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On Soz

Sevgili okuyucular,

Hayatta kullandigimiz her iiriin bir malzemeden iiretilmekte ve giiniimiiz
teknolojileri ile birlikte kompozit malzemeler hayatimizda 6nemli bir yer
tutmaktadir. Bu kitap, kompozit alanindaki bilimsel ¢aligmalar: farkl
miihendislik perspektiflerinden incelemektedir. Kompozit malzemeler
tizerinde ¢egitli malzemeler kullanarak yeni triinler ve yenilikgi teknolojiler
gelistirmek ve siirdiiriilebilir ¢oziimler saglamak igin bu galigmalar1 farkll
mithendislik yaklagimlariyla incelemek 6nemlidir ve bu kitapta kompozit
malzemeler bu bakig agistyla incelenmistir.

Okuyucular, giiniimiizde kompozit alaninda yapilan gesitli ¢aligmalara
erigebilecekler. Kitapta ayrica farkli matris ve takviye elemanlar1 kullanilarak
polimer, seramik ve elastomer matrisli kompozit malzemeler {izerinde

yapilan ¢aligmalar hakkinda bilgiler yer almaktadir.

Bu kitap akademisyenler, miihendisler, arastirmacilar ve 6grenciler igin
bir kaynak olarak tasarlanmistir. Ileride kompozit malzemeler iizerine
yapacaginiz aragtirma ve ¢aligmalara biiyiik fayda saglayacagina inaniyorum.

Saygilarimla.

1ii



Preface

Dear readers,

Every product we use in life is manufactured from a material, and
composite materials hold an important place in our lives with today’s
technologies. This book examines scientific studies in the composite field
from different engineering perspectives. It’s important to examine these
studies with different engineering approaches to develop new products and
innovative technologies using a variety of materials on composite materials
and provide sustainable solutions, and composite materials are examined in
this book from such a perspective.

Readers will be able to access the diverse work being done today in the
tield of composites. The book also includes information on studies carried
out on polymer, ceramic, and elastomer matrix composite materials using
different matrix and reinforcing elements.

This book is designed as a resource for academics, engineers, researchers,
and students. I believe that it will highly benefit your research and work on
composite materials down the road.

Yours sincerely.
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Bolum 1

Yapisal Kompozit Siiperkapasitorler

Merve Unal'
Cagatay Ozada?
Behiye Korkmaz?

Murat Yazicr*

Ozet

Artan sera gazi emisyonlart ve fosil yakitlarin giderek titkenmesi nedeniyle,
diinyada gevrenin korunmasi ve kiiresel enerji talepleri konusunda giderek
artan bir endige s6z konusudur. Bu nedenle, yakit ve enerji tiikketimini azaltan
cok fonksiyonlu kompozit enerji depolama teknolojileri son yillarda oldukca
dikkat ¢ekmektedir. Potansiyel bir elektrokimyasal enerji depolama ve yapisal
mekanik yiik tagima saglayan yapisal stiperkapasitorler, bu 6zellikleri tek bir
yapida gosterdigi igin genel sistemin hacminin ve Kkiitlesinin azaltilmasini
saglarlar. Bu istiin Ozelligi sayesinde yapisal siiperkapasitorler elektrikli
araglar, havacilik endiistrisi ve tagmnabilir cihazlar igin cazip bir segenek
haline gelmistir. Bu kitap boliimii yapisal siiperkapasitorlerin, gelistirilmis
elektrokimyasal ve mekanik ozelliklere sahip elektrotlari, elektrolitleri ve
ayiricilart hakkinda genel bir bakis agis1 sunmaktadur.

1. Giris

Elektrik enerjisi depolama cihazlarina olan talep, genigleyen yesil enerji
sektort, elektronik ve elektrikli ara¢ endiistrisinin hizli geligimi ile son yillarda
onemli 6lgiide artmugtir [1]. Bununla birlikte elektrikli araglar, hava tagitlari
ve yapisal malzemelerde menzil ve ¢aligma siiresini arttirmak igin daha fazla

1 Doktora Ogr, UMIMAG Lab., Bursa Uludag Uni., merveunal@uludag.edu.tr,
0000-0003-2208-181X

2 Doktora C)gr, UMIMAG Lab., Bursa Uludag Uni., cozada@uludag.edu.tr,
0000-0003-1503-1232

3 Dr. Ogr Uycsi, UMIMAG Lab., Bursa Uludag Uni., behiye@uludag.edu.tr

Prof. Dr., UMIMAG Lab., Bursa Uludag Uni., myazici@uludag.edu.tr,
0000-0002-8720-7594
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bataryaya ihtiya¢ duyulmaktadir. Bu durum, yiik tagima kapasitesine katkida
bulunmayan [2] agirhk artiglarina neden olmaktadir [3]. Bu baglamda
agirlikta iyilegme saglayan gok fonksiyonlu hibrit kompozitler, son yillarda
oldukga dikkat ¢ekmektedir. “Hibrit kompozitler” terimi iki veya daha fazla
tiirde takviye elyafi iceren yiik tagiyict yapisal kompozitleri tanimlamaktadir
[4]. Ancak, karbon nanotiip ve grafen gibi nano yapidaki katkilarin
gelistirilmesi hibrit kompozitlerin kapsamini biiyiik olgiide genigletmis ve
elektriksel ve termal 6zellikler gibi yapisal olmayan fonksiyonlar: da miimkiin
kalmistir [5]. Yapisal fonksiyonlarin ve yapisal olmayan fonksiyonlarin
birbiri ile entegrasyonu ile son on yilda hibrit kompozit aragtirmalarinda
cok 6nemli gelismeler kaydedilmistir. Tlgili aragtirmacilarin siirekli elyaflar
kullanarak sert, mukavim ve hafif yapisal kompozitler ile enerji depolama
sistemini birlegtirme ¢aligmalar1 yapisal enerji depolama kompozitlerinin
olusumunu saglamigtir [6]. Yiiksek mekanik rijitlik/mukavemet ve yeterli
enerji depolama kapasitesini ayni anda saglayabilen yapisal enerji depolama
kompozit cihazlari, elektrikli araglar ve hava araglar1 da dahil olmak iizere
bir¢ok yapisal uygulama igin agirhik azalmasi ve hacim kazanimu ile birlikte
stirdiiriilebilirlik stratejisi sunmaktadir [3,7]. Sekil 1’de gosterildigi gibi
yapisal enerji depolama kompozitleri; yapisal dielektrik kapasitorler, yapisal
piller, yapisal yakit hiicreleri ve yapisal siiperkapasitorler olmak iizere
cesitli enerji depolama cihazlarini kapsamaktadir. Bu kitap boliimiiniin ana
konusunu yapisal siiperkapasitorler olugturmaktadir.

[ Cok Fonksiyonlu Hibrit Kompozitler ]

|
l |

[ YaplsalDlmayzinFcnksiyon]ar ] [ Yapisal Forksiyonlar ]
l | [
( EnerjiDlepo]ama ] ( EMDalga Kalkantama | [ Hasar Algilama C]
|
[ YaplsalEnerjiDeIpolamaKompozitleri ]
l l l 1

[Yaplsal Dielektrik Kapasitér] [Yapl“l Batarya ] [ Yapisal Stiperkapasitor ] [Yamsal Yakat Hiicreleri]

Sekil 1: Cok fonksiyonlu hibrit kompozitlerin siniflandwilmass [6].
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2. Yapssal Siiperkapasitorler

Siiperkapasitorler geleneksel bataryalara gore daha yiiksek gii¢ yogunlugu,
daha uzun ¢evrim Omrii ve daha iyi tersinirlik ve geleneksel kapasitorlere
gore daha hizh sarj/desarj dongiisii gibi gesitli avantajlar sunan bir enerji
depolama cihazidir [8-12]. Siiperkapasitorlerde enerji depolama, elektrot/
elektrolit araytiziinde elektrostatik yiik birikimine dayanir. Geleneksel olarak
bir membranla ayrilmus ve yiiksek iyonik iletkenlige sahip bir siv1 elektrolitin
igine gomiilmiis gozenekli karbon yapida iki elektrottan olugan bir sandvig
yapida gergeklestirilir. Stiperkapasitorler enerji depolama yontemlerine
gore elektriksel ¢ift katmanl kapasitorler (EDLC’ler), psodokapasitorler ve
hibrit kapasitorler olmak iizere ii¢ kategoriye ayrilir [11]. EDLC’lerde Sekil
2’de gosterildigi gibi, elektrotlar ve elektrolit arasindaki arayiizeyde iyon
adsorpsiyonu yoluyla elektrik enerjisi depolamaktadir [3]. Psodokapasitorler
igin yaygin kullanilan elektrot malzemeleri Nikel (Ni), Rutenyum (Ru)
ve Manganez (Mn) gibi ge¢is metal oksitleri ve polipirol (PPy), polianilin
(PANI) ve politiyofen (PTh) gibi iletken polimerlerdir [13-15]. Bu
kapasitorlerde elektrik enerjisi, pillerin galiyma prensibine benzer sekilde
elektrotlarin yiizeyindeki redoks reaksiyonu ile depolanir. Bu nedenle, sarj
ve desarj siirecinde iletken elektrotlarda kimyasal tiilkenmeler meydana
gelebilmektedir.  Bu durum  psodokapasitorlerde  elektrostatik — enerji
depolama sistemlerine kiyasla sinirli bir kullanim 6mriine neden olmaktadir.
Hibrit kapasitorlerde ise geleneksel bir EDLCden daha yiiksek enerji
depolama, ancak bir bataryadan daha iyi gii¢ saglamak igin hem bir elektro-
cift katmanli elektrodu hem de psodokapasitif tipi elektrodu birlestirir
[11]. Stiperkapasitorlerde kullanilan elektrolitler ise iyonik olarak iletken
ancak elektriksel olarak yalitkan malzemelerdir [16]. Siiperkapasitorlerin
sahip oldugu o6zellikleri, siiperkapasitorleri cazip bir enerji depolama
secenegi haline getirmekte ve optimizasyonlariyla ilgili ¢ok sayida aragtirma
yapilmasini saglamaktadir.
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Elektrolit Ayiricr
(Cam Elyaf)
4= —
Anot Katot
(Karbon Elyaf) (Karbon Elyaf)

Sekil 2: Elektriksel cift katmanly kapasitorvievin sematik gosterimi [1].

Son yillarda, yapisal siiperkapasitorler yeni bir siiperkapasitor tiirii
olarak ortaya ¢ikmistir. Bu siiperkapasitorler elektrik enerjisini depolarken
ayni1 zamanda mekanik yiikleri de tagryabilmektedirler [1] (Sekil 3). Sahip
olduklar1 istiin Ozellikler sayesinde yapisal stiperkapasitorler; elektrikli
araglar, havacihk ve insansiz hava araglar1 gibi ¢esitli uygulamalarda
kullanilabilmektedir [8,17].

Enerji Depolama Mekanik Ozellikler

$ary Kapasitesi Cekme Mukavemeti
Degary Kapasitesi Sikigtirma Mukavemeti

1¢ Direng Arayiizey Mukavemeti
Dayanikhilik Egilme Mukavemet:
Elektrotlar
Yapisal Enerji Depolama Kompozitleri = Yapisal Siiperkapasitérler
Kati Polimer Elektrolitler

Sekil 3: Yopusal enerji depolama kompozitlerinin cok fonksiyonelligi [18].

Tipik olarak yapisal siiperkapasitorler Sekil 4te gosterildigi gibi yapisal
karbon esasl elektrotlardan, ayirici olarak bir cam elyaftan (GF) ve yiiksek
mekanik mukavemete sahip kat1 hal polimer elektrolitinden (SPE) olusur.
Yapisal elektrolitlerdeki iyonlarin hareketi, iletken elektrotlarin her iki tarafina
voltaj uygulanarak baglatilir ve elektrik alaninin olugmasina neden olur [16].
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Bir siire sonra enerji, elektrot ile elektrolit arasindaki arayiizde iyonlarin
¢ift katman geklinde birikmesiyle depolanir. Yapisal elektrotlarin yiiksek
enerji depolama kapasitesine ve iyi mekanik 6zelliklere sahip olmasi gerekir.
Bu elektrotlarin tiretiminde karbon elyaf (CF), karbonun hem elektrotlar
igin hem de yiiksek performansl yapisal takviye olarak yaygm bir sekilde
kullanilmas1 nedeniyle cazip bir baglangi¢ noktasidir [2]. Bununla birlikte,
karbon nanotiip(CNT) ve karbon aerojel (CAG) yapisal stiperkapasitorler
i¢in kullanilan ana elektrot malzemeleridir [19]. Yapisal elektrolitler, iyonik
hareketi olugturarak kat1 ve sert yapisiyla mekanik destek de saglar. Polimerler
hem yapisal matris hem de elektrolit olarak kullanilabilir. Ancak her iki
ozelligi ayn1 ayda gergeklestirebilmek igin dikkatli bir tasarim gereklidir [2].
Yapisal elektrolitler temel olarak matris polimerlerden, iyonik sivilardan (IL)
ve lityum tuzlarindan olugmaktadir [19].

Kat1 Polimer Elektrolit

Aktif Karbon Fiber
Eece Elektrot

Sekil 4: Yopisal siiperkapasitoviin sematik gosterimi [2].

3. Yapisal Siiperkapasitor Elektrotlar:

Elektrot malzemeleri yapisal siiperkapasitorlerde kritik 6neme sahiptir.
Siiperkapasitoriin yiik depolama kapasitesini tanimlamaktadir. Bu kapasite
elektrot malzemesinin porozitesine, 6zgiil yiizey alanina ve dig etkenlere karg
gosterdigi yiiksek kararhiliga baghdir. Yiiksek enerji yogunluguna ulagmak
igin yiizey alanin genig olmasi beklenmektedir. Bu durum yiizeyde iyonlarin
depolanmasini arttiracags i¢in Helmholtz ift katman yapisini olumlu yonde
etkilemektedir.
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Karbon bazli elektrotlarin enerji depolama uygulamalarinda kullanilmasini
uygun kilan baghca ozellikleri; diigiik maliyetleri, genig yiizey alanlari,
kontrollii gbzenek yapilari, yiiksek iletkenlikleri, yiiksek sicaklik kararliliklart
ve kompozit malzemelerle uyumluluklaridir. Ayrica bu malzemeler iyi bir
korozyon direnci sergilerler. Yiizey alan1 ve elektrot malzemesinin gozenek
boyutu, spesifik kapasitansi etkileyen en 6nemli faktorlerdir.

Aktif karbon, karbon nanotiipler (CNT) ve grafen gibi karbon bazh
malzemeler normalde EDLC’lerde galigma elektrotlari olarak kullanilir. Diger
aktif karbon formlariyla kargilagtirildiginda, CNT’ler daha yiiksek iletkenlige
sahiptir ve bu da yiiksek gii¢ yogunluklarina katkida bulunur. Karbon bazh
clektrotlar, kismen gesitli 6zelliklerini iyilestirmek i¢in ok ¢esitli yontemlerin
mevcut olmast nedeniyle giderek daha popiiler hale gelmektedir. Karbonun
islevsellestirilmesinin yani sira karbona kusurlarin eklenmesi ve kompozit
clektrotlar yapmak igin redoks-aktif malzemelerle birlikte kullanilimalari, bir
stiperkapasitoriin performansini artirmaktadir.

3.1. Karbon Elyaf

Karbon elyaf, ¢ekme mukavemeti, basma mukavemeti, delaminasyon
direnci ve ¢ok iyi elektrik iletkenligi gibi olaganiistii mekanik 6zellikleri
oldugu i¢in miikemmel bir yapisal siiperkapasitor elektrot malzemesidir.
Karbon elyat elektrot yiiksek erigilebilir yiizey alanina, elektrokimyasal
stabiliteye ve mekanik esneklige sahiptir. Bununla birlikte, aktif karbonlar,
CNT’ler, grafen ve karbon aerojeller gibi diger karbon bazli malzemelerle
kargilagtinldiginda, karbon elyaf yapisal elektrotlar diigiik spesifik yiizey
alanlar1 (0,2 m? /g) nedeniyle daha diisiik spesifik kapasitans (11 mF/g)
gostermektedir [20]. Bozulmamis karbon elyaf piiriizsiiz bir yiizeye ve
kimyasal inertlige sahiptir, bu da elektrolit iyonlar1 ile arayiizey etkilegimi
i¢in diigiik aktiviteye neden olur. Bozulmamug karbon elyaf genellikle sarj-
desarj isleminde ¢ok diisiik elektriksel gift katman kapasitansi gosterir.

