that n Exper ment 1, where n-

butyl acrylate and two n t ators were used, the adhes ve's Peel, Loop Tack, Hold ng Power, and 

Saft values were s gn f cantly lower than the des red values. A m nmum Loop Tack of 10, a 

m n mum Peel of 11, and h gher Hold ng Power and Saft values generally nd cate better 

performance of the adhes ve both nternally and on the bonded surface. In Exper ment 2, where 

2-Ethylhexyl acrylate and a s ngle n t ator were used, the adhes ve's Peel and Loop Tack values 

fell w th n the expected range. Wh le the Saft and Hold ng Power values were lower compared 

to Exper ment 1, these values alone do not s gn f cantly affect the adhes ve's overall 

performance. 

Table 5. Result of Analys s 
 

180 C Peel Loop Tack Hold ng Power (CF) Saft (CF) 

Exper ment 1 9,9 10,7 900 70,7 

Exper ment 2 15,1 12 151,3 50,6 
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F gure 1. Analys s of exper ment 1 

 

F gure 2. Analys s of exper ment 2 

The add t on of a crossl nker resulted n a not ceable ncrease n the analyt cal results n both 

exper ments. It was observed from Table 6 and F gure 3 that the use of a crossl nker enhanced 

the cohes on strength w th n the adhes ve tself. Cons der ng that cohes on s one of the most 

s gn f cant factors contr but ng to the ncrease n adhes on strength, mprov ng cohes on d rectly 

led to an ncrease n adhes on strength as well. 

Table 6. Compar son of Exper ment 2 
 

180 C 

Peel 

Loop 

Tack 

Hold ng Power 

(CF) 

Saft 

(CF) 

Exper ment 2 -W thout 

crossl nker 

13,6 12 151,3 50,6 

Exper ment 2 - Crossl nker 13,7 13,1 10000 147 
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F gure 3. 

Effect of 

crossl nker on Exper ment 2 

4. CONCLUSION 

Upon exam n ng the exper mental results, t was observed that ne ther adhes on nor cohes on 

strength alone had a s gn f cant mpact on the performance of the adhes ve. The exper mental 

data revealed that 2-Ethylhexyl acrylate showed better compat b l ty wth ethyl acrylate 

compared to n-butyl acrylate, wh ch was found to be more compat ble w th 2-Ethylhexyl 

acrylate. Add t onally, the use of a s ngle n t ator, nstead of two, resulted n a not ceable 

d fference n the adhes ve's adhes on and cohes on strength. In the f rst exper ment, the expected 

values for Loop Tack and 180Á Peel Strength were marg nal, whereas n the second exper ment, 

they fell w th n the des red spectral range. However, when compar ng Exper ment 2, where a 

crossl nker was used and where no crossl nker was used, t was found that the add t on of a 

crossl nker mproved the cohes on strength. The fact that the Hold ng Power exceeded 10,000 

s ev dence that the adhes ve, and consequently the tape, formed a strong bond nternally. It was 

concluded that ne ther adhes on nor cohes on strength alone s gn f cantly affects the bond ng 

propert es of the tape. However, ncreas ng cohes on strength also ncreases adhes on strength, 

lead ng to the des red outcomes. 

 

ACKNOWLEDGEMENTS 

The authors acknowledge the techn cal support from Ve-Ge Hassas Kaĵēt ve Yapēĸtērēcē Bant 

Sanay  ve T caret A.ķ. and we are grateful to D rectorate of Ege Un vers ty Inst tute of Sc ence 

and Technology. 

REFERENCES 

Ak­akale, N. (2022). Yapēĸtērēcēlar ve Yapēĸtērēcēlarēn Genel ¥zell kler . H. Y. ¢oĵun, Z. 

Karacag l, & S. Kēzēlyēldērēm ­ nde, Doĵa ve M¿hend sl k B l mler nde G¿ncel Tartēĸmalar (s. 

373-388). Ankara: B lg n K¿lt¿r Sanat Yayēnlarē. 

Benedek, I. (2004). Pressure-Sens t ve Adhes ves and Appl cat ons. New York: Marcel Dekker, 

Inc. 