Karbon elyaf tizerine uygulanan fiziksel, kimyasal veya elektrokimyasal
aktivasyon iglemleri sayesinde fonksiyonel gruplar eklenebilmektedir. Bu
tfonksiyonel gruplar sayesinde karbon elyaflarin islanabilirligi elektrokimyasal
performansinin geligtirilmesi saglanmaktadir [21]. Hidroksil ve karbonil
gibi oksijen igeren fonksiyonel gruplar elektrokimyasal performans tizerinde
onemli etkiye sahiptir. Bu nedenle, istenen fonksiyonel gruplara sahip iyi
tasarlanmug karbon elektrot, siiper kapasitor uygulamalari i¢in uygulanabilir
ve bu da elektrokimyasal aktiviteyi ve kapasitansi etkili bir sekilde artirabilir.
Ayrica, morfoloji ve mikroyap: elektrot malzemelerinin elektrokimyasal
ozelliklerini etkileyen 6nemli faktorlerdir.
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Karbon elyaflarin farkh asitler, bazlar ve yiizey aktif maddeler ile yiizey
modifikasyonu saglanmaktadir. Ozellikle, ¢ok giiglii asitler veya bazlar elyaf
kalitesini bozabilir ve kompozitlerin zayif mekanik 6zelliklerine neden olabilir.
Bu nedenle, kullanilan modifiye edici maddenin hacmini dikkatli bir sekilde
se¢mek ve ayarlamak onemlidir. Daha 6nceki aragtirmalar potasyum hidroksit
(KOH) ile islemin mekanik 6zelliklerden 6diin vermeden karbon elyaflarin
ylizey alanini arttirdigini gostermigtir. Bununla birlikte, oksijen plazma ve
biiyiik darbeli elektron 1511 teknikleri de bulunmaktadir. Bunlar yiizey alanim
ve matris arayiizeyinin yapigmayi iyilestirebilen tahribatsiz yontemlerdir.

Sekil 5, farkli yiizey islemlerinden sonra karbon elyaf elektrotlarinin
taramali elektron mikroskobu (SEM) goriintiilerini  gostermektedir.
Brunauer-EmmettTeller (BET) yiizey alanindaki ve 6zgiil kapasitansindaki
degisiklikler Tablo 1°de sunulmustur.

Sekil 5 o) Karbon elyaf, b) Isi islem CE c¢) KOH islemli CE, d) CNT graft, ¢) CNT
kaplama, f) Kavbon aevojel modifiyeli CF SEM goviintiileri [22].
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Tablo 1. CF/GF/CF kompozitinde favkly islemlevle muamele edilen CFlevin BET
yiizey alana ve ozgiil kapasitansy (3 M potasyum kloviiv (KCl) elektrolitinde 5 mV s-1
tarama mzmda -0,2 ila 0,2 V arasmdn elde edilen dongiisel voltametvi vevilevinden
hesaplanmastw) [22].

Sira Karbon Elyaf Ornekler BET Yiizey Alani Ozgiil Kapasitans (F/g)

(m’/g)
1 Karbon Elyaf (CF) 0,035 0,057
2 Isil islem CF 0,068 1,453
3 KOH islemli CF 37,263 29,451
4 CNT kaplama 38,562 27,291
5 CF iizerinde CNT 41,027 30,783
6 Karbon aerojel 165,252 156,462

modifikasyonu

3.2. Karbon Nanotiip

Benzersiz gozenek vyapilari, olaganiistii elektriksel ozellikleri ve iyi
mekanik ve termal dayanikliliklart nedeniyle, tek boyutlu (“quasi 1D”)
karbon nanotiipler son yillarda siiperkapasitor uygulamalar: igin biiyiik
ilgi gormiistiir. Karbon nanotiipler sirasiyla tek duvarli karbon nanotiipler
(SWCNT’ler), ¢ift duvarh karbon nanotiipler (DWCNT’ler) ve ¢ok duvarli
karbon nanotiipler MWCNT ler olarak iige ayrilmaktadir [23]. Yiiksek
elektrik iletkenlikleri ve kolay erigilebilir yiizey alanlar1 tek duvarli karbon
nanotiipiin [(SWCNT) > 1600 m? /g], ¢ok duvarli karbon nanotiipten
[(MWCNT) > 430 m? /g)] daha fazla olmasi [6] nedeniyle yiiksek giiglii
elektrot malzemeleri ig¢in uygundur. Ayrica, karbon nanotiipler boru
seklindeki ag ve yiiksek mekanik esneklik nedeniyle aktif malzemeler igin
ideal takviyeler olugturmaktadir.

3.3. Karbon Aerojel

Egsiz ti¢ boyutlu kafes yapisi, genis spesifik yiizey alani, diigiik yogunlugu
ve mitkemmel elektrik iletkenligi ile karbon aerojel, stiper kapasitorler igin
ideal bir elektrot malzemesi olarak kabul edilir. Geleneksel karbon aerojeller
tenolik regineler, poliamidler ve poliiiretanlar gibi polimerlerden elde edilir
ve genellikle sol-jel, ¢oziicii degigimi, stiperkritik kurutma ve karbonizasyon
stiregleriyle hazirlanir [24]. Karbon aerojellerin spesifik yiizey alan1 400-800
m? /g araligindadir [25]. Mekanik ozellikleri nispeten zayif oldugundan,
karbon aerojeller dogrudan yapisal uygulama igin uygun degildir. Bu siiregler
yiiksek enerji tiiketimine ve diigiik verime sahip olma egilimindedir ve bu
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da gesitli ¢evre kirliligi sorunlarina yol agabilir. Biyokiitleden karbon aerojel
elektrot malzemelerinin hazirlanmasi, uygun maliyet etkinliginin yani sira
yesil ve siirdiirtilebilir kalkinma igin elveriglidir. Mevcut biyokiitle karbon
acrojel elektrotlary, alg, bambu, seker kamigi, odun, misir samani, muz
vb. tiiretilen biyokiitle polisakkaritlerine ve proteinlerine dayanmaktadir.
Biyokiitlenin dogal yapist ile karbon aerojellerin hazirlanmasi benzersiz
avantajlara sahip olmaktadir.

4. Yapssal Elektrolitler

Yapisal elektrolitler cihaz performanst igin kritik 6neme sahiptir ve yapisal
stiperkapasitor teknolojisinin en zorlu yonlerinden biridir [26]. Ciinkii
yiiksek iyonik iletkenlik esnek bir yapi gerektirirken, iy1 mekanik ozellikler
ise polimer zincirlerinin sertligini gerektirir. Yapisal elektrolitler; elektrotlara
iyon tagimasini saglayan, diger bilegenlerle kimyasal olarak uyumlu,
islenebilir, Olgeklenebilir ve arayiizlerinde iyi bir mekanik baga ihtiyag
duyan yapilardir [27]. Bu elektrolitlerin etkili olabilmesi igin 0,1 ila 1 GPa
arasinda bir sikistirma ve kesme sertligi saglayabilmesi ve ortalama 1 mS/
cm mertebesinde bir iyon iletkenligini gergeklestirmesi gerekir [3,26,28].
Yapisal siiperkapasitorlerde siklikla kullamilan kati elektrolitler, bir tuzun
polimer matris i¢ine dagidig tek fazli elektrolitlerdir. Bu elektrolitlerin
avantajlari, herhangi bir ugucu veya yanici bilegigin olmamasi ve iyi mekanik
ozelliklere sahip olmasidir [3]. Epoksi regine ve vinil esterler gibi yiiksek
performansli kompozitler en yaygin kullanilan yapisal polimer matrisleridir.
Bu baglamda, bu matrislerin modifikasyonlar1 da yapisal elektrolitlerin
temelini olusturmaktadir [27]. Literatiirde yapilan ¢aligmada [29], iyon
taginimini arttirmak ig¢in matrise lityum iyon tuzu katilarak elektrolit
olusturulmustur. Elde edilen elektrolitin = 1.7 X 10—3 mS/cm iyonik
iletkenlik degerine ve 15 MPa sikigtirma sertligine sahip oldugu goritilmiistiir.
Iyonik iletkenlik ve mekanik davranislar optimize edilen bir bagka calismada
[30] ise, 1.6 X 10—5 mS/cm iyonik iletkenlige ve 560 MPa sikigtirma
sertligine sahip kati elektrolitler bildirilmistir. Polimerlere iyonik sivilarin ve
batarya elektrolitlerinin eklenmesi, yapisal ve iyonik tagima fazlarinin i ige
gectigi bir ag saglayarak daha umut vericidir. Tyonik sivilar, diigiik sicaklikta
veya oda sicakliginda erimig, yliksek iletkenlige sahip tuzlardir [31]. Bu
ozelliklerinden dolayi, ideal siv1 elektrolitlerden farkli 6zellikler gosterirler.
Literatiirde kat1 elektrolitlerde en sik rapor edilen galigmalar [32-35],
epoksi matrisi ve iyonik sivilardan olugmaktadir. Bu elektrolitlerde, yiiksek
viskoziteli iyonik sivi termal kararlilik ve iyonik iletken 6zelligi saglarken
[36], epoksi matrisi ise mekanik 6zelliklerin yaninda kimyasal ve termal
kararlihk [34] saglar. Literatiirde yapilan bir ¢aligmada [37], epoksi regine
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ve Etil-3-metilimidazolyum bis(triflorometilsiilfonil)imid (EMIM-TESI)
iyonik swvist ve lityum bis(triflorometan) siilfonimid (LiTFESI) tuzundan
olugan bir polimer elektrolit $ekil 6’da gosterildigi gibi gelistirilmistir. Bu
elektrolitin maksimum iyonik iletkenligi 8 x 10-3 S/cm ve Young modiilii
0,18 GPa olarak bulunmusgtur. Bir bagka ¢aliymada [31] ise trimetilamonyum
bis(triflorometansiilfonil)imid iyonik sivis1 kullanarak hazirlanan epoksi
esasli polimer elektrolitlerin iyonik iletkenlik degerlerinin 1 X 10-3 S/cm’ten
yiiksek oldugu goriilmiistiir. Bununla birlikte, kat1 elektrolitlerde mekanik
ozelliklerin ve iyonik iletkenligin optimum kogullarda beraber saglanmasi
giigliik olugturmaktadir. Bu durumda, matris ve iyonik sivi (IL) fazlarin
oranlari kontrol edilerek, mekanik ve elektrokimyasal performans arasindaki
denge ayarlanabilir [27].

Ivonik Stv1 Esash Elektrolit

N

Sicakhk

£ -
Eanghrma

& @ @

Epoksi Regine Iyonik S/ Recine/Elektrolit
Lityum tuzu Kansgimit
Elektrolit

&=

Epoksi Matris

Sekil 6: Epoksi vegine/iyonik swu esash kate polimer elektrolitlerin divetim prosediivii
sematik gosterimi [37].

Polimer matrisinin yiiksek kristalinitesinin kat1 polimer elektrolitlerde iyon
taginmasina zarar verildigi yapilan bir ¢alismada rapor edilmigtir [38]. Bu
nedenle, matris yapiya SiO,, TiO, ve AL O, gibi inorganik katki maddelerinin
cklenmesi polimerin kristalligini azalmak igin etkili bir yaklagim oldugu
bildirilmigtir [6,39]. Bu yaklagim kati polimer elektrolit ¢aligmalarinda
ilgi gormiistiir [40—42]. Dolgu maddelerinin boyutu ve ylizey alam ile
bunlarin polimer elektrolit i¢indeki dagilimu, kat1 polimer elektrolitlerin hem
iyonik iletkenligini hem de elastik modiiliinii etkileyen baglica faktorlerdir
[43,44]. Literatiirde gergeklestirilen bir gahymada [41], ALO, inorganik
katki maddesi epoksi regine/iyonik sivi/lityum tuzu sistemine dahil edilmig
ve Young modiilii 1 GPa ve iyonik iletkenligi 0.29 mS cm—1 olan bir kat1
polimer elektrolit gelistirilmistir. Diger bir ¢alismada [40] ise, PEGDGE/
iyonik siv1 elektrolitine mezogozenekli SiO, katkisinin  eklenmesi ile
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sikigtirma mukavemeti ve iyonik iletkenliginde artig goriilmiistiir. Agirlikca
%7.5 Si0, mezogozenekli polimer elektrolitin iyonik iletkenligi 0.29 mS
cm—1 ve Young modiiliiniin 21.9 MPa’a ulagtigr bildirilmistir. Elde edilen
bu degerler, SiO, katkis1 igermeyen elektrolite gore iyonik iletkenliginin
artt1g1, mekanik ozelligin ise iyilestigi goriilmustiir.

5. Ayiricilar

Geleneksel enerji depolama cihazlarinda, iyonlarin gegmesine izin veren,
pozitif ve negatif elektrotlar arasindaki elektron gegisini 6nleyen gozenekli
bir ayirict kullamlir [45,46]. Tdeal bir separatér iyi elektrik yalitimina, yiiksek
gozeneklilige, iyon tagima mesafesini ve agirhigini en aza indirmek igin diigiik
kalinliga ve iy1 mekanik stabiliteye sahip olmalidir [6]. G6zenekli polipropilen
ve seliiloz membranlar genellikle ticari enerji depolama cihazlarinda ayirict
olarak kullanilir [47,48], ancak zayif mekanik mukavemetleri ve kat1 polimer
regine elektrolitlere zayif yapigmalart nedeniyle yapisal siiperkapasitorler
igin uygun se¢im degildir. Literatiirde yapilan bir ¢aligmada [49] gelismis
iyonik iletkenlige ve gozenekli polipropilen membran ve seliiloz ayiriciya
kiyasla %80 daha fazla gozenekli poli(viniliden floriir) esash bir ayirict
gelistirilmistir. Bu ayiricinin yapisal uygulamalarda kullanilmasr igin mekanik
ozellikleri agisindan optimizasyon galigmalart yapilmasi gereklidir. Yapisal
stiperkapasitorler ayiricist olarak iyi yalitima sahip olan cam elyaf kumas,
miikemmel bir se¢imdir. Dokuma kumag yapisi sayesinde, cam elyaf kumag
birden fazla iyon degisim kanali saglayabilir ve yalitkan yapist pozitif ve
negatif elektrotlar arasindaki kisa devreyi onleyebilir [18]. Ayrica elektrolitin
yapisina niifuz etmesine izin veren cam elyaf kumasg, iyi islanabilirlik
saglayarak ve regine ile uygun bir baglanma gosterir. Bu da 6nemli stres
yiklemesine ve delaminasyonlara dayanabilmesine olanak saglar [2,16].
Bununla birlikte, cam elyaf kumagin en biyiik dezavantaji, kumagin her
katmaninin kalinliginin geleneksel ayiricilara kiyasla nispeten biiyiik olmasi
ve bu da iyon tagima mesafesini artirmasidir. Fakat genel performansi goz
oniine alindiginda, cam elyat kumag hala birgok yapisal siiperkapasitorlerde
ayirict olarak yaygin bir gekilde kullanilmaktadir.

6. Sonug

Bu kitap boliimiinde elektrikli araglarda, taginabilir elektroniklerde ve
insansiz hava araglarina yonelik enerji depolama cihazlarinda yaygin olarak
kullanilabilecek ¢ok fonksiyonel yapisal siiperkapasitorlerin genel perspektifte
bir anlatim1 yapilmustir. Cok fonksiyonellige sahip yapisal enerji depolama
sistemleri, ilgili uygulamalarin gelecegi i¢in umut vaat etmektedir. Bu enerji
sistemleri, atomlar ve molekiiller gibi maddi elemanlarin hem yiik tagima
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hem de enerji iglevi gostermesi ile kiitle verimliligi igin 6nemlidir [50].
Yapisal siiperkapasitorlerde diger yapisal enerji depolama sistemlerinden
tarkli olarak, enerji performanst gosterilirken yapisal biitiinliigii korumak
daha basit oldugu igin dikkat ¢ekmektedir. Yapisal siiperkapasitorlerin
fonksiyonel 6zelliklerinin, geleneksel siiperkapasitorlerin  veya elyaf
takviyeli polimer kompozitlerinin son teknoloji performansina ulagilmasina
gerek olmadigr degerlendirmesi yapilmistir [51]. Kiitle sisteminden
tasarruf edilmesi ve enerji verimliliginin artirtlmasi, iki iglevin uygun bir
sekilde dengelenmesiyle elde edilebilmektedir. Ayrica, verimli bir yapisal
stiperkapasitoriin polimerik elektrolitinde mekanik 6zelliklerin ve iyonik
iletkenligin birlikte saglanmasi olduk¢a onemlidir. Elektrolit kisminda her
iki ozelligin beraber saglanmasi zorlu bir istir ¢iinkii polimer yapisinin
sertliginin arttirilmasi, iyon taginmasini kesintiye ugratarak iyonik iletkenligi
azaltma egilimindedir [9]. Bu baglamda, yeni malzeme gelistirilmesi ve
tasarim ile yapisal siiperkapasitorlerin hem elektrokimyasal enerji depolama
hem de mekanik performanslarini arttirmak igin daha fazla ¢aligmaya ihtiyag
duyulmaktadir. Gelistirilen yapisal siiperkapasitorlerin pratik uygulamalar
i¢in kolay iiretilebilir ve maliyet agisindan da verimli olmas: istenmektedir.