13,6 12 151,3
50,6

13,7 13,1

10000

147

0

2000

4000

6000

8000

10000

12000

180 C Peel Loop Tack Holding Power (CF) Saft (CF)

Effect of croslinnker on Experiment 2

Experiment 2 -Without crosslinker Experiment 2 - Crosslinker



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

ΝΠΠ 
 

Brockmann, W., & H¿ther, R. (1996). Adhes on mechan sms of pressure sens t ve adhes ves. 

Adhes on and Adhes ves, 81-86. 

Kowalsk , A., & Czech, Z. (2015). The effects of substrate surface propert es on tack 

performance of acryl c Pressure-Sens t ve Adhes ves (PSAs). Internat onal Journal of 

Adhes on & Adhes ves, 9-15. 

Kuo, C.-F. J., & Chen, J.-B. (2017). Synthes s of h gh-sol d-content, acryl c pressure-sens t ve 

adhes ves by solvent polymer zat on. Journal of Appl ed Polymer Sc ence, 1-9. 

do :10.1002/app.46257 

Lester, C. L., M ller, B. S., Zajacxowsk  , M. J., Bottorf, W. L., & He mbach, K. R. (2011). 

Un ted State Patent No. US 2011/0118372 A1. 

Lu, X., Cao, G., N u, Z., & Pan, Q. (2013). V scoelast c and Adhes ve Propert es of S ngle-

Component Thermo-Res stant Acryl c Pressure Sens t ve Adhes ves. Journal of Appl ed 

Polymer Sc ence, 1-10. do :10.1002/app.40086 

¥zbay, S., & Erb l, H. (2010). Perfloro Akr lat, Met l Metakr lat ve But l Akr latēn ¢ºzelt  

Ķ­ nde. 3. Ulusal Pol mer B l m ve Teknoloj s  Kongres  ve Serg s (s. 59). Kocael : K myagerler 

Derneĵ . 

Park, K. H., Lee, D. Y., Yoon, S. H., K m, S. H., Han, M. S., Jeon, S., . . . L m, B. (2022). 

Adhes on Improvement of Solvent-Free Pressure-Sens t ve Adhes ves by Sem-IPN Us ng 

Polyurethanes and Acryl c Polymers. Polymers, 14. 

do :https://do .org/10.3390/polym14193963 

Russo, C., Bustamante, F., Fernandez-Francos, X., & Flor, S. D. (2022). Adhes ve propert es of 

th ol-acrylate-epoxy compos tes obta ned by dual-cur ng procedures. Internat onal Journal of 

Adhes on and Adhes ves. do :https://do .org/10.1016/j. jadhadh.2021.102959  

 

  



ñVI. Internat onal Ege Compos te Mater als Sympos um KOMPEGE 2024ò 

ΝΠΡ 
 

(ID-5919) Polypropylene-Waste Glass Fiber Composites 

Elif ULU¢AMa, Mehmet Iĸēkb, and M.¥zg¿r Seydibeyoĵluc 

a, Izmir Katip Celebi University University Engineering and Architecture Faculty Materials 

Science and Engineering Department, Izmir/TURKEY, 190411033@ikc.edu.tr 

b,METYX Composite Company, Manisa/TURKEY, mehmet.isik@metyx.com 

c, Izmir Katip Celebi University, Izmir/TURKEY, ozgur.seydibeyoglu@ikc.edu.tr 

Introduction 

Composite materials are among the building materials along with metals, polymers and 

ceramics. With the development of science and technology, the need for materials with new and 

superior properties has increased the importance of composites [1]. Composites, which meet 

the performance requirements of traditional materials, have been in our lives for a long time 

with their flexible structures. Since the 2000s, the prominence of green energy and cost-light 

balance has accelerated the development and use of composites [2]. 

Various reinforcing materials are used to reduce the cost of polymer composites and improve 

their properties. In recent years, there has been a significant increase in the production and 

industrial use of fiber-reinforced polymer composites. These materials are increasingly in 

demand in the transportation sector, where concerns such as fuel consumption and CO2 

reduction are prominent. Composites, which play a critical role especially in the automotive, 

aerospace and maritime fields, are an important material group in achieving carbon footprint 

and sustainability goals [3], [4]. 

With the development of technology, thermoplastics in particular have become important in 

industries such as automotive, aviation, space and healthcare. Plastic materials offer advantages 

such as easy accessibility, low cost and corrosion resistance. Thermoplastics such as 

polypropylene (PP) account for 25% of the world's plastic production [5]. 