Tesekkiir

Bu ¢aligma, Bursa Uludag Universitesi Bilimsel Arastirma Projeleri (BAP)
birimi tarafindan desteklenen FOA-2022-1146 numarali proje kapsaminda
gergeklestirilmistir. Yazarlar, Bursa Uludag Universitesi BAP birimine verdigi
destekten dolayi tegekkiir etmektedir.



Merve Unal | Cajatay Ozada / Bebiye Kovkmaz | Murat Yozicr | 13

Referanslar

[1]

(2]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

Wu KJ, Young W Bin, Young C. Structural supercapacitors: A mini-review
of their fabrication, mechanical & electrochemical properties. ] Energy
Storage 2023;72:108358. https://doi.org/10.1016/j.est.2023.108358.

Shirshova N, Qian H, Shaffer MSDP, Steinke JHG, Greenhalgh ES,
Curtis PT, et al. Structural composite supercapacitors. Compos Part
A Appl Sci Manuf 2013;46:96-107. https://doi.org/10.1016/j.
compositesa.2012.10.007.

Greenhalgh ES, Nguyen S, Valkova M, Shirshova N, Shafter MSP, Ku-
cernak AR]J. A critical review of structural supercapacitors and outlook
on future research challenges. Compos Sci Technol 2023;235:109968.
https://doi.org/10.1016/j.compscitech.2023.109968.

Chou T-W. Microstructural design of fiber composites. NASA STI/Recon
Tech Rep A 1992;92:50452.

Sun J, Gargitter V, Pei S, Wang T, Yan Y, Advani SG, et al. Mechani-
cal and electrochemical performance of hybrid laminated structural
composites with carbon fiber/ solid electrolyte supercapacitor interlea-
ves. Compos Sci Technol 2020;196:108234. https://dot.org/10.1016/j.
compscitech.2020.108234.

Xu Y, Lu W, Xu G, Chou TW. Structural supercapacitor composites: A re-
view. Compos Sci Technol 2021;204:108636. https://doi.org/10.1016/j.
compscitech.2020.108636.

Reece R, Lekakou C, Smith PA. A High-Performance Structural Super-
capacitor. ACS Appl Mater Interfaces 2020;12:25683-92. https://doi.
org/10.1021/acsami.9b23427.

Deka, Biplab K., Ankita Hazarika, Jisoo Kim Y-BP and HWP. Recent
development and challenges of multifunctional structural supercapacitors
for automotive industries. Int J Energy Res 2017;41:1397—411. https://
doi.org/10.1002/er.

Qian H, Kucernak AR, Greenhalgh ES, Bismarck A, Shaffer MSP. Multi-
functional structural supercapacitor composites based on carbon aerogel
modified high performance carbon fiber fabric. ACS Appl Mater Interfa-
ces 2013;5:6113-22. https://doi.org/10.1021/am400947;.

Senokos E, Ou Y, Torres JJ, Sket E Gonzidlez C, Marcilla R, et al. Ener-
gy storage in structural composites by introducing CNT fiber/polymer
electrolyte interleaves. Sci Rep 2018;8:1-10. https://doi.org/10.1038/
s41598-018-21829-5.

Ozada, (O Unal, M., & Yazici, M. (2023). Siiperkapasitor: Temelleri ve

malzemeleri. Gazi Universitesi Miithendislik Mimarlik Fakiiltesi Dergisi,
39(2), 1315-1332. https://doi.org/10.17341/gazimmfd. 1141220



14 | Yapisal Kompozit Siiperkapasitorier

[12]

[15]

[16]

Zhang ], Shu D, Zhang T, Chen H, Zhao H, Wang Y, et al. Capacitive
properties of PANI/MnO2 synthesized via simultaneous-oxidation route.
J Alloys Compd 2012;532:1-9.

Sawangphruk M, Limtrakul J. Effects of pore diameters on the pseudo-
capacitive property of three-dimensionally ordered macroporous manga-
nese oxide electrodes. Mater Lett 2012;68:230-3.

Zhu X. Recent advances of transition metal oxides and chalcogenides in
pseudo-capacitors and hybrid capacitors: A review of structures, synthe-
tic strategies, and mechanism studies. ] Energy Storage 2022;49:1041438.
https://doi.org/10.1016/j.est.2022.104148.

Kumar Y, Rawal S, Joshi B, Hashmi SA. Background, fundamental un-
derstanding and progress in electrochemical capacitors. J Solid State Elect-
rochem 2019;23:667-92. https://doi.org/10.1007/s10008-018-4160-3.

Chan KY, Jia B, Lin H, Hameed N, Lee JH, Lau KT. A critical review
on multifunctional composites as structural capacitors for energy sto-
rage. Compos Struct 2018;188:126—42. https://doi.org/10.1016/;.
compstruct.2017.12.072.

Wang Y, Qiao X, Zhang C, Zhou X. Development of structural superca-
pacitors with epoxy based adhesive polymer electrolyte. ] Energy Storage
2019;26:100968. https://doi.org/10.1016/).est.2019.100968.

Zhou H, Li H, Li L, Liu T, Chen G, Zhu Y, et al. Structural composite
energy storage devices — a review. Mater Today Energy 2022;24:100924.
https://doi.org/10.1016/j.mtener.2021.100924.

Xu C, Zhang D. Multifunctional structural supercapacitor based
on cement/PVA-KOH composite and graphene. ] Compos Mater
2021;55:1359-69. https://doi.org/10.1177/0021998320969852.

Basha SI, Shah SS, Ahmad S, Maslehuddin M, Al-Zahrani MM, Aziz
MA. Construction Building Materials as a Potential for Structural Su-
percapacitor Applications. Chem Rec 2022;22. https://doi.org/10.1002/
tcr.202200134.

Xie Y. Electrochemical and Hydrothermal Activation of Carbon Fiber
Supercapacitor Electrode. Fibers Polym 2022;23:10-7. https://doi.
org/10.1007/s12221-021-0059-1.

Shirshova N, Qian H, Houllé M, Steinke JHG, Kucernak ARJ, Fontana
QPV, et al. Multifunctional structural energy storage composite super-
capacitors. Faraday Discuss 2014;172:81-103. https://doi.org/10.1039/
c4£d00055b.

Oyedotun KO, Ighalo JO, Amaku JE Olisah C, Adeola AO, Iwuozor
KO, et al. Advances in Supercapacitor Development: Materials, Proces-
ses, and Applications. J Electron Mater 2023;52:96-129. https://doi.
0rg/10.1007/s11664-022-09987-9.



[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

Merve Unal | Cajatay Ozada / Behiye Kovkmaz | Murat Yozicr | 15

Hu J, Zhao C, Si Y, Hong C, Xing Y, Wang Y, et al. Preparation of ultra-
fine microporous nitrogen self-doped chitosan (CS) carbon aerogel based
on a Zn-Zn system for high-performance supercapacitors. Appl Surt Sci
2023;637:157910. https://doi.org/10.1016/j.apsusc.2023.157910.

Pekala RW, Farmer JC, Alviso CT, Tran TD, Mayer ST, Miller JM, et
al. Carbon aerogels for electrochemical applications. ] Non Cryst Solids
1998;225:74-80. https://doi.org/10.1016/50022-3093(98)00011-8.

Wendong Q, Dent ], Arrighi V, Cavalcanti L, Shaffer MSP, Shirshova
N. Biphasic epoxy-ionic liquid structural electrolytes: minimising feature
size through cure cycle and multifunctional block-copolymer addition.
Multifunct Mater 2021;4:35003.

Ishfaq A, Nguyen SN, Greenhalgh ES, Shaffer MSP, Kucernak AR]J,
Asp LE, et al. Multifunctional design, feasibility and requirements for
structural power composites in future electric air taxis. ] Compos Mater
2023;57:817-28. https://doi.org/10.1177/00219983221132621.

Danzi E Salgado RM, Oliveira JE, Arteiro A, Camanho PP, Braga
MH. Structural batteries: A review. Molecules 2021;26. https://doi.
org/10.3390/molecules26082203.

Snyder JE Carter RH, Wetzel ED. Electrochemical and Mechanical Be-
havior in Mechanically Robust Solid Polymer Electrolytes for Use in
Multifunctional Structural Batteries. Chem Mater 2007;19:3793-801.
https://doi.org/10.1021/cm070213o0.

Snyder JE Wetzel ED, Watson CM. Improving multifunctional behavior
in structural electrolytes through copolymerization of structure- and con-
ductivity-promoting monomers. Polymer (Guildf) 2009;50:4906-16.
https://doi.org/10.1016/j.polymer.2009.07.050.

Matsumoto K, Endo T. Synthesis of Ion Conductive Networked Poly-
mers Based on an Ionic Liquid Epoxide Having a Quaternary Ammo-
nium Salt Structure. Macromolecules 2009;42:4580—4. https://doi.
org/10.1021/ma900508q.

Javaid A, Ho KKC, Bismarck A, Steinke JHG, Shaffer MSP, Greenhalgh
ES. Carbon fibre-reinforced poly(ethylene glycol) diglycidylether based
multifunctional structural supercapacitor composites for electrical ener-
gy storage applications. ] Compos Mater 2016;50:2155-63. https://doi.
org/10.1177/0021998315602324.

Cho BS, Choi J, Kim KY. Preparation and properties of solid poly-
mer electrolyte based on imidazolium-based ionic liquids for structur-
al capacitors. Fibers Polym 2017;18:1452-8. https://doi.org/10.1007/
$12221-017-7266-9.

Westover AS, Baer B, Bello BH, Sun H, Oakes L, Bellan LM, et al. Mul-
tifunctional high strength and high energy epoxy composite structur-



16 | Yapusal Kompozit Siiperkapasitorier

al supercapacitors with wet-dry operational stability. ] Mater Chem A
2015;3:20097-102. https://doi.org/10.1039/c5ta05922d.

Muralidharan N, Teblum E, Westover AS, Schauben D, Itzhak A,
Muallem M, et al. Carbon Nanotube Reinforced Structural Compos-
ite Supercapacitor. Sci Rep 2018;8:1-9. https://doi.org/10.1038/
s41598-018-34963-x.

Shirshova N, Johansson P, Marczewski MJ, Kot E, Ensling D, Bis-
marck A, et al. Polymerised high internal phase ionic liquid-in-oil emul-
sions as potential separators for lithium ion batteries. ] Mater Chem A
2013;1:9612-9. https://doi.org/10.1039/c3tal0856b.

Shirshova N, Bismarck A, Carreyette S, Fontana QP V, Greenhalgh ES,
Jacobsson D, et al. Structural supercapacitor electrolytes based on bicontin-

uous ionic liquid—epoxy resin systems. ] Mater Chem A 2013;1:15300-
9. https://doi.org/10.1039/C3TA13163G.

Cheng S, Smith DM, Li CY. How Does Nanoscale Crystalline Structure
Affect Ion Transport in-SI. Macromolecules 2014;120:2-6.

Matkovska L, Iurzhenko M, Mamunya Y, Tkachenko I, Demchenko V,
Synyuk V, et al. Structural Peculiarities of Ion-Conductive Organic-In-
organic Polymer Composites Based on Aliphatic Epoxy Resin and Salt
of Lithium Perchlorate. Nanoscale Res Lett 2017;12:1-9. https://doi.
org/10.1186/s11671-017-2195-5.

Javaid A, Ho KKC, Bismarck A, Steinke JHG, Shaffer MSP, Greenhalgh
ES. Improving the multifunctional behaviour of structural supercapaci-
tors by incorporating chemically activated carbon fibres and mesoporous
silica particles as reinforcement. ] Compos Mater 2018;52:3085-97.
https://doi.org/10.1177/0021998318761216.

Kwon §J, Kim T, Jung BM, Lee SB, Choi UH. Multifunctional Ep-
oxy-Based Solid Polymer Electrolytes for Solid-State Supercapacitors.
ACS Appl Mater Interfaces 2018;10:35108-17. https://doi.org/10.1021/
acsami.8b11016.

Li S, Jiang H, Tang T, Nie Y, Zhang Z, Zhou Q. Improved electro-
chemical and mechanical performance of epoxy-based electrolytes doped
with mesoporous TiO2. Mater Chem Phys 2018;205:23-8. https://doi.
org/10.1016/j.matchemphys.2017.10.075.

Kumar B, Rodrigues SJ, Scanlon LG. Ionic Conductivity of Polymer-Ce-
ramic Composites. ] Electrochem Soc 2001;148:A1191. https://doi.
org/10.1149/1.1403729.

Zhang H (Henry), Maitra b, Wunder SL. Preparation and characteri-
zation of composite electrolytes based on PEO(375)-grafted fumed sil-
ica. Solid State Ionics 2008;178:1975-83. https://doi.org/10.1016/j.
$s1.2007.11.021.



[45]

[46]

[47]

[48]

[49]

[50]

[51]

Merve Unal | Cajjatay Ozada / Behiye Kovkmaz | Murat Yazicr | 17

Verma KD, Sinha P, Banerjee S, Kar KK, Ghorai MK. Characteristics of
separator materials for supercapacitors. Handb Nanocomposite Superca-
pacitor Mater I Charact 2020:315-26.

Zhou X, Wang Y, Zhang C, Qiao X. Supercapacitor Technology: Materi-
als. Process Archit 2019;61:45-94.

SUN X-Z, Zhang X, Huang B, MA Y-W. Effects of separator on the elec-
trochemical performance of electrical double-layer capacitor and hybrid
battery-supercapacitor. Acta Physico-Chimica Sin 2014;30:485-91.
Nair JR, Chiappone A, Gerbaldi C, Ijeri VS, Zeno E, Bongiovanni R, et
al. Novel cellulose reinforcement for polymer electrolyte membranes with
outstanding mechanical properties. Electrochim Acta 2011;57:104-11.

Karabelli D, Lepretre J-C, Alloin E Sanchez J-Y. Poly(vinylidene fluo-
ride)-based macroporous separators for supercapacitors. Electrochim
Acta 2011;57:98-103. https://doi.org/10.1016/j.clectacta.2011.03.033.
Wetzel ED, Brien DJO, Snyder JE Carter RH, South JT. Multifunctional
Structural Power and Energy Composites for U.S Army Applications.
Multifunct Struct / Integr Sensors Antennas 2006:2-14.

Snyder JE Wong EL, Hubbard CW. Evaluation of Commercially Avail-
able Carbon Fibers, Fabrics, and Papers for Potential Use in Multifunc-
tional Energy Storage Applications. J Electrochem Soc 2009;156:A215.
https://doi.org/10.1149/1.3065070.



18 | Yapusal Kompozit Siiperkapasitorier



Chapter 2

A Study on Synergizing Strength of
Thermoplastic Composites Modified with Waste
Ceramic and Metal 3

Mustafa Dag!'
Sakine Kiratls?
Zehra Giilten Yalgin®

Abstract

The realm of research and development in environmentally sustainable
materials assumes a paramount role in contemporary industry, aligning with
concerted environmental conservation initiatives. Within this landscape,
thermoplastic composite materials, enriched with waste ceramics and laden
with metallic fillings, command attention due to their unique amalgamation
of superior mechanical attributes and an unwavering commitment to
ecological integrity. The repertoire of waste ceramics encompasses industrial
remnants or ceramics earmarked for recycling, embodying a conscientious
approach to resource optimization. Analogously, the metal fillings are derived
trom recycling processes, reflecting a broader commitment to sustainable
material sourcing.

The synergy achieved by combining waste ceramics and metal fillings
represents a significant leap forward in resource efficiency, concurrently
mitigating adverse environmental impacts. The introduction of ceramic
additives imparts heightened resistance to elevated temperatures by mitigating
the material’s thermal expansion coefficient. In contrast, metal fillings
contribute to augmented mechanical robustness, endowing the material with
heightened tensile strength. These attributes render the materials particularly
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advantageous for diverse applications in industries such as automotive,
aerospace, and construction.

Moreover, the recyclable nature and environmentally friendly composition
of these composite materials underscore their pivotal role in environmental
conservation, mitigating detrimental impacts. In essence, waste ceramic-
added and metal-filled thermoplastic composite materials epitomize a
harmonious blend of high mechanical prowess and ecological consciousness.
Consequently, these materials emerge as an optimal choice for industrial
utilization, offering a synthesis of robust mechanical properties and
environmentally considerate structures.

1.Introduction

Thermoplastics, colloquially referred to as ‘plastics,” represent a class of
polymers distinguished by their capacity to undergo melting and reshaping
upon exposure to heat. These materials, amenable to processes like injection
molding and extrusion, exhibit unique properties during both their molten
and solid states. During the cooling phase in manufacturing or molding,
thermoplastic polymers typically evade the formation of an ordered crystal
structure, primarily attributable to the intricate configuration of polymer
chains predisposed to curling and contraction. The formation of a regular
crystal lattice demands a considerable input of energy due to the complex
nature of these chains.

The constituent chains of thermoplastics commonly manifest a semi-
crystalline structure, amalgamating amorphous and crystalline attributes
rather than adopting a pristine crystal lattice. This hybrid structure imparts
elasticity from the amorphous regions and augments strength and rigidity
through crystalline elements. The delineation of this semi-crystalline
structure relies on the melting point (Te) within the crystallizing chains,
while amorphous thermoplastics or segments within thermoplastics are
characterized by the glass transition temperature (Tg). Beyond the melting
point, the entire crystal structure within the polymer dissolves, leaving
behind only the amorphous structure.

Thermoplastic polymers are characterized by specific glass transition
temperatures (Tg) and an expansive melting temperature range in those
encompassing crystal structures. The polydisperse nature of these polymers
contributes to a broad melting curve, indicative of diverse defects or unit
cells within the crystal lattice. Techniques such as X-ray analysis are employed
to elucidate this intricacy. The chain architecture of thermoplastic polymers
is typically linear or branched, with a notable absence of cross-links between
chains. The capacity for melting and reshaping defines a thermoplastic, and
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any introduction of cross-covalent bonds resulting from external factors
marks a departure from this classification, a transformation more commonly
associated with thermosetting polymers (1-3).

In contrast to thermoset polymers, thermoplastic polymers lack covalent
bonds between their chains but are intricately bound by a network of intra-
and inter-chain interactions. These interactions include polar attractions,
hydrogen bonding, London dispersion forces, and stacking of aromatic
groups, which collectively contribute to the structural integrity of the material.
Furthermore, intra-chain and inter-chain twists and entanglements play a
crucial role in maintaining the cohesion of thermoplastic polymer chains.
These intricate molecular arrangements, characterized by circulations and
bends, exert a profound influence on the physical properties of thermoplastic
polymers, particularly in terms of mechanical responsiveness.

Distinguishing themselves from elastomers, thermoplastics exhibit
distinct mechanical properties. Elastomers demonstrate rapid elongation
under tensile stress, reverting to their original position upon force removal, a
phenomenon known as elasticity. In contrast, thermoplastics retain elasticity
up to a certain point when stretched, ultimately undergoing permanent
deformation or fracture. Notably, thermoplastics require higher forces for
clongation compared to elastomers, indicating their heightened resistance
to deformation.

The tensile strength and elastic modulus of elastomers, such as natural
rubber, typically fall within the range of 15 MPa and 10 MPa. In contrast,
thermoplastics display considerably higher values at 37 MPa and 800 MPa,
respectively. An essential characteristic of thermoplastics is their capacity for
enduring permanent deformation under load, facilitating a lasting change
in shape under applied force, exemplified by thermoforming methods. The
semi-crystalline structure inherent in thermoplastics enables a transition
from a rigid to a pliable state at a specific temperature, determined by the
amorphous regions within (glass transition temperature).

This thermal transition not only governs the applications of plastics but
also influences the manufacturing processes. For instance, the choice of
polymer with a high or low glass transition temperature dictates the suitability
for specific uses, such as mobile phone cases requiring a rigid structure or
electrical cables necessitating flexibility. Additionally, the glass transition
temperature influences production processes, with the incorporation of
plasticizer additives aimed at enhancing the formability of thermoplastics or
reducing the required processing temperature to conserve energy.
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Following the synthesis of thermoplastic polymers, the resultant materials
are typically packaged and commercialized in the form of small granules.
Purchasers possess the capability to employ diverse production techniques
to melt, mold, or extrude these granules into various forms, exemplifying the
versatility of thermoplastics. Commonly utilized in the production of items
such as plastic cups, bags, packaging materials, and toys, thermoplastics find
widespread application across diverse sectors. Importantly, the recyclability
of these materials allows for their repeated use, aligning with sustainable
practices.

In applications emphasizing transparency, preference is often given
to amorphous thermoplastics, exemplified by materials such as PMMA
(polymethyl methacrylate) or polycarbonate. Amorphous thermoplastics,
characterized by their lack of a regular crystal structure, are well-suited for
applications where clarity is paramount. However, it is crucial to note that
amorphous thermoplastics typically exhibit lower resistance to chemicals
and are susceptible to environmental stress cracking.

Conversely, semi-crystalline thermoplastics demonstrate enhanced
resistance to solvents and chemicals but possess an opaque structure due to
larger crystal sizes exceeding the wavelength of light. Consequently; they are
not favored in optical applications. Prominent examples of thermoplastic
polymers include polycarbonate, poly(vinyl chloride), polyethylene,
polypropylene, and polystyrene. These polymers, distinguished by their
diverse chemical compositions, cater to a broad spectrum of industrial
applications, underlining their ubiquity and preference across various
industrial domains(1,4,5).

1.1 Post-Synthesis Utilization of Thermoplastic Polymers:
Applications and Characteristics

1.1.1 PC (Polycarbonate: An Insight into a High-Performance
Thermoplastic)

Polycarbonate, a high-performance thermoplastic renowned for its low
specific gravity, stands out as an engineering plastic distinguished by a
myriad of exceptional properties. Characterized by high impact resistance,
low moisture absorption, commendable thermal insulation, and stability in
both molten and oxidative states, polycarbonate holds a significant position
among commercial polymers. While it is commonly synthesized from
bisphenol A (BPA), an alternative synthesis route involving phosgene is also
feasible.
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Polycarbonate derived from BPA exhibits notable impact resistance,
making it a preferred choice for optical applications, notably in eyeglass
lenses. Its transparency and superior light transmittance contribute to
its prominence in optical items. However, its susceptibility to scratches
necessitates the application of a thin protective film on its surface. Innovations
in polycarbonate formulations, incorporating reactive compounds or
epoxies, are being explored by eyeglass manufacturers as an alternative to
traditional film coating methods.

Incomparison to polymethylmethacrylate (PMMA) plastic, polycarbonate
demonstrates heightened strength and a broader temperature range but
comes with an elevated cost. The vitrification temperature of polycarbonate
is approximately 150°C, with fluidity manifesting above 300°C. Commercial
products are commonly fabricated through injection molding and extrusion
methods, with the ease of production influenced by the molecular weight of
the polycarbonate.

It’s noteworthy that another variant of polycarbonate, specifically
employed in ultralight optical devices, is synthesized from a carbonate
monomer featuring allyl groups at both ends, rendering it a cross-linked
thermoset polycarbonate. Unlike the BPA-based thermoplastic, this variant
cannot be melted upon heating but undergoes decomposition. Despite
this limitation, it boasts a higher refractive index than glass, facilitating the
production of thinner components with robust mechanical properties and
exceptional heat resistance.

The versatility of polycarbonate finds expression in an array of
applications, particularly in the production of digital devices and electronic
goods such as CDs and DVDs. Its application extends to items requiring
resistance to shattering, including protective components for sports
equipment, medical devices, as well as bottles and food storage containers.
In summary, polycarbonate stands as a widely utilized material in the
manufacturing landscape, particularly in the realm of digital technology and
items demanding a combination of durability and transparency(4-7).

1.1.2 PVC (Polyvinyl Chloride: Composition, Characteristics, and
Industrial Applications)

Polyvinyl chloride, commonly known as PVC, stands as the third-
largest thermoplastic polymer in use, finding extensive applications across
diverse industries ranging from toy manufacturing to the production of
construction materials. The manufacturing of PVC predominantly employs
the suspension polymerization method, involving the polymerization of
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vinyl chloride monomers to yield a polymer characterized by a low crystal
structure. The incorporation of large chlorine groups results in a robust and
resistant molecular arrangement, contributing to PVC’s durability.

However, PVC exhibits sensitivity to light and heat, representing a
notable drawback. Under conditions of elevated temperature or prolonged
exposure to light, PVC may release hydrogen chloride (HCI) molecules into
its surroundings, potentially leading to the decomposition of surrounding
materials and posing health risks. The inherent instability of PVC and related
halogenated polymers is mitigated through the incorporation of additives,
and ongoing efforts focus on developing solutions to minimize or eliminate
adverse environmental impacts.

PVC’s intrinsic hardness and toughness, stemming from its favorable
mechanical properties, contribute to its wide-ranging applicability. The
incorporation of plasticizer additives further enhances its versatility, enabling
the modification of PVC into a flexible form. Coupled with rubber plastics,
PVC achieves increased impact resistance. Despite its colloquial reference as
“vinyl,” it 1s essential to recognize other polymers within the vinyl family,

including polyvinyl acetate, polyvinylidene chloride, and polyvinyl alcohol.

Various plasticizing additives, such as diisooctyl phthalate, tritolyl
phosphate, and epoxidized oils, play a crucial role in PVC modification.
These additives interpose between PVC chains, facilitating their movement
and functioning akin to an “internal lubricant.” The role of these additives
in PVC mirrors the functions performed by polystyrene copolymers and
polymer blends in analogous manners, showcasing the intricate balance
and chemical dynamics involved in tailoring PVC for diverse industrial
applications(2,8-10).

1.1.3 PE (Polyethylene in the Commercial Polymer Landscape: A
Overview)

Polyethylene holds a preeminent position among commercial polymers,
boasting a global capacity and capital capacity of 134.11 million tonnes in
2022. This sector is poised for continued growth, with a projected Average
Annual Growth Rate (AAGR) surpassing 7% until 2027. Key players in
polyethylene production, including China, the USA, Saudi Arabia, South
Korea, and India, collectively contribute to a substantial 100 million tons of
the global output, constituting 53% of total polyethylene capacity by 2022.
This prolific production is a driving force behind polyethylene’s extensive
applications spanning various sectors(11,12).
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Originating from petroleum, polyethylene is a thermoplastic polymer
broadly categorized into two main classes: Low Density Polyethylene
(LDPE) and High Density Polyethylene (HDPE). LDPE, synthesized
through radical chain polymerization, exhibits greater molecular branching
compared to HDPE. These branchings, whether short or long, influence
LDPE properties. The high degree of branching impedes the formation
of a crystal structure, resulting in lower crystallinity (40-60%) compared
to HDPE. Additionally, branching reduces density, with LDPE densities
ranging from 0.9 to 0.93 g.cm™. LDPE, with a glass transition temperature
(Tg) of approximately 120°C and a melting temperature around 110°C,
demonstrates flexibility over a broad temperature range. Commercial
(13-15) varies in number average molecular weight (20-100 kg.mol)
and molecular weight distribution (3-20), providing diverse properties
determined by factors such as reactor type, polymerization temperature, and
pressure.

In contrast, the production of High Density Polyethylene (HDPE)
utilizes Ziegler-Natta and Philips-type reactive initiators, resulting in reduced
branching and high polymer conversion. This reduction in branching
facilitates the formation of an ordered crystal structure, leading to higher
crystallinity (70-90%) and a crystal melting temperature of approximately
135°C for HDPE.

HDPE’s versatility is evident in its widespread applications, with 40%
attributed to plastic parts produced by air blow molding, 30% to parts
manufactured through injection molding, and the remaining percentage to
products created via the extrusion method. These applications span diverse
industries, including beverage and food containers, kitchenware, pipes,
tubes, cables, and cleaning product bottles. The unique properties and
production methodologies of LDPE and HDPE enable tailored usage across
an array of markets, solidifying polyethylene’s position as a cornerstone in
industrial materials(16-19).

1.1.4 PS (Polystyrene: An Economical and Versatile Thermoplastic
Polymer)

Polystyrene, an economical and robust thermoplastic polymer, finds
extensive utility across a diverse spectrum of applications. Characterized
by an aromatic polymer chain, polystyrene is synthesized from the
aromatic styrene monomer, a liquid hydrocarbon molecule derived from
the petrochemical industry. Among the most encountered plastics in daily
life, polystyrene holds the distinction of being the second most widely
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used plastic after polyethylene. Its thermoplastic nature allows for facile
processing and molding through heating and cooling, contributing to
its versatility. Solid at room temperature, polystyrene lends itself to the
production of a myriad of products with desired shapes through molding and
cooling at elevated temperatures. Notably, CD and DVD covers exemplify
applications wherein polystyrene is molded to achieve specific shapes. Pure
solid polystyrene is inherently transparent, yet the inclusion of pigments
during production enables the creation of polystyrene in various colors.
Additionally, the production of polystyrene foam, commonly seen in white
water glasses and numerous daily-use products, is another testament to its
adaptability. Expressed with the formula (C;H,)n, polystyrene is formed by
attaching a phenyl group to every second carbon on a lengthy hydrocarbon
chain. Its synthesis from a vinyl-based monomer involves free radical vinyl
polymerization, yielding isotactic polystyrene (iPS). Despite the potential
advantages of iPS§, its industrial production is relatively uncommon due to
the superior properties offered by other crystallizable polymers. Moreover,
the cost-effectiveness of isotactic polypropylene or polyethylene synthesis
tends to make them more favorable alternatives in industrial settings.

Polystyrene, recognized for its economical nature and robust thermoplastic
attributes, presents a diverse range of applications. Its molecular structure,
originating from the aromatic styrene monomer derived from the
petrochemical industry, contributes to its status as one of the most commonly
encountered plastics in daily life, following polyethylene in prevalence. As a
thermoplastic polymer, polystyrene can be efficiently processed and molded
through heating and cooling, enabling its utilization in various industries.
While isotactic polystyrene (iPS) possesses a crystal structure, it tends to be
brittle and challenging to process. Atactic polystyrene (atactic PS), the more
commonly produced form, is amorphous due to the disorder introduced
by atacticity, eliminating a melting point. Despite its inability to crystallize,
atactic PS is crucial in engineering plastics. Copolymerization with
polybutadiene during polymerization results in a copolymer known as high
impact polystyrene (HIPS). The macro-phase separation in this copolymer,
with polybutadiene globules enhancing impact resistance, transforms the
traditionally brittle polystyrene into a more durable material. Polystyrene
exhibits inertness to chemical reactions, showcasing resistance to alkali metals,
halogen acids, and various reducing and raising compounds. However,
exposure to certain solvents can compromise its integrity. While polystyrene
has excellent optical properties, such as easy coloring, transparency, and
clarity, its mechanical properties, including brittleness and low heat deflection
temperature (HDT), make it less suitable for certain applications, such as



Mustafn Doy / Sakine Kuratly | Zehra Giilten Yadgm | 27

those requiring sterilization for healthcare use. Copolymers of polystyrene,
especially styrene-butadiene synthetic rubbers, find significant application,
particularly in latex-based paints. Styrene-butadiene copolymers, often
comprising 60% styrene and 40% butadiene by weight, play a crucial role in
the thermoplastic elastomer market. Introducing copolymers like acrylonitrile
and fumaronitrile enhances properties like heat and impact resistance while
preserving styrene’s desirable characteristics. Another notable development
is the Acrylonitrile Butadiene Styrene (ABS) polymer, widely used in the
automotive sub-industry. ABS resin integrates a rubber-reinforced polymer
matrix with a glassy matrix containing polystyrene and styrene-acrylonitrile
copolymer. The elastomeric rubber component is the styrene-butadiene
copolymer, contributing to ABS’s superior resistance to high temperatures
and chemical solvents compared to High Impact Polystyrene (HIPS). Unlike
other plastic materials, ABS can be cold-formed, akin to metals, marking it
as an exceptional engineering plastic material. The production of polystyrene
in a foamy form is accomplished through the suspension polymerization
method, a technique that introduces a blowing agent into the system. In this
transformative process, the high heat generated during the reaction serves
a dual purpose: softening the polystyrene resin and evaporating the added
blowing agent. This dual action results in the creation of a spongy or foam-
like structure within the polystyrene resin, yielding a material with distinct
properties conducive to various applications (20-26).

1.1.5 PA (Polyamides: A Fusion of Nature and Industry)

Polyamides, members of the polyamide class, arise from the bonding of
monomers containing repeating units of acid and amine groups through
amide bonds. While nature’s polyamides encompass proteins, wool,
and silk, synthetic counterparts, such as nylon and aramid, have been
engineered in laboratories. Among synthetic polyamides, nylon stands out
as a prominent engineering polymer with applications spanning the textile
industry, musical instrument strings, and various other fields. Despite being
thermoplastic polymers, polyamides are predominantly employed in the
fiber industry, where their key properties shine. These properties include
exceptional resistance to wear and tear, robust mechanical characteristics at
elevated temperatures, low gas permeability, and resistance to chemicals.
Notably, more than 60% of produced nylon is utilized in the form of fibers.
The discovery of nylon by DuPont in 1935 marked a pivotal moment in
polymer history. Initially employed as bristles in toothbrushes, nylon rose
to commercial prominence in the 1940s when it began replacing silk in
women’s socks due to its silky texture. The scarcity of silk during World War
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IT further fueled the adoption of nylon, leading to significant advancements
in polymer science and industry. Nylon played a crucial role in wartime
applications, featuring in parachutes, military ropes, and tires.