Recycling of engineering materials is of great importance in terms of sustainable industry and 

reducing environmental pollution. Engineering structures have limited-service lifespans 

depending on specific operating conditions. For example, wind turbines are estimated to have 

an average lifespan of 20 years, while GFRP composite structures are estimated to be between 

15-20 years. Products that have reached the end of their useful life or are discarded are classified 

as waste and are treated by storage, incineration or recycling [3].  

While metals, glass and plastics can be recycled and recycled, there are problems in recycling 

due to the heterogeneous structures of composite materials. The decomposition of matrix and 

reinforcing elements in these materials makes recycling difficult. For this reason, the production 

of innovative composite materials with different material wastes contributes to upcycling, and 

at the same time, developing science and technology increases the need to produce 

environmentally friendly-innovative materials [6]. 

Eco-friendly upcycling is common in developed countries, and societies try to minimize the 

amount of waste. In developing countries, interest in environmentally friendly products has 

increased recently. Upcycling also contributes to domestic production, as source materials are 

often collected locally, which helps solve the environmental and social problems associated 

with transportation [7]. 
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Composite Materials  

A composite material is a material obtained by combining the superior properties of two or 

more materials with a suitable method in order to gain new properties. The components in the 

composite determine the physical, chemical and mechanical properties of the material. This 

new material, which carries the identity of each component, exhibits superior properties that 

cannot be obtained with a single component. People have been using composite materials since 

they created structures to meet the need for shelter. For example, many building materials are 

composite, from materials formed by mixing primitive materials such as mud and straw to 

concrete made with a mixture of cement and sand used in the construction of today's modern 

buildings. A different composite material is obtained by adding iron materials to concrete. The 

biggest advantage of composite materials is that they can be produced by combining the best 

properties of the components. Properties such as strength, fatigue, wear and corrosion 

resistance, fracture toughness, high temperature properties, thermal conductivity, rigidity, 

weight, price and aesthetic appearance can be improved with the production of composite 

materials [1], [8], [9]. 

Composite materials consist of a main phase called matrix and a second phase called fiber. 

Matrix and fiber are insoluble in each other. The matrix material is the majority in volume and 

supports and holds the reinforcement materials in place by surrounding them. The matrix delays 

the rupture of the material by preventing the propagation of cracks during the transition of the 

material to plastic deformation. In addition, by holding the fibers together, it distributes the load 

homogeneously while holding the fiber materials together under load. Thus, crack propagation 

that may occur when plastic deformation occurs in the fiber is prevented. The second phase, 

which is the reinforcement element, is used to increase the strength, load-carrying capacity and 

toughness of the composite material and to improve its high-temperature operating properties 

[10]. 

Thermosetting and Thermoplastic Matrix 

The most commonly used materials in polymer matrix composites include thermosets and 

thermoplastic materials. Thermoset materials are liquid at room temperature and solidify with 

the effect of heat and hardener. Thermosets, which are shaped once during production, cannot 

be reshaped by heating later because there are cross-links between molecules. These materials 

cannot be recycled or reused, but they can be used as fillers. Epoxy, polyester, polyurethane and 

phenolic resins are the most common thermoset matrices [11]. 

Thermoplastics are plastics that soften with heat and retain their shape when cooled. This 

process is reversible, which allows thermoplastics to be reshaped. Thermoplastics are generally 

lightweight, corrosion resistant and have good electrical insulation properties. However, they 

are more sensitive to environmental parameters and mechanical loads. The most common 

thermoplastic matrix materials include acrylic, ABS, polypropylene (PP), polyethylene (PE) 

and PVC [12], [13]. 

PP (Polypropylene): It has advantageous properties such as low cost, good fatigue and impact 

resistance. It is also known as the most preferred thermoplastic material except for special 

applications because it is good in terms of chemical resistance [14]. 
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Reinforcing Materials 

The reinforcement element forms the skeleton that provides the tensile strength and rigidity of 

the material. These reinforcement elements consist of natural and synthetic filaments. The most 

commonly used reinforcement element is E glass fiber, which is used in more than 95% of 

applications. Also, aramid fiber (Kevlar) shows good performance in terms of fiber tensile in 

composite structures (anisotropic). However, compared to metallic structures (isotropic), its 

compressive performance is lower, and shear resistance is poor. The most preferred 

reinforcements are those in fiber form and materials derived from them [11], [15]. 