Beyond its role in the fiber industry, nylon serves as a versatile polymer
for the production of solid-state mechanical parts. It has become a preferred
material over metals, particularly in components subjected to low and
medium forces, such as impellers and screwed parts. In engineering-grade
formulations, nylon undergoes processing through extrusion, pour molding,
and injection molding methods. For applications requiring heightened
structural strength, impact resistance, and stiffness, nylon composites
enter the scene. Reinforced with glass particles or fibers, these composites
enhance the material’s overall performance. For instance, nylon composites,
especially those fortified with 25% glass fiber, find application in the
automotive industry, notably in components like engine semi-parts, thanks
to their remarkable heat resistance. Aramid, a distinguished member of the
polyamide class, stands out from nylons due to the presence of aromatic
groups in its chain backbone. Renowned for exceptional strength, aramid
tibers, known by brand names such as Kevlar and Nomex, find application,
especially in ballistic scenarios, owing to their remarkable properties. These
tibers not only exhibit outstanding strength and Young’s modulus but also
showrcase excellent heat and fire resistance attributed to their aromatic groups.
Polyamides, including aramids, are synthesized through the condensation
polymerization mechanism. Unlike polyesters, strong acids are not utilized
in the synthesis of polyamides, as the reaction rate is inherently high. The
commonly employed method involves the direct amidation of diacids with
diamine. For instance, Nylon6,6 polyamide is crafted through the reaction of
hexamethylene diamine and adipic acid. The regular and symmetrical chain
backbone of polyamides facilitates easy crystallization. While polyamides are
semi-crystalline polymers with approximately 50% crystal structure in the
standard production process, the application of mechanical tension increases
the crystal structure ratio in resulting fibers. Nylon6,6, a noteworthy
polyamide, boasts moderate crystallinity, combining sought-after properties
such as strength, flexibility, toughness, wear resistance, colorability, low
coefticient of friction (self-lubrication), low creep, and resistance to solvents.
Despite its impressive attributes, the primary drawback of Nylon6,6 is its
susceptibility to moisture, leading to a decline in dimensional and mechanical
properties in humid environments. The mechanical strength of polyamides,
including Nylon6,6, stems from the interactions between chains, specifically
through hydrogen bonding. Though individually considered weak
compared to covalent bonds, the multitude of interchain hydrogen bond
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interactions collectively forms a robust secondary force. These hydrogen
bonds contribute to the crystallization of polymer chains, allowing
polyamides to possess a highly crystalline structure and, consequently, high
mechanical strength(27,28). However, the hydrogen bonds in polyamides
are susceptible to disruption in humid environments, leading to a loss of
interchain interaction. Water molecules, characterized by a polar structure
akin to polyamide chains, possess the ability to disrupt interactions between
polyamide chains, consequently increasing the mobility of these chains.
Despite the disruptive influence of water molecules, polyamides do not
dissolve in water. Instead, water induces swelling and softening in polyamides,
effectively plasticizing them. Consequently, polyamides are susceptible to
mechanical and dimensional degradation in humid environments. The
recommended temperature range for the continuous use of polyamides is
65-75°C for pure polyamides and 100-115°C for polyamide composites
reinforced with glass and other minerals. However, polyamides can retain
their mechanical properties at temperatures up to 150°C. While commonly
used polyamides such as nylon6 and nylon6,6 exhibit similar properties,
nylon6 has a lower melting point at 223°C, while nylon6,6 boasts a melting
temperature of approximately 255°C. Beyond nylon6 and nylon6,6,
various polyamides have been developed, including Nylon6,9, Nylon6,10,
Nylon6,12, Nylonll, Nylonl2, Nylon12,12, and Nylon4,6. Polyamides
with more methylene groups than nylon6 or nylon6,6 generally demonstrate
increased moisture resistance, dimensional stability, and improved electrical
properties. However, nylons with higher methylene groups often exhibit
lower crystallinity and mechanical properties. Polyamides are typically
insulating materials, yet they tend to generate static electricity at high voltage
and frequency, potentially leading to hazardous sparks(29). As a result, the
use of polyamides is generally restricted to low-frequency applications. To
mitigate this electrical sensitivity, conductive particles such as carbon black
or silver can be added to polyamides, enhancing their suitability in various
settings(27,30,31).

1.1.6 PP (Polypropylene: A Versatile Thermoplastic Polymer)

Polypropylene, the preeminent commercial thermoplastic polymer,
reached global production levels of 45 million tons in 2001, establishing
a market valued at $65 billion. Isotactic polypropylene (iPP) boasts an
exceptional strength-to-weight ratio, attributed to its low density and
high strength. These properties render it the polymer of choice in diverse
applications, ranging from automotive components to the textile and
packaging industries(32).
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Synthesized through the polymerization of propylene monomers derived
from gases obtained in olefin facilities and oil refineries, polypropylene
can adopt isotactic, syndiotactic, or atactic conformations, with each
conformation influencing crystal structure, ratio, and density. While atactic
polypropylene struggles to form a crystal structure, isotactic polypropylene
can crystallize more effectively than LDPE but falls short of achieving
the density of HDPE crystal structures. In essence, the crystal ratio of
polypropylene fluctuates between 40% and 70%.

Polypropylene, known for its toughness and flexibility, has evolved into
an engineering plastic, particularly when copolymerized with ethylene, often
replacing ABS. The melting point of polypropylene crystals hovers around
160 degrees Celsius, with typical processing temperatures exceeding 200
degrees Celsius. Common production methods for polypropylene parts
include injection molding and blow molding.

The melt flow index (MFI), a crucial parameter in the production phase,
directly correlates with the molecular weight of polypropylene. MFI values
provide insights into the ease of processing a plastic material, where higher
MFI values indicate better mold-fillability. However, increasing MFI may
compromise some physical properties, such as impact resistance.

Polypropylene exhibits sensitivity to UV rays and high temperatures
during heat treatment. UV-absorbing additives, like carbon black, can extend
the polymer’s life by shielding it from UV rays. Additionally, antioxidant
additives prevent polypropylene from degrading at elevated temperatures
during molding processes.

Polypropylene is produced in three primary forms: homopolymer,
copolymer, or block copolymer. Copolymers often incorporate ethylene
as a co-monomer, yielding ethylene-propylene rubber. This copolymer
significantly enhances impact resistance at low temperatures. Moreover,
the random arrangement of ethylene monomers reduces the crystallinity of
polypropylene, resulting in a more transparent plastic(33-35).

1.1.7 PET (Polyethylene Terephthalate: A Fundamental
Thermoplastic Polymer)

Polyethylene terephthalate (PET), constituting 18% of global plastic
production, ranks third after polyethylene and polypropylene. It is widely
recognized and utilized in various daily applications, often referred to by
the abbreviation PET but also designated as PETE, PETP, or PET-P. As a
linear thermoplastic polymer belonging to the polyester group, PET finds
applications in synthetic fibers, food packaging, and particularly bottling.
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PET materials are shaped through thermoforming, comprising pure PET
polymer or, in some instances, reinforced with glass fiber for engineering
applications. PET, a significant commercial polyester, was introduced to
the market in 1944. Its name originates from containing both an ethylene
group and a terephthalate group in its repeating unit. The synthesis
of high molecular weight polyesters, unlike polyamides such as nylon,
involves the esterification reaction of a diacid and a diol. Commercially, the
transesterification reaction is often followed, reacting dimethyl terephthalate
with ethylene glycol to obtain bis-(2-hydroxyethyl) terephthalate and
methanol. This is followed by further reactions to obtain PET and ethylene
glycol products, with the latter being reusable. PET can be synthesized
by various chemical methods or undergo different heat treatments post-
synthesis, resulting in either a completely amorphous or semi-crystalline
structure. PET with an amorphous structure yields transparency, while semi-
crystalline PET can be transparent or opaque depending on crystal size and
structure. Commercially synthesized PET may have a crystal structure of
up to 60%, with an average melting temperature around 270 °C. Despite
preferring a crystalline state, PET is not a polymer that crystallizes easily,
impacting its inclusion among engineering plastics. Its long crystallization
time increases molding costs, but additives are employed to expedite the
process. With a high melting point of 270°C, PET exhibits a hard chain
backbone, providing advantages such as high strength, toughness, and
resistance up to 150°C. Its low specific gravity allows for variable hardness
depending on thickness. PET is durable, impact-resistant, and offers good
barrier properties against gases, solvent chemicals, and alcohols, albeit with
less moisture resistance compared to some other plastics. the utilization of
Polyethylene Terephthalate (PET) is extensive, particularly in the realm of
plastic bottles due to its robust barrier properties. To enhance its barrier
efficacy, PET can be compounded with poly(vinyl alcohol), offering superior
barrier characteristics, especially in scenarios where oxygen permeability is
of paramount concern. Notably, oriented PET films exhibit prominence in
applications necessitating robust mechanical strength. These films, when
oriented bidirectionally and aluminized, manifest an opaque and reflective
surface, finding substantial application in the packaging industry for the
tabrication of flexible packages. The versatility of PET extends to tape
applications, leveraging its noteworthy mechanical strength. Instead of
employing PET in its unadulterated state, a more rigid composite material
can be derived by fortifying it with glass particles or fibers. While PET is
commonly deployed as a linear thermoplastic homopolymer, its fortification
can also be achieved through copolymerization. The introduction of the
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cyclohexane dimethanol group to the polymer backbone, as opposed to
ethylene glycol, mitigates cohesion among PET chains and disrupts the
crystal structure, leading to the advent of a novel copolymer known as
PETG. By 2001, the global production of PET reached approximately 30
million tons, with 45% allocated to fiber applications. PET fibers exhibit
remarkable resistance to wrinkles and abrasion, and their incorporation in
textile products, particularly in tandem with cotton or cellulose-based fibers,
imparts enhanced moisture resistance and a tactile sense of naturalness. In
fiber form, PET finds application in diverse domains, encompassing curtains,
clothing, upholstery fabrics, tire strips, and industrial filtration processes.
Given its adeptness as a gas barrier, 10% of produced PET polymers are
channeled into the food and beverage packaging sector, notably in bottling
applications. PET’s role extends to film applications, prominently featured
in photographic films, magnetic and X-ray tapes, and electrical insulation
contexts. Beyond these applications, PET emerges as a pivotal material
in electronic devices, office equipment, and automotive components,
progressively supplanting traditional metals like steel and aluminum in
various engineering applications. PET’s mechanical robustness and hardness
undergo augmentation through compounding with materials such as glass
tiber, silicone, graphite, or Teflon. Noteworthy examples include glass
fiber-reinforced PET composites, well-suited for sustained use at elevated
temperatures, reaching up to 150°C. This confluence of material science and
engineering applications underscores the multifaceted significance of PET in
diverse industrial landscapes(36—41).

1.1.8 PMMA (Molding the Future: Polymethylmethacrylate in
Automotive, Optics, and Beyond)

Polymethylmethacrylate (PMMA), commonly recognized as acrylic
glass or plexiglass in the market, stands out as a colorless and transparent
thermoplastic polymer. Frequently employed as a viable substitute for glass
and an alternative to polycarbonate due to shared properties, PMMA is
valued for its economic efficiency and ease of processing, despite having a
relatively fragile structure. Its synthesis from methyl methacrylate monomer
primarily employs the radical chain growth polymerization method, although
anionic polymerization is also feasible. The commercial form of PMMA is a
linear polymer characterized by a 70-75% syndiotactic chain structure, yet
its lack of complete stereo-regularity and the sizable methacrylate groups
contribute to its amorphous nature, precluding crystallization. The glass
transition temperature hovers around 105°C. PMMA’s distinctive feature
lies in its remarkable optical transparency, coupled with resilience to external
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weather conditions, rendering it suitable for applications emphasizing
light transmittance. However, its susceptibility to scratches restricts its use
in optical domains, despite attempts with various additives to address this
issue resulting in a compromise on mechanical properties. Nevertheless,
PMMA surpasses glass in transparency, maintaining its translucency even
in thicknesses up to 35 cm. With a tensile strength reaching 70 MPa and
impact resistance nearly comparable to High Impact Polystyrene (HIPS),
PMMA is a machinable plastic. The heat-resistant variant of PMMA
achieves a load bending temperature (HDT) surpassing 90°C, constituting
a generally malleable plastic. While it exhibits resistance to many chemicals,
it is not impervious to organic solvents. Injection-molded PMMA parts find
application in diverse sectors, including automotive headlights, appliance
covers, optical equipment, and home decoration products. Additionally,
PMMA lends itself to the production of acrylic-based sheets. Beyond
pure PMMA, copolymers involving ethyl acrylate and metal methacrylate
monomers contribute to the production of thermoset resins. The industry
predominantly employs acrylate/methacrylate copolymers synthesized
from varying combinations, attesting to the versatility of acrylic plastics in
industrial applications(42—48).

1.1.9 PEK-PEEK (High-Performance Polymers for Demanding
Industrial Applications)

Polyketones belonging to the aromatic polyether class stand out as high-
performance polymers of significant industrial importance. Predominantly
represented by poly(ether ether ketone) (PEEK) and poly(ether ketone)
(PEK), these polyketones find extensive utilization in critical sectors such as
the aircraft and automotive industries, owing to their exceptional durability.
Operating seamlessly within the temperature range of 240-280°C, these
polymers exhibit robust resistance to elevated temperatures and chemical
corrosion. Characterized by a semi-crystalline structure with a substantial
35% crystalline region, PEEK crystals undergo melting at 340°C, while PEK
exhibits a higher melting point around 360°C. The vitrification point of
PEEK is reached at approximately 140°C, whereas PEK requires heating to
a higher temperature, up to 165°C, to surpass its vitrification threshold. The
elevated glassification temperatures of these polyketones are attributed to
their rigid structure, where phenyl groups impose constraints on molecular
movement, facilitating crystal formation. The increased hardness of the
carbonyl group in PEK, compared to the ether group, imparts reduced
flexibility to the PEK chain, resulting in a higher glassification temperature.
Both PEEK and PEK demonstrate remarkable resistance to high-temperature
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degradation and chemical influences, akin to polyamides and polysulfones
in organic solvents and aqueous environments, respectively. However,
PEEK exhibits solubility limitations, being soluble only to a restricted
extent in specific high-evaporation-point polar organic solvents such as
pyrene or benzophenone. The insolubility of PEEK in organic solvents
constrains chemical modifications of its polymer chain. Notably, PEEK
manifests sensitivity to halogens, Bronsted and Lewis acids, halogenated
compounds, and aromatic hydrocarbons, necessitating cautious handling
during chemical modification attempts. Literature reports indicate the use of
sulfuric acid for modifying the PEEK chain through sulfonation, albeit with
the awareness of potential polymer degradation. Polyketones’ high melting
point, while advantageous for end-use applications requiring elevated
temperature resistance, can pose challenges during the manufacturing of
parts. To mitigate this, additives can be introduced to reduce the viscosity of
polyketones, facilitating a more manageable and efficient production process.
As a relatively recent thermoplastic innovation, polyketones are prominently
employed in environments demanding resistance to high temperatures and
corrosion. Their applications span various sectors, including automotive
components like piston parts and bearings, structural elements in aerospace,
chemical applications involving pumps and compressor valves, and electrical
uses such as cables(49-56).

1.1.10 TPE (Thermoplastic Elastomers: Properties, Structures,
and Applications)

In the realm of polymer science, Thermoplastic Elastomers (TPEs) stand
out as a distinctive polymer class manifesting elastomeric characteristics
despite lacking chemical cross-linkages. Originating from the 1950s, their
utilization in commercial applications only materialized in the 1970s,
coinciding with the advent of styrene copolymers. While traditional elastomers
employ chemical cross-links to impede chain slippage during deformation,
TPEs employ physical bonds arising from a micro-heterogeneous, 2-phase
molecular structure. The intricate terminology surrounding these molecular
systems becomes more comprehensible through illustrative examples.
Physical cross-links within TPEs interconnect pliable molecules, establishing
a network-like structure. These materials demonstrate processability at
clevated temperatures and manifest elastomeric traits upon cooling. Notably,
the transition from a thermoplastic to elastomeric state is entirely reversible,
distinguishing TPEs from conventional elastomers. This characteristic
facilitates repetitive processing and recycling, underscoring the sustainability
aspect of these materials. Defined by a dual-phase structure comprising
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an elastomeric and a thermoplastic hard phase, TPEs must exhibit three
fundamental properties for classification: the ability to extend at high
clongation rates, thermoplastic processability at elevated temperatures, and
minimal mechanical creep. The conceptualization of this structure becomes
clearer through the examination of thermoplastic polyurethane elastomers,
exemplifying the presence of “physical cross-links” in the form of hard
segments. In the realm of thermoplastic polyurethane elastomers, segmented
copolymers emerge from the reaction of pre-polymer polyol-containing
diisocyanate and short-chain diol. The resulting soft segments, composed
of pre-polymer polyol, coexist with polyurethane hard segments formed by
diisocyanate and diol interaction. These hard segments exhibit ordered crystal
structures, forming hydrogen bonds and acting as physical cross-links, which,
despite stability at ambient temperatures, disintegrate during processing or
solvent interaction, facilitating malleability and thin coating applications.
Another paradigmatic example within the TPE domain is the A-B-A type
tri-block copolymers, involving three dissimilar monomers and characterized
by phase separation and cluster formation based on the incompatibility of
blocks with differing monomers. Commercially, TPEs categorize into six
main classes, encompassing styrene-based block copolymers, polyolefin
blends, elastomer-based alloys, thermoplastic polyurethanes, thermoplastic
copolyesters, and thermoplastic polyamides. Recent academic and industrial
explorations into TPEs include interpenetrating networks and competitive
polymer network structures, scrutinizing their chemical compositions and
physical interactions. While TPEs offer advantages such as recyclability,
thermoplastic processability, minimal compounding requirements, and ease
of coloring, they are countered by high costs, limited compatibility with
inexpensive additives like carbon black, and susceptibility to temperature and
chemical influences. The production landscape of TPEs involves methods
such as extrusion and injection molding, alongside thermal molding,
thermal welding, and blow-molding techniques. Notably, mass production,
particularly via injection molding, stands out for its rapid and cost-effective
nature(57-59).

1.2 Exploring the Lifecycles of Ceramics: Production,
Applications, and Waste Management

Ceramics, inherently inorganic and characterized by their hardness and
brittleness, exist in either crystalline or amorphous states. Typically derived
from a composite of clay, quartz, feldspar, and other minerals, or synthesized
through specialized processes, ceramics find extensive utility across diverse
industries and daily life. The production of ceramics involves selecting
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and preparing raw materials, forming the material into the desired shape,
drying it, and then firing it in a kiln at a lower temperature (bisque firing).
After bisque firing, glazing (if desired) and a second firing at a higher
temperature take place. The ceramics may undergo a final firing, followed
by quality control inspections. The finished ceramics are then packaged
tor distribution. Advanced ceramics may undergo additional processes like
powder processing and precision machining. The specific production process
can vary based on the type of ceramic being manufactured. The taxonomy of
ceramics encompasses various types, each tailored for specific applications.
Building ceramics, instrumental in construction, constitute one category.
Electrical ceramics, prized for their electrical insulating or piezoelectric
properties, find application in electronic devices and sensors. Art ceramics,
crafts, and artworks also form a distinct category, while advanced ceramics
are engineered for high-performance industrial applications, boasting
attributes such as high temperature resistance, friction resistance, and
chemical resilience. The distinguishing properties of ceramics encompass
durability, hardness, electrical characteristics, thermal conductivity, and
fracture resistance. Notably, ceramics exhibit a notable resistance to high
temperatures, abrasion, and chemicals, surpassing metals and plastics in
hardness. The expansive applications of ceramics traverse numerous domains:
construction and decoration benefit from tiles, tiles, and ceramic coatings,
while the electronics and electrical industry relies on ceramics for insulators,
capacitors, and sensors. In the medical and biomedical field, ceramics find
application in prosthetics and dental implants. The realm of arts and crafts
embraces pottery and ceramic sculptures. Additionally, ceramics play a
pivotal role in aerospace applications, featuring prominently in spacecraft
and missile aerosol components. This versatility, stemming from the diverse
properties of ceramics, positions them as indispensable materials across a
multitude of industries and applications(60-65).

1.2.1 Waste Ceramics: Recycling, Sustainability, and
Environmental Impact

Waste ceramics encompass material residues arising from construction,
ceramics industry activities, and various industrial production processes.
This category encompasses distinct types of waste, including:

-Building Ceramics: Constituting materials like tiles, ceramic plates, and
porcelain utilized in construction projects.

-Industrial Production Wastes: Encompassing by-products, defective
productions, and waste components generated during ceramic industry
manufacturing processes.
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-Porcelain Wastes: Arising predominantly from kiln processes, this
category includes broken or faulty products during porcelain production.

-Ceramic Coating Wastes: Encompassing residues from the production or
installation of ceramic coatings applied to surfaces like kitchen countertops,
bathroom sinks, or flooring.

These diverse forms of waste ceramics often lend themselves to recycling
or alternative applications through various processes. The management of
waste ceramics carries the potential to contribute significantly to sustainable
construction and production practices. Recycling entails repurposing waste
ceramics for the manufacture of new materials or construction components,
thereby curbing reliance on natural resources and mitigating landfill
accumulation. Several methodologies can be employed in the recycling of
waste ceramics, including fragmentation through grinding or milling for
use as granular material, which frequently finds application in construction
projects. Certain waste ceramics can undergo recycling processes to yield
new ceramic products, thereby conserving raw materials in subsequent
manufacturing endeavors. Moreover, the restoration of waste ceramic
materials for reuse in construction or landscaping projects is a viable option.
Alternatively, these materials can serve as aggregates in concrete or asphalt
mixtures, presenting an environmentally conscious alternative. However,
the recycling of waste ceramics is not devoid of technical and economic
challenges, necessitating ongoing efforts and advancements in research and
technology to enhance the efficiency of recycling processes. Continued
exploration in this domain holds the potential to yield more effective
solutions for the recycling and utilization of waste ceramics(66-71).

1.2.2 The Role of Waste Ceramics in Enhancing Polymer
Composites

The amalgamation of waste ceramics with polymers emerges as a
promising domain within materials science and engineering, presenting
substantial prospects for sustainable material production. A primary merit
of these applications lies in the synthesis of composite materials through
the integration of waste ceramic components into polymer matrices. These
composite materials seamlessly integrate the robustness inherent in ceramics
with the pliancy characteristic of polymers, thereby facilitating the creation
of more resilient and versatile materials across various industries. Notably,
the formulation of building materials by incorporating waste ceramics into
polymer matrices holds the potential to enhance the properties of construction
materials. This transformative integration can concurrently bolster energy
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efficiency through heightened durability and reduced material weight.
The consequential impact is particularly significant in the construction
industry, where the adoption of such composite materials contributes to the
optimization of structural properties and overall efficiency. The development
of these applications signifies a strategic initiative aimed at mitigating the
environmental footprint associated with waste ceramics, concurrently
augmenting their recycling potential. The synergy between waste ceramics
and polymers, therefore, not only addresses the sustainability imperative
but also capitalizes on materials engineering advancements. Consequently,
the amalgamation of waste ceramics with polymers emerges as a crucial
tfocal point in both environmental sustainability and the expansive field
of materials engineering, ushering in innovative avenues for research and
application(66,67,72-75).

1.3. An Overview of Metal Materials and Their Varied Applications
in Composites

1.3.1 Metals: Properties, Applications, and Industrial Significance

Metals, characterized by their inherent luster, conductivity, and malleability,
represent a category of materials renowned for their proficiency in conducting
electricity and effectively dissipating heat. Noteworthy for their high strength,
magnetic attributes, and versatile applications across industries, metals undergo
extraction from ores through mining and subsequent metallurgical processes,
ultimately serving as foundational raw materials in various manufacturing
endeavors. Alloy formation stands as a common practice to enhance the
properties of metals, with examples including iron-carbon alloys like steel
and copper-zinc alloys exemplified by brass. The deliberate amalgamation
of metals into alloys refines their mechanical and thermal characteristics,
broadening their utility across diverse industrial applications. Integral to the
principles of natural resource conservation and environmental sustainability,
metal recycling assumes paramount importance. Recognized as generally
recyclable materials, metals undergo systematic processes to reclaim and
reintegrate them into new production cycles. This practice not only mitigates
the depletion of finite resources but also aligns with broader environmental
imperatives, rendering metals essential contributors to the circular economy
and sustainable material management(76-80).

1.3.2 Exploring the Versatility of Metal Matrix Composites

Metal Matrix Composites (MMCs) are composite materials formed by
incorporating reinforcing materials into a metal matrix. These reinforcing
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elements frequently include ceramics, carbon fibers, or organic fibers. The
widespread utilization of MMCs spans diverse sectors, including aviation,
space exploration, automotive, electronics, and construction materials. The
selection of these materials is primarily driven by their notable advantages,
including high-temperature resistance, lightweight characteristics, and
exceptional strength.

Various production methodologies contribute to the fabrication
of MMCs, encompassing powder metallurgy, liquid phase injection,
infiltration, and metal plating. Each method imparts distinct qualities to
the resulting composite material, oftering flexibility in tailoring MMCs to
specific application requirements. MMC adoption addresses multifaceted
industrial challenges, particularly excelling in applications demanding
heightened performance attributes. The amalgamation of a resilient metal
matrix with reinforcing elements lends MMCs the versatility to navigate and
excel in environments characterized by elevated temperatures and stringent
mechanical demands. This adaptability positions MMCs as instrumental
materials in overcoming the evolving challenges encountered across diverse
industrial landscapes(76,81-84).

1.3.3 Classifying Metal Matrix Composites: A Spectrum of
Reinforcement Strategies

Aluminum Matrix Composites (AMC) constitute composite materials
where an aluminum alloy serves as the matrix, commonly strengthened with
materials like carbon fiber, silicon carbide, or alumina.

Titanium Matrix Composites (TMC) are composites where a titanium
alloy acts as the matrix, typically reinforced with materials such as carbon
fiber or alumina.

Magnesium Matrix Composites (MMC) are composite materials featuring
a magnesium alloy as the matrix, frequently enhanced with materials like
carbon fiber, boron carbide, or silicon carbide.

Steel Matrix Composites (SMC) employ steel alloys as the matrix, often
fortified with materials such as ceramics, carbon fiber, or alumina.

Nickel Matrix Composites (NMC) involve composite materials where
nickel alloys serve as the matrix, commonly strengthened with materials
like ceramics or carbon fiber. These metal matrix composites find extensive
use across diverse industrial applications, offering advantages such as
lightweight composition, high strength, low density, and favorable thermal
properties(81-83,85,86).
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1.3.4 Metallurgical Influence: Unveiling the Impact of Metals on
Polymer Composites

Incorporating a metal layer into polymer matrix composites represents a
strategic approach to bolstering mechanical strength and enhancing various
material properties. This additional metal layer contributes to improved heat
transfer through heightened thermal conductivity, governs electromagnetic
characteristics by increasing electrical conductivity, and fortifies wear
resistance. Beyond these mechanical enhancements, the metal layer serves to
augment corrosion resistance and introduce functional properties, making
it adaptable to a diverse range of applications. The inherent high strength
and durability of the metal layer exert a positive influence on the overall
performance of polymer matrix composites. This synergistic integration
of metal and polymer imparts a multifaceted improvement in material
attributes, rendering the utilization of a metal layer in such composite
materials highly popular. The amalgamation of these materials not only
diversifies the functional capabilities but also aligns with the growing demand
tfor advanced composite materials that can thrive in varied and demanding

applications(76-79,82,85,86).

2. Findings and Conclusions

Research focused on the mechanical properties of thermoplastic
composites infused with waste ceramics and metal aims to assess and
enhance the material’s performance characteristics. These composites exhibit
the potential for superior mechanical durability and strength compared to
traditional thermoplastics. The inclusion of ceramic and metal additives
offers advantages by bolstering overall material durability, particularly in
applications subject to heavy loads and harsh environmental conditions. The
lightweight nature of metal fillers, coupled with the thermal and electrical
conductivity properties of ceramic additives, expands the utility of the
material across a broad spectrum of applications.

However, alongside these advantages, it’s crucial to consider potential
drawbacks, including increased production costs, reduced machinability,
and the potential impact on abrasion properties due to metal fillings.
These factors may influence the material’s widespread availability and its
commercial success in industrial applications.

The significance of incorporating waste ceramics aligns with sustainability
goals, emphasizing the conservation of natural resources and the efficient
utilization of waste. This approach represents a pivotal stride toward
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developing environmentally friendly material alternatives and fostering
more sustainable industrial processes.

In conclusion, the investigation into the mechanical properties of
thermoplastic composites with waste ceramic and metal additions contributes
to the pursuit of innovative solutions in materials science and engineering.
Such studies play a vital role in advancing the development of materials that
are not only more durable and lightweight but also sustainable for future use
in various industrial applications.
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Chapter 3

In Examining the Wear Behavior of Polymer
Composites Modeling Methods

Ayhan Aytag'

Abstract

The wear behavior of polymer composites is an important issue in industrial
applications. When examining the wear behavior of polymer composites, it is
important to determine the relationship between parameters such as material
properties, surface properties, temperature and wear mechanisms. Various
modeling methods have been developed to determine the wear behavior of
polymer composites. This article examines the modeling of the wear behavior
of polymer composites and reviews existing methods. A general evaluation of
studies on modeling the wear behavior of polymer composites is presented.

Studies in the literature generally address various mathematical approaches
to describe the wear behavior of polymer composites. In particular, existing
approaches to mathematically describe the friction and wear behavior of
multicomponent systems are examined. In the studies to be carried out,
setting up an experimental setup in a laboratory environment, mathematical
modeling or computer-aided simulation modeling can be carried out.
However, within the scope of the study, modeling using Finite Element
Method (FEM), Artificial Neural Network (ANNSs), experimental setup and
mathematical modeling were examined. Additionally, the development of
new hybrid polymer matrix composites and the study of their wear behavior
are also discussed.

1. Introduction

Polymer composites are gaining traction in tribological applications
because of unique material characteristics including excellent wear resistance
and reduced friction (Abdelbary, 2015; N. K. Myshkin &amp; Kovaley,
2017). Determining the link between characteristics including material
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qualities, surface properties, temperature, and wear processes is crucial
for analyzing the wear behavior of polymer composites. To find out how
polymer composites wear, several modeling techniques have been created.
It is possible to do computer-aided simulation modeling, mathematical
modeling, or experimental setup in a laboratory setting. This study looked
at mathematical modeling, artificial neural networks (ANNs), finite element
method (FEM) modeling, and experimental setting.

Wear in polymer composites is caused by the material in contact with the
friction surface interacting with it. The characteristics of polymers indicate
that factors including surface energy, elastic modulus, specific heat, thermal
conductivity, and operating circumstances affect wear behavior (Abdelbary,
2015). In polymer composites, local fatigue rises with repeated contact
during wear (Panda et al., 2017). Research and compilation will be done
on studies that predict the wear behavior of polymer composites based on
the parameters given in the literature, and the findings will be compared and
presented.

2. Factors Affecting Wear Behavior of Polymer Composites
Factors affecting the wear behavior of polymer composites are:

1. Filler Material: The type, size and shape of filler particles can affect the
wear resistance of polymer composites (Muhammad, D., & Asaduzzaman,
M. 2012).

2. Loading Type: Normal load, sliding speed, vibration amplitude and
tfrequency are important factors that determine the friction and wear behavior
of polymer composites (Muhammad, D., & Asaduzzaman, M. 2012).

3. Surface Properties: Properties such as surface roughness, machining
and post-machining treatment of polymer composites can affect the wear
behavior (Muhammad, D., & Asaduzzaman, M. 2012).

4. Fiber Type: The type of fibers used in fiber-reinforced composites can
affect wear resistance. For example, glass fibers can have different effects on
wear behavior (Fig. 1) (Sarath et al. 2023).

5. Lubrication: Lubrication condition can affect the wear resistance of
polymer composites. Proper lubrication can reduce friction and increase
wear resistance.

In order to comprehend and maximize the wear behavior of polymer
composites, several elements need to be considered. Researchers are
making significant progress in modeling and enhancing the wear behavior
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of polymer composites in light of these considerations (Han. 1996,
Fekete. 2021, Muhammad, D., & Asaduzzaman, M. 2012). The effective
parameters influencing the wear behavior include sliding distance, sliding
speed, load, volume ratio, and weight ratio, as shown by the analysis of the

experiments.
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Figure 1. Polymer matevials® load-firiction coefficient graph, with a sliding speed of 1 m/s
(Mubammad and Asaduzzaman, 2012).

Ashby provides a meaningful diagram that locates the polymeric
materials with the lowest wear rate and scans the wear rate values (Figure
2). Furthermore, this diagram suggests that the wear rate domain can be
expanded by using polymers in applications, especially towards lower values
(Ashby. 2017).
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3. Development and Wear Behavior of Hybrid Composite

Polymers

When created efficiently, the new composite material has a more remarkable
durability than it would if each constituent were used alone. Composites are
employed in electrical, thermal, and environmental applications in addition
to their structural qualities. In general, polymers’ mechanical qualities are
insufficient for a variety of structural uses. Different polymer matrix materials
are used to form hybrid polymer matrix composites, and reinforcements like
carbon, glass, or aramid fiber are frequently included as well. Studying the
mechanical and wear properties of such composite materials is necessary for

their development. (Fig. 3) (Fu et al. 2002).
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Figure 3. Diagram illustrating the three-layer avchitectures of hybrid composites with
GFs/CFs and single-additive composites (a) (Fu vd. 2002).

To improve the mechanical characteristics and wear resistance of hybrid
polymer matrix composites, researchers are experimenting with diverse
combinations of matrix and reinforcing materials. These investigations
span a broad spectrum, including material selection, production techniques,
experimental testing, and modeling.