Glass fiber: GF is the cheapest and most commonly used reinforcement materials in resin 

matrix composite materials. Continuous and discontinuous glass fiber reinforced composites 

have a wide range of applications in many sectors such as aviation and automotive. Glass fiber 

has the advantages of being low cost, easy to produce and high strength. However, it also has 

disadvantages such as low elastic modulus and fatigue strength. E-glass fiber is the most 

commonly used type of glass fiber and increases the electrical resistance and strength of the 

material [8], [9], [16].  

E-glass fiber and woven glass fiber were used in this study. 

Material Properties E- GLASS 

Free weight (g/cm3) 2,54 

Tensile Strength (20C) (GPa) 3,5 

Modulus of Elasticity (20C) (GPa) 73,5 

Elongation at Break (20C) (%) 4,5 

Table 1: Mechanical properties of E-glass [8]. 

 

Experimental  

Material Preparation  

Waste glass fiber: In this study, waste glass fiber supplied by METYX Composite was used. 

The glass fiber used is E-glass fiber with biaxial orientation and was knitted in 0Á and 90Á 

directions. The fiber contains 600 gr/mĮ 90Á yarn, 1200 gr/mĮ 0Á yarn and 2400 gr/mĮ mat 

(chopped) glass fiber. The waste glass fiber was cut to 20*20 cm dimensions according to the 

press plate and 2 samples were prepared. 

 

Figure 1: Waste glass fiber. 
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Polypropylene (PP) film: 15 microns (ɛm) thick Polypropylene film is supplied in rolls. This 

polypropylene film was cut with 4 pieces of scissors measuring 20*20 cm for both samples. 

Thus, a total of 8 polypropylene films were obtained. 

 

Figure 2: Polypropylene film samples. 

Equipment and Methods 

Hot- Cold Press 

Waste glass fiber and 4 polypropylene films, prepared in 20*20 cm dimensions, were pressed 

in the hot-cold press machine, creating a laminated structure with 2 films on the bottom and 

top, and glass fiber in between. Teflon paper was used at the bottom and top of the pressing 

machine plates. 

For the first sample, pressing was done at 200Á C for 15 minutes. Then a cold press was applied 

for 5 minutes. For the second sample, pressing was done at 200Á C for 2 minutes. Then a cold 

press was applied for 3 minutes. 

                                               

     Figure 3: Laminated structure PP film and GF.    

 

 Figuēre 4: After pressing second sample PP film and GF composite. 
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Tensile Test 

The tensile test is performed to determine the elastic and plastic behavior of materials under 

static load. Specimens are usually cut in accordance with standards and tested on specific axes 

and under varying forces by connecting to the tensile device. Tensile test was performed on 10 

samples in the 0/90 fiber direction, which were tried to be prepared in accordance with ASTM 

D3039 standard, in Izmir Katip Celebi University Machinery Laboratory. 

Thermogravimetric Analysis (TGA) 

TGA provides important information about the thermal stability and degradation properties of 

the material. Samples taken from both composite samples were given to Izmir Katip ¢elebi 

University Central Research Laboratory for TGA/DSC analysis. Since the degradation 

temperature of the polypropylene film is 450ÁC - 500ÁC, it was desirable to increase the 

temperature to 600ÁC during the analysis. 

Results and Discussion 

Tensile Test of Glass Fiber ï PP film Composites 

The elastic modulus of the glass fiber and PP film composite material was lower than expected. 

While the elastic modulus of glass fiber was 70-90 GPa, these values decreaesed to 40-70 GPa 

when the composite was made with PP film. The type of PP film used may have affected this 

situation; because the glass fiber was pressed with PP film without removing the resin and an 

incompatibility (wetting) problem occurred. This problem can be solved by desizing. 

 

 

Figure 5: Elastic modulus values of Glass Fiber-PP Film Composite 

 

TGA of Glass Fiber ïPP Film Composites 

According to the TGA analysis results, no significant weight loss was observed in the first 

temperature increase of both samples, which shows that the composite is quite stable at low 

temperatures and does not decompose. A sudden drop occurred in both graphs at approximately 

500ÁC. This drop indicates the thermal decomposition of polypropylene. Since glass fiber is 
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resistant to high temperatures, it was observed that most of the weight loss was due to 

polypropylene and that the glass fiber remained stable. 

 

 

Figure 6: TGA of Glass Fiber-PP film composite 

In this study, an innovative thermoplastic composite material was obtained by pressing waste 

glass fiber and polypropylene (PP) film. PP film suitable for glass fiber resin could have been 

selected because a decrease in elastic modulus was observed in the tensile test. In this thesis 

study, it was shown that sustainable material production is possible by reusing waste glass fiber 

and PP film. The environmentally friendly composite obtained can be used in various areas such 

as automotive parts, construction materials, parking equipment and ship/yacht hulls. As a result 

of the study, it was revealed that waste materials can be recycled and transformed into 

innovative and environmentally friendly products, paving the way for projects that can be 

developed for this idea. 
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Introduction 

ρȢρȢ COMPOSITE MATERIALS 

As a compound term, it denotes a substance comprised of two or more components. Composite 

materials are defined as materials that are created by combining two or more distinct 

components across an interface. The properties of the components that constitute the composite 

material are predominantly preserved. [1]. Composite materials are classified in 4 groups. 

a. Fiber composites  

b. Particulate composites 

c. Layered composites  

d. composite materials with a mixture of components 

ρȢρȢρȢ CLASSIFICATION OF COMPOSITE 

1.1.1.1. Fiber Composites 

This composite is created by incorporating slender fibers into the matrix structure. The 

arrangement of the fibers within the matrix plays a crucial role in determining the strength of 

the composite structure. By aligning elongated fibers in a parallel manner within the matrix, 

significant tensile strength is attained along the fiber direction, while exhibiting minimal 

strength in the direction perpendicular to the fibers. An isotropic structure can be achieved by 

uniformly distributing short fibers throughout the matrix structure, resulting in equal strength 

in all directions. 

1.1.1.2. Particulate composites 

Consist of particles dispersed within a matrix material, which is different from the particles 

themselves. These structures exhibit isotropy. The structural integrity is contingent upon the 

level of particle hardness. 

1.1.1.3. Layered Composites 

Laminated composites, which are composed of layers, are the most ancient and extensively 

utilized form of composites. Sheet compositions featuring varying fiber orientations exhibit 

exceptional strength. 
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1.1.1.4. Hybrid Composites 

 

Multiple fiber types can coexist within a single composite structure. These composites are 

referred to as hybrid composites. These composites are appropriate for the development of new 

composite materials [4]. 

ρȢςȢ POLYURETHANE MATERIALS 

Manufactur ng that s l ghtwe ght, econom cal, and resource-eff c ent has become more cruc al 

n recent years. The benef ts of polymer-based foam mater als, l ke mpact res stance, thermal 

stab l ty, and electr cal and thermal nsulat on, make them the preferable opt on. Commonly 

ut l zed mater als nclude polyethylene, polyurethane, polyv nyl chlor de, and polypropylene. 

Because of the r except onal nsulat on qual t es, durab l ty, and low we ght, polyurethane 

mater als f nd extens ve appl cat on n the automot ve and thermal nsulat on ndustr es. They 

are exceed ngly combust ble, though, wh ch s why methods are employed to mprove the r f re 

res stance. 

Wurtz produced socyanates n 1849. The best way to synthes se appropr ate am nes or the r 

hydrochlor des n a solvent phase w th phosgene s to use socyanates. Thus, t s common 

pract ce to employ solvents l ke toluene and od chlorobenzene. Isocyanates are a class of 

chem cals that react eas ly w th other molecules because they have a h gh degree of react v ty 

and several unsaturated -N=C=O groups. They are capable of self-react on as well. Isocyanates 

can react w th oxygen- or n trogen-conta n ng act ve compounds.  

Every substance that nteracts chem cally w th ts const tuent atoms l kew se nteracts 

chem cally w th those atoms.  

ρȢσȢ PET MATERIALS 

One k nd of thermoplast c polymer res n that s ncluded under the polyester group s called 

PET, or polyethylene terephthalate. It s used n the product on of food, dr nk, synthet c text les, 

and l qu d conta ners. PET, or polyethylene terephthalate, can be sem-crystall ne or 

amorphous, depend ng on the process ng method and temperature t s subjected to. The 

crystall ne or amorphous structure of polyethylene terephthalate (PET) determ nes whether t 

appears opaque, wh te, or clear. A mater al's crystall n ty s s gn f cantly mpacted by the 

man pulat on of var ables l ke temperature, cool ng rate, stretch ng process, and others, wh ch 

n turn mpacts the mater al's mechan cal and phys cal propert es. 