Karthik and colleagues conducted a study with the goal of creating new
hybrid polymer matrix composites with Kevlar and epoxy resin as matrix
materials. They used glass and carbon fibers for reinforcement. The hand
lay-up method was utilized to prepare laminates made of fiber reinforced
polymer matrix composite (FRP). To assess wear characteristics, the samples
were put through a L9 Orthogonal Array pin-on-disc wear tester, which
is part of Taguchi’s Design of Experiments methodology. They used glass
and carbon fibers for reinforcement. Increasing the hybrid polymer matrix
composite laminate’s thickness has improved its wear qualities. This material
has numerous uses in the automobile sector and engineering structures

(Karthik et al. 2020).

Numerous researchers have studied the following topics: carbon
nanotubes (CNTs), rubber particles, nanodiamonds, titanium dioxide,
wollastonite, tungsten carbide, graphene oxide, titanium carbide, silicon
carbide, silica, and carbon. By adding filler particles like graphite and
aluminum oxide, it strengthens epoxy. Researchers have worked on a
number of projects to hybridize carbon fiber, polyamide, Kevlar, electrospun
polysulfone nanofibers, and shape memory alloy fibers in order to improve
the mechanical properties of glass fiber reinforced polymer composites.
Better mechanical, thermal, and electrical conductivity characteristics are
exhibited by carbon nanofibers and carbon fibers. (Gojny et al., 2006).

In conclusion, the discipline of materials engineering is still conducting
research on the creation of hybrid polymer matrix composites and the
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analysis of their wear behavior. Research in this area helps the materials
sector develop novel and cutting-edge applications.

4. Wear Modeling Approaches

4.1. Artificial Neural Network Approach (ANNSs)

A computing system called an artificial neural network (ANN) mimics
the architecture, or neurons, of a real nervous system. Every input to a
neuron has a function that determines its contribution to the next neuron
as well as its connectivity strength. For material research and modeling,
this network system is recommended; however, it needs a specific amount
of findings. (Friedrich et al., 2005). A review of works using the Artificial
Neural Network model technique is provided below. Thermoplastics and
thermosets augmented with unique fillers—including nanoparticles—are
given specific consideration. Using artificial neural networks, attempts are
undertaken to forecast wear characteristics and do systematic parameter
assessments. ANNS is a new technology that can be used to forecast
these materials’ wear qualities based on test conditions and composition.
Additionally, it makes systematic parameter studies for material optimization
using computers possible. (Wear of polymer composites - K Friedrich, R
Reinicke, Z Zhang, 2002, n.d.).

Three polymers’ erosive wear data—polyethylene (PE), polyurethane
(PUR), and an epoxy modified with hygrothermally decomposed
polyurethane (EP-PUR)—have been handled by the artificial neural network
technique ( Zhang et al., 2003 ). It was shown that the friction coefficient
and wear rate values decreased with an increase in the applied load in the
study that examined the tribological properties, wear, and friction of ultra-
high molecular weight polyethylene under dry sliding and Hank’s balanced
salt solution lubrication conditions. For the sliding speed values and applied
load ranges examined in the study, the dry sliding condition produced
the maximum friction coefficient and wear rate values, according to the
tindings. The study looked at how well artificial neural networks (ANNs)
could forecast the material’s wear rate values and friction coefficients under
various sliding situations, and the findings were consistent with that. (Ermig

& Unal, 2021).

4.2. Finite Element Method (FEM) Approach

The number of units, lines, regions, or volumes of the elements are
initially defined depending on the properties of the tribological system
when employing the finite element approach for wear modeling. For this,
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nodal points are employed. Nodes make it possible to display the amount of
tribologically transferred stress. Nodes under a lot of stress also have large
density. Linear or nonlinear functions are used to establish experimental
conditions during wear. (Abdelbary, 2015). The studies that were done
using the finite element method methodology are looked at below.

Finite element analysis has been applied to the study of stress and
deformation properties during contact, as well as the determination of
material properties. A macroscopic approach that assumes homogeneous,
anisotropic material qualities derived from the rule of mixture-type
relationships has typically guided the majority of these evaluations. This
macroscopic approach’s inability to accurately simulate the real-world
interaction between the composite’s fibers and matrix and its counterpart’s
asperities is a drawback (Friedrich et al., 2005). P-fiber orientation with
respect to the shear direction was examined through the use of anisotropic
half-space models. The contact simulation findings are used to approximate
the stiffness basis for modeling each individual fiber as an infinite beam
on an elastic foundation. These findings indicate a fiber stress brought on
by shear and deformation (Ovaert & Wu, 1993). The contact and stress
states created when a steel ball was driven into a fiber-reinforced composite
were ascertained using a FE micromodel. For N- and P-fiber orientation, the
position and distribution of subsurface stresses and strains were investigated.
It was discovered that there is significant shear and compression on the surface
in the case of N-fiber orientation. When P-fiber orientation is present, the
matrix experiences stress of both the shear and compression types, yielding
and local plastic deformation, while the fibers’ typical deformations include
compression and bending (Vdradi et al., 1999). The frictional wear process
in a polymer-metal contact pair: a numerical modeling approach The FEM
model was made using the Abaqus software to show an integrated process
and the construction of a numerical tool. The contact pair that serves as the
foundation for this work is the contact between an elevator’s thermoplastic
polyurethane (TPU) guide shoe insert and the matching steel guide. A
true simulation of these tests would need a very significant computing
time because the tribometer tests required vast travel distances and a huge
number of cycles in order to fit and verify the wear model. Thus, testing
conducted over a suitable simulation period should be used to simulate the
wear process comparable to the distances traveled (Martinez et al., 2012).
The wear of polymer composites in friction joints is simulated by calculating
temperature and using a mathematical model and an algorithm to solve
a physically realistic stress-strain contact problem using a finite element
method. The interaction processes at the PCM-counterbody interface, as
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well as the issue of non-stationary thermal conductivity, have been developed
by developing an approach to wear process simulation based on temperature
calculation in a surface layer of a polymer composite material (PCM), which
takes into account the effect of ambient temperature and its influence on
friction and wear process development. It was simulated by using the finite
element technique (FEM) to solve a contact interaction problem. When the
coefticient of friction for smooth and rough surfaces is compared, it can be
shown that wear increases as surface roughness increases, but temperature
essentially stays the same. (Bochkareva et al., 2018). Without making any
additional heat exchange assumptions, the non-linearity of deformation
and contact temperature in polymer composites was calculated by solving a
non-stationary heat conduction issue in terms of mechanical-thermal energy
conversion and heat loss through convection. The state of finite elements
related to a polymer composite’s attributes was examined, beginning with
the computed temperature. (Bochkareva et al., 2020). At room temperature
and a steady speed of 3 m/s, wear testing of three distinct laminated
composites carbon fiber, woven glass fiber, and glass fiber reinforced epoxy
was carried out on a pin-on apparatus under five different loads of 10, 20,
30, 40, and 50 N. constructed with a disc tribometer. Model of linear elastic
finite elements The failure mode in the shear mode and the pin on the disk
under dry lubrication were both simulated using FEM. The coefficient of
friction can be numerically determined with the use of FEM in measuring
triction force. One feature from FEM that is crucial for material description
and analytical model work is tensile strength. As a result, an easy tensile test
was used to determine it experimentally. The findings indicate that GFRP-R
(Glass Fiber Reinforced Polypropylene R-Glass Prepreg) composites have a
higher wear rate. (Abdellah et al., 2022).

4.3. Experimental and Mathematical Model Approaches

One can utilize wear behavior modeling developed using mathematical
models or experimental setups directly, or one can use it to validate or
contrast computer-aided simulations and models. Studies that used this
model method were looked at.

A suggested model for abrasive wear of unidirectional fiber-reinforced
polymer composites includes two models that illustrate the extremes of cyclic
wear behavior, in contrast to steady-state wear, when various components
wear at the same rate. This structure, which can be described as quasi-steady-
state or cyclic, accommodates changes in the fiber and matrix wear rates.
The underlying process has been explained, and it has been noted that this
model yields more precise estimates of polymer composites’ wear resistance
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than forecasts made using straightforward linear and inverse mixing rules
based on the steady-state model. (Yen & Dharan, 1996). These predictions
were compared with two engineering models to estimate the wear rates of
thrust bearings made of polymers and dry friction rotating journal bearings.
Additionally; it was shown how roughness, roughness orientation, and the
development of transfer layers affect wear behavior (Franklin, 2001). The
analysis of the study revealed a mathematical expression that uses dimensional
analysis and similarity theory to calculate the temperature in the friction zone
(T). In turn, the temperature acts as a reference point for forecasting wear.
The established model states that it is possible to find the T value for every
component in the friction pair. A thorough grasp of a polymer composite’s
mechanical and thermal properties, as well as its operating conditions, is
necessary for the model to be applicable. If the operating parameters and
fundamental data of the composites are known, then using the model makes
it possible to determine the wear value of friction pairs made of polymer
compositeslt is claimed that using models saves a substantial amount of
time and money as compared to carrying out real friction wear trials under
real conditions. (Tretyakov, 2004). The application of single-track and
intersecting etching techniques is investigated to study abrasive wear in
polymers. The results of earlier studies were confirmed through scratch and
pin-on-disk wear tests on a variety of commercial polymers, indicating a
relationship between scratch phenomena and abrasive wear. Interestingly,
Sinha et al. found that the traditionally determined scratch hardness did
not show any pattern with abrasive wear. (2007). Several influential
parameters that could be analytically confirmed were included in a model
that was developed in an attempt to create a comprehensive analytical model
for predicting the wear of engineering polymers. The wear equations are
divided into two categories: abrasive wear and fatigue wear. This is because
the two mechanisms of wear work in separate ranges of roughness. It is
important to note that, except in cases where melt wear predominates, the
E/H ratio assumes a value at which wear is expected to be negligible in most
parametric combinations. These predictions are useful in practice and match
up well with various engineering polymer trials. (Chowdhury & Chakraborti,
2008). Small-scale roller-on-plate tests were used to compare the friction
and wear behavior for polyoxymethylene homopolymers (POM-H) and
teflon-doped polyethylene terephthalate (PET/PTFE). Four experimental
models are presented to predict tribological data on contact pressure shear
rate (pv-value), which is the parameter used to characterize tribological
data. Sample geometries and contact deformation, as well as thermal effects
(heat generation and dissipation), were taken into account with a new
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macroscopic geometry model that allows test results in small and large-
scale tests. (Samyn & Schoukens, 2008). A description of the wear model,
transfer, and their effects on friction is given. The creation and motion of
particles as well as the friction-transfer relationship are both explained by the
model’s unknown parameters. In a linear reciprocating sliding tribometer,
where a polymer-coated rod slides in a point contact configuration on a
rough metallic roller under high pressure and a large sliding length of 10
mm, the parameters are obtained experimentally. It has been demonstrated
that the developed model does a good job of describing how friction
changes across multiple cycles. (Boissonnet et al., 2012). By merging Reye’s
wear model with elastohydrodynamic lubrication theory, a wear model
under lubricated conditions was created. According to the wear simulation,
HDPE wear rises with increasing sliding speed and normal load but falls
with increasing lubricant viscosity and asperity height. The wear model can
shorten the time required for wear testing and be used to forecast the long-
term wear of polyethylene-based polymers in lubricated settings. (Xu et al.,
2018). It has been demonstrated that temperature affects polymer-polymer
sliding contacts, and that the choice of materials for static and rotating
parts in polymer-polymer contact designs affects the sliding contact life. It
has also been demonstrated that application temperature during operation
significantly affects longevity. Lastly, a new design approach based on the
deformation energy concept is oftered, which suggests a wear model because
this energy causes changes in the properties of the material. The suggested
model is different from current models in that it uses the Peclet number to
include the thermal characteristics of materials in contact (Ramesh et al.,
2019). Hybrid natural fiber-reinforced polymer composites have emerged
as an environmentally friendly alternative to traditional building materials
due to their low cost and high strength-to-weight ratio. Response surface
method (RSM) was used in the studies. RSM also provided a mathematical
model for optimization of sliding wear of hybrid composites. The most
suitable composite with optimum values for minimum sliding wear of
hybrid composites was found. A fuzzy logic model was also developed for
the prediction of sliding wear of hybrid composites based on experimental
data. From the results obtained, it was seen that the developed fuzzy model
could predict the sliding wear of hybrid composites with 87% accuracy. (A.
K. Sinha et al., 2021).

5. Evaluation of Wear in Polymer Matrix Composites

The outcomes are typically assessed through a combination of theoretical
modeling and experimental studies. As part of these investigations, material
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qualities are ascertained, wear resistance is tested, and mathematical models
are created. Studies that look at polymer matrix composite materials’ wear
behavior experimentally exist. It is necessary to investigate the tribological
and mechanical aspects of polymer matrix composites’ wear and friction
characteristics. These kinds of investigations are critical to comprehending
how material components interact, assisting in the selection of materials,
and assessing their application performance.

Mechanical modeling and the assessment of material parameters are
commonly employed in calculations to assess wear in polymer matrix
composites. These computations (Sudeepan et al., 2014):

* Friction and wear property calculation: Material properties and
mechanical modeling are utilized to determine the friction and wear
properties of polymer matrix composites. These models comprise the
matrix element, the fibrous zone, and the material’s wear outcome.

* Dry sliding wear behavior calculation: The following procedures are
used in studies where the wear resistance, material characteristics, and
dry sliding behavior of polymer matrix composites are calculated.

* Tribological and mechanical properties: The tribological and
mechanical properties of polymer matrix composites are computed by
means of mechanical modeling, which establishes the material-instek
and coaxial properties and computes the parameters influencing the
material’s wear and friction properties.

* Polymer matrix composites: The structure and characteristics of these
materials, such as reinforcing materials, thermosetting polymers, and
other additive materials, are determined using a variety of techniques
and computations. The performance of polymer matrix composites
in various applications and areas of usage is assessed using this data.

These computations are used to assess polymer matrix composites’
wear behavior and enhance their application performance. Furthermore,
the performance of the materials in applications is assessed and material
selection is guided by these computations (Sudeepan et al., 2014).

6. Conclusion and Evaluation

Low coefticients of friction, strong resistance to abrasion, ease of shaping,
and resistance to oxidation or corrosion characterize polymeric materials.
Polymer composites are stronger and more rigid than pure polymers because
of the presence of reinforcing elements, which enables them to bear heavy
loads and stresses. While many thermoset composites may deteriorate or lose
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their mechanical qualities at high temperatures, other polymer composites
have good temperature resistance.

The use of polymeric materials has several benefits, such as low density,
resistance to oxidation and tribocorrosion, non-toxic structure, easy shaping,
and low cost. It does seem to have certain drawbacks, though, in addition
to its positives. Negative temperatures affect polymeric materials differently,
and even a slight variation in operating circumstances can have a substantial
impact on their tribological characteristics.

Examining classical tribology reveals that it was first created as a discipline
for metals. Polymer tribology is dominated by interfaces and various operating
circumstances such as thermal heat, contact pressure, and the production
of transfer films. Because of this, conventional experimental techniques in
this area are modified for use with polymers rather than valid for polymers.
The scale and complexity of the system under examination vary, and there
are several methods in the literature for assessing the tribological behavior
of a pair of polymer-based materials. This makes it evident that a distinct
working area is created by a suitable kind of tribo test setup with the right
parameters chosen to mirror the material/composite’s real-time application.

Polymer composites, because of their special tribological characteristics,
are very versatile, and can be customized, have many uses and great potential
in the future. The capabilities of polymer composites will be further expanded
by ongoing research and development activities and technical advancements,
resulting in enhanced performance, sustainability, and new applications in a
variety of sectors. Furthermore, the development of hybrid composites has
opened up a significant area for tribological research.
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Chapter 4

Manufacturing of Ceramic Materials With 3D
Selective Laser Melting and Analysis of Their
Possible Applications for Ballistic Purposes

Ayhan Aytac'

Abstract

Selective laser melting (SLM) or selective laser sintering (SLS) methods
are part of additive manufacturing techniques that involve work on a wide
range of materials, including ceramic materials. Moreover, SLM is known
to be able to produce customized components of various materials such as
metal, ceramics and polymers and hence is a popular manufacturing method.
Studies emphasize that these techniques also have potential for analysis of
possible applications for ballistic purposes. Just as there are studies examining
the mechanical properties of ceramic materials produced by the selective
laser melting method, there are also studies on the marginal compatibility of
ceramics used in the creation of ceramic plates.