 

1.4 GLASS FIBER REINFORCED PLASTIC (GFRP) 

Glass fiber is the product, which is constructed of E or ECR glass, is a reinforcing material that 

is created by coiling together continuous glass fibers that have been coated in a suitable binder 

and arranged in parallel. According to ASTM D 3517[19], materials are reinforced by using 

resin and glass fiber with the appropriate diameters. 

The types of glass used in glass fibers and their properties are as follows: 

- A Glass is a typical material frequently used in the production of windows and bottles. 

Composites are rarely utilized. 

- C Glass exhibits exceptional chemical resistance. Due to this characteristic, it is used in 

applications such as storage tanks. 
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- E Glass is the predominant type of glass used in the production of reinforcing fibers. It is 

characterized by affordability, excellent insulation properties, and low water absorption. 

- S + R Glass is both expensive and high-performing. It is exclusively used in the aviation 

sector. The diameter of the wires in this glass is half that of E Glass. As a result, the quantity of 

fibers increases, leading to a more rigid surface with enhanced adhesive properties. 

 

EXPERIMENTAL 

MATERIAL 

   2.1.1 Polymeric MDI Isocyanate and Formulated Polyether Polyol 

Polymer c MDI and Polyether Polyol, wh ch are polyurethane raw mater als suppl ed from 

K mteks Pol ¿retan Sanay  ve T caret A.ķ., have been formulated to prepare polyurethane foam. 

These raw mater als are used to prepare hard polyurethane foam. The type of foam we w ll use 

n our project s r g d polyurethane foam. When these two raw mater als are m xed n certa n 

proport ons for a certa n per od of t me, they nteract w th each other and form the polyurethane 

foam form. Th s polyurethane foam beg ns to cure and expands w th n tself by 30-40 t mes, 

ncreas ng ts volume. 

 

F gure 1. Polymer c MDI Isocyanate and formulated polyether polyol 

    

     2.1.2 Glass F ber Re nforced Polyester and PET 

The GFRP (Glass Re nforced Plast c) waste used n th s project was collected by F brosan CTP 

Sanay  ve T caret A.ķ., one of the few compan es do ng th s job n our country. Taken from . 

The so-called s de cutt ng waste of the GRP sheets produced for sale was prov ded. The GRP 

waste suppl ed s a compos te conta n ng polymer, res n f lm and glass f ber products. F brosan 

CTP Sanay  ve T caret A.ķ. t helped th s project for the recycl ng of compos te wastes. To 

obta n the compos te mater al, polyurethane foam and PET mater al were placed n a cardboard 

conta ner and m xed. To obta n polyurethane foam, socyanate and polyol m xture was added 

10 grams each 
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RESULT AND DISCUSSION        

Figures and Tables 

 

Figure 2: XRD RESULT 

The peak observed in the (100) plane corresponds to the 300 peak.  

The peak observed in the (110) plane corresponds to the 500 peak. 

The observed peak in the (111) plane corresponds to the 600 peak.  

The peak observed in the (200) crystallographic plane corresponds to the 900 peak.  

The observed peak in the (210) plane corresponds to the 1300 peak.  

The peak observed in the (211) plane corresponds to the peak at 1600. These peaks 

correspond to specific stages in the crystalline structure of the sample. Every peak corresponds 

to the reflections that take place within the atomic plane of a specific crystal phase. For instance, 

the presence of a prominent peak on the (111) plane suggests that this plane is widely distributed 

within the crystal structure of the sample. Similarly, the absence of a prominent peak in the 

(211) plane indicates the presence of the crystal structure in the sample. Signifies its rarity. 

 

Figure 3: FT-IR RESULT 
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Figure 4: FT-IR graph of 5% PET and GFRP doped polyurethane composite 

 

 

 

Figure 5: FT-IR graph of 10% PET and GFRP doped polyurethane composite 

 

 

Figure 6: FT-IR graph of 15% PET and GFRP doped polyurethane composite 