The development of advanced ceramic materials for ballistic applications
has been a topic of interest in the defense industry. Metals, ceramics and
composite materials are generally used in personnel and vehicle armor
applications. However, today, composite or hybrid composite designs come
to the fore as a result of evaluating the level of protection together with the
weight parameter. When the literature is examined; It shows that additive
manufacturing techniques can also be used in the production of ceramic
materials and therefore are preferred in armor production. In the study
where the literature is examined in detail, it is emphasized that the most
popular materials of ceramics in recent years are alumina and zirconia, which
are among the main engineering material groups. AI203 is widely used
as ceramic material in various industrial sectors, exhibiting high strength,
hardness and excellent dielectric properties. On the other hand, ZrO2 is
often added to increase the toughness and wear resistance properties of

Assistant  Professor Doctor, National Defense University, Department of Mechanical
Engineering, aytac@msu.edu.tr, ORCID ID: 0000-0002-7963-0640

@88 A hpsy/joi.org/10.58830/0zgunpub390.c1541 67



68 | Manufacturing of Ceramic Materials With 3D Selective Laser Melting and Analysis of Their...

ceramic composites, making it a valuable addition to ceramic formulations.
The combination of AI203 and ZrO2 has demonstrated promising results
in improving the mechanical and ballistic properties of functionally graded
materials, increasing fracture resistance and wear properties. In this study,
a general evaluation of the studies in the existing literature is presented on
the production of ceramic materials by 3D Selective Laser Melting and the
analysis of their possible applications for ballistic purposes.

1. Introduction

Ceramic materials are an important class of materials for ballistic
protection applications in the defense industry due to their properties
such as high temperature resistance, high hardness, high strength and low
density. It has advantages such as relatively high mechanical and tribological
properties, high specific strength and hardness. Reinforced composites have
many advantages such as low density and high strength. However, the fiber
could not be used independently due to low impact resistance and high
cost. For this reason, applications such as strengthening composite hybrid
laminated plates including ceramic plates, including intermediate layers,
considering that they disrupt the piercing structure of the threat by absorbing
the kinetic energy of the threat, are promising. The limitations of ceramic
materials obtained by traditional production methods encourage the use of
3D printing technologies in the production of ceramic materials. In this
context, the production of ceramic materials, especially AI203 (alumina)
and ZrO2 (zirconia), by selective laser melting 3D printing method is of
great importance to evaluate potential applications for ballistic purposes.

3D printing, also known as additive manufacturing, is a shaping method
in which a 3D computer model is sliced into 2D sections to create a physical
structure through the addition of material layer by layer. Within this general
definition, there are many specific technologies that vary in raw material
and forming/bonding method for specific materials and applications.
This differs significantly from more traditional subtractive or equivalent
manufacturing methods that have been used for hundreds of years and
allows the fabrication of structures that would otherwise be impossible to
create relatively quickly and efficiently. This has allowed difterent industries
to create exciting new parts and products, while saving time and money
and improving performance [1-5]. However, the main materials used for
3D printing so far are polymers and metals; Ceramics, on the other hand,
are relatively less researched and developed. However, in recent years, there
has been a significant increase in the interest and use of ceramic materials
due to the many useful application areas of ceramic materials as well as 3D



Ayban Aytag | 69

printing technologies. Characterized by excellent thermal, chemical and
electrical durability and stability, high strength and hardness, and useful
optical properties, ceramics are ideal materials for applications in acrospace,
medical, military and defense, electronics and many other industries [6-8].

In recent years, the production of ceramic materials with 3D printing
technologies has been developing rapidly. These technologies offer many
advantages compared to traditional methods in the production of ceramic
materials. In particular, the selective laser melting 3D printing method
provides high precision in the production of ceramic materials, production of
high-density parts, production of complex geometries and material savings.
Therefore, the selective laser melting 3D printing method has significant
potential in the production of ceramic materials for ballistic protection
applications.

Selective laser melting (SLM) is a powder bed-based layer manufacturing
technique that enables additive manufacturing of complex-shaped objects
directly from 3D CAD data. SLM is based on the direct and complete
melting of powder material with a laser beam. SLM for metallic materials is
already used successtully in industry. A comparable additive manufacturing
technique is not yet available for high-performance ceramic materials such as
zirconia or alumina. For less challenging materials containing silica or glassy
phases, there are laser-based additive manufacturing approaches and solid-
state sintering-based approaches described in the literature [9].
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Figure 1. Schematic illustration of the experimental SLM system [10].
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The SLM creation process consists of four main steps [10]: A thin layer
of ceramic powder material is deposited on the build platform. Appropriate
areas of the powder layer are selectively heated and melted by means of
a focused laser beam. The building platform is lowered by a distance
corresponding to the layer thickness. Steps are repeated until all layers are
created (Figures 1,2 and 3).

Studies in this field include many researches on the production of ceramic
materials by selective laser melting 3D printing method. For example, Wilkes
et al. [10], a selective laser melting 3D printing method was developed for
the production of high-strength oxide ceramics. Selective laser melting of a
1600°C preheated Zirconia and alumina ceramic materials was experimentally
investigated. To reduce thermally induced stresses, the ceramic was preheated
to a temperature of at least 1600°C during the forming process. Within the
scope of the study, crack-free samples with bending strength over 500 MPa
were produced. It is stated that the produced samples have a fine-grained,
two-phase microstructure consisting of tetragonal zirconia and alpha-
alumina. In the said study, it was stated that the production of high-strength
ceramic components could be achieved by using Al203 and ZrO2 ceramic
materials and that it would pioneer industrial applications.

Laser Beam

Direction of Laser
Beam Movement

Melt Poal Powder Layer
Remelted Material

e

Figure 2. A- 3D Melting Method with SLM, B- Part made by SLM out of 80 wt. %
zirconin/20wt. % alumina (no prebeating) [10].

In a review article by Lakhdar et al. on additive manufacturing (AM)
of advanced ceramics; They emphasized the importance of minimizing the
formation of residual porosity while preventing crack formation, which
remains one of the main challenges of advanced ceramics in AM. Among
currently available AM technologies, only a few processes allow the successful
and reliable production of dense ceramic parts without any undesirable
microporosity, while most technologies are only suitable for creating porous
structures. Therefore, research and development efforts in the ceramic AM
community have for several years been primarily focused on applications
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where porosity is beneficial, with a strong emphasis on porous components
for biomedical applications and, in particular, scaffolds for tissue engineering
[11]. Carloni et al. In their study, they produced transparent alumina
ceramics using post-processing steps such as molding, vacuum sintering and
polishing with an extrusion-based 3D printer. Within the scope of the study,
manufacturable powder mixtures and 3D manufacturing parameters were
optimized to produce quality bodies. They showed that two-stage vacuum
sintering samples increased density while decreasing grain size, thus increasing
the transparency of sintered alumina ceramics compared to single-step
sintering samples. Two-stage vacuum sintered alumina ceramics stated that
they achieved 70% total transmittance at 800 nm and relative density values
higher than 99%. They demonstrated the ability of 3D AM manufacturing to
compete with traditional transparent ceramic forming methods, as well as the
additional benefit of freedom in the design and production of complex shapes
[12]. Ceramics represent a new frontier for these LAM systems with many
challenges and research needs. However, the material properties oftered by
ceramics compared to polymers and metals make the additive manufacturing
of ceramic components an attractive engineering opportunity for many other
technology fields such as acrospace and defense [13].

When the literature is examined in general, the studies on ceramics of
the technology, which is quite new and has names such as Laser additive
manufacturing and Laser 3D Printing, are limited. In the sintering of
ceramics with this method, the problem of crack and pore formation caused
by thermal stresses remains [14]. In addition, studies on the production
of 3D ceramic materials with SLM and the determination of the energy
absorption and damage behavior of hybrid sandwich composite panels
produced with these materials under impact loads are very limited.
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Figurve 3. Schematic diagram of sample prepavation used to test the mechanical
properties of the structuve formed by conting AI203 - ZrO2 layers with Micro-Ave
Oxidation (MAO) and Selective Laser Melting (SLM) [14].
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In conclusion; Ceramic products have been produced for decades
using traditional techniques such as extrusion, kiln sintering and casting.
However, these methods have several disadvantages in terms of possible
shape and structure, which limit their range of application. The emergence
of laser additive manufacturing (LAM) provides a significant opportunity
to create ceramic components with much greater design freedom. This
technology enables the creation of ceramic components that not only meet
the increasing material requirements of aerospace applications but also offer
new opportunities in terms of complex structures. The aim of this study is
to investigate the usability of the production of ceramic materials such as
AI203 and ZrO2 by selective laser melting 3D printing method for ballistic
purposes. This study aims to increase ballistic protection capacity by oftering
a new approach in the production of ceramic materials used in the defense
industry:.

2. Ballistic Ceramics and Armor Applications

Focusing on the mechanical properties and performance criteria of the
most commonly used ballistic ceramics, including alumina, silicon carbide
and boron carbide, it can be seen that the main factors affecting the ballistic
performance of ceramic materials are, in particular, hardness and fracture
toughness. Additionally, the effect of functionally graded materials such as
AI203-ZrO2 on the ballistic resistance capacity should also be examined.
The effect of ceramic properties and penetration depth test parameters on
the ballistic performance of armor ceramics are the most important critical
factors that determine the effectiveness of ceramic materials in ballistic
applications [15].

Dresch et al. A review conducted by provides a comprehensive analysis
of the mechanical properties and ballistic behavior of ceramic materials and
the suitability of these materials for armor applications (Figure 4). They
also compared conventionally sintered and layered alumina and examined
the ballistic behavior of these materials in detail. The research further
emphasizes the development and optimization of ceramic-based ballistic
protection systems [15].
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Figure 4. Relationship between ballistic efficiency factor and cevamic thickness. a) 7.62
AP; b) 0.30 AP M2; c) Rod. Data obtained from refevences [15].

Al203 is widely used as a ceramic material because it shows high
strength and hardness. ZrO2 is often added to increase the durability of such
a material. Huang et al. In a study by et al., they mixed AI203 and ZrO2
to formulate functionally graded materials (FGMs). Four-layer and eleven-
layer AI203-ZrO2 FGMs were obtained from Al203 and ZrO2 mixtures
by sintering at 1500 °C. They also designed experiments by mixing various
ratios of AI203 and ZrO2 to analyze fracture toughness and hardness. As
a result, they revealed that the 90% AI203 - 10% ZrO2 plate exhibited a
hardness of 15.12 GPa, and the 50% AI203 - 50% ZrO2 plate achieved a
fracture toughness as high as 4.7 MPa m0.5 [16].

2.1. Specific Properties of A1203 and ZrO2 Ceramic Materials for
Ballistic Applications

Al203 (alumina) and ZrO2 (zirconia) ceramic materials have specific
properties that make them suitable for ballistic applications. These features
include:

1. Hardness: Alumina and zirconia ceramics exhibit high hardness,
making them resistant to penetration and deformation when subjected to
high-speed impacts. This feature is necessary to provide eftective ballistic
protection.

2. Impact Resistance: Combining the hardness of alumina with the
durability of zirconia, zirconia-toughened alumina (ZTA) ceramic materials
show excellent impact resistance. This property is very important to
withstand the impact of high-speed bullets and fragments.

3. Wear Resistance: ZTA ceramic materials are known for their wear
resistance, which is useful for maintaining the integrity and effectiveness of
ballistic armor over time, especially in corrosive environments.
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4. Fracture Toughness: The combination of zirconia and alumina in
composite ceramics contributes to increased fracture toughness, allowing
the material to absorb energy and resist crack propagation when exposed to
ballistic impacts.

5. Microstructure: The microstructure of ZrO2-Al203 composite
ceramics plays an important role in determining their mechanical properties,
including hardness and fracture toughness. The microstructural properties
of these ceramics are critical in terms of their ballistic resistance capabilities.

6. Mechanical Properties: The mechanical properties of alumina-based
ceramics, including hardness and fracture toughness, are essential for their
performance in ballistic applications. These properties are evaluated to
evaluate the material’s ability to withstand ballistic impacts.

In summary, the specific properties of AI203 and ZrO2 ceramic materials,
such as hardness, impact resistance, wear resistance and fracture toughness,
make them very suitable for ballistic applications. These properties enable
ceramics to effectively resist penetration, absorb energy, and maintain their
structural integrity when subjected to high-velocity impacts, making them
valuable materials for ballistic armor and protective applications [16-18].

2.2 Ballistic Ceramics and the Importance of Developing These
Ceramics as Armor Plates

Nowadays, the importance of ceramic materials developed for ballistic
applications in the defense industry is increasing. These ceramics are
preferred especially on the front surfaces of composite and hybrid composite
plates due to their superior mechanical properties. The limitations of ceramic
materials obtained by traditional production methods encourage the use of
3D printing technologies in the production of ceramic materials. In this
context, the production of ceramic materials, especially AI203 (alumina)
and ZrO2 (zirconia), by selective laser melting 3D printing method is of
great importance to evaluate potential applications for ballistic purposes.
Future research could focus on improving the surface quality of manufactured
components, solving problems with cold powder deposition on pre-heated
ceramics, further increasing mechanical strength, and transferring the
technology from laboratory scale to industrial application.

Ballistic ceramics are the preferred materials for armor plates due to their
high hardness and low density. Ballistic properties of ceramics such as boron
carbide and alumina are examined by methods such as elemental analysis,
phase analysis, microstructure analysis, density, pore analysis and three-
point bending test [19]. The ballistic performance of ceramics depends
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on factors such as armor thickness, plate thickness and support plate. The
armor thickness should be at least the radius of the bullet and the front
ceramic plate thickness used should be 1/3 of the total armor thickness [20].
The ballistic performance of ceramic armor with concave and flat surface
shapes is examined using numerical modeling methods. Modern armors are
generally designed as a combination of a hard front surface with a ceramic
layer and a fiber-reinforced back plate [21].

3. Comparison of Ceramic and Other Armor Plates in Terms of
Ballistics

Ceramic-based armor plates offer many advantages in terms of ballistic
performance compared to other types of armor plates. Ceramics such as
boron carbide and silicon carbide are known for their high hardness,
allowing them to effectively fragment or deform the core of an incoming
projectile, dissipating its energy and stopping penetration. This feature
makes ceramic armor plates highly eftective against armor-piercing bullets
designed to penetrate metal armor. Additionally, ceramic armor plates are
lighter than traditional metal armor, providing the user with better mobility
and reducing fatigue. However, a potential disadvantage of ceramic armor is
its brittleness, which can be reduced by using a layered backplate to increase
ballistic performance [22].

Research has shown that the ballistic efficiency of ceramic armor is affected
by factors such as material composition, plate size, design and construction.
For example, the hardness of the ceramic material, the depth of substrate
deformation, and the resistance of the plates to brittle fracture are critical
factors affecting the ballistic performance of the armor [23]. Additionally, it
has been found that the layer structure of laminated ceramic plates significantly
affects their ballistic performance, with studies showing the effectiveness of
layered ceramic composites for body armor applications [24].

In summary, ceramic-based armor plates exhibit superior ballistic
performance due to their high hardness, which allows them to effectively
dissipate the energy of incoming bullets, and their lighter weight than metal
armor. Ongoing research continues to focus on optimizing the design and
structure of ceramic armor plates to further increase their ballistic efficiency
and overall protective ability [25].

4. Feasibility of Ceramic Material Production with SLM

SLM (Selective Laser Melting) technology is a method whose usability is
being investigated in the production of ceramic materials. This technology
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provides higher precision and control in the production of ceramic materials
than traditional methods. The SLM method is based on the principle of
melting the powders used in the production of ceramic materials with a
laser and combining them layer by layer. This method provides less waste
and higher efficiency in the production of ceramic materials. The mechanical
properties of ceramic materials produced by SLM depend on factors such
as hardness, density, porosity and thermal behavior. Therefore, the ballistic
performance of ceramic materials produced by SLM depends on factors such
as material properties and design. Since SLM technology provides higher
precision and control in the production of ceramic materials, its usability
in high-performance applications such as ballistic armor plates is being
investigated.

Although the SLM method is a widely used method for 3D printing
of metallic materials, some difficulties are encountered when working with
ceramics. The high melting points and brittle nature of ceramics make it
difficult to process ceramics with SLM compared to traditional metal 3D
printing processes. Additionally, the high thermal conductivity of ceramics
may affect the laser melting process and cause undesirable thermal stresses

[15].

5. Conclusion and Evaluation

Selective laser melting (SLM) is a promising technology for ceramic 3D
printing, but it also poses many challenges. One of the main challenges is the
difficulty of obtaining high-density ceramic parts due to the high porosity of
printed parts. This is because the ceramic powders of the SLM process have
a high melting point, which can cause voids and defects in the printed parts.
Another challenge is the limited number of ceramic materials that can be used
in SLM. The process requires materials that can melt and solidify quickly,
which limits the range of ceramic materials that can be used. Additionally,
the high melting temperatures of some ceramic materials can cause thermal
stresses during the printing process, leading to cracking and deformation of
printed parts. Additionally, the SLM process for ceramic materials requires
precise control of laser power, scanning speed, and powder bed temperature
to achieve the desired properties of the printed parts. Optimization of
these parameters is critical to obtaining high-quality ceramic parts with the
desired properties. Despite these challenges, the potential benefits of SLM
for ceramic 3D printing are significant. The technology offers the ability to
produce complex ceramic parts with high precision and accuracy that are
difficult to achieve with traditional manufacturing methods. Additionally,
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SLM can enable the production of customized ceramic parts with unique
geometries and properties that can be tailored to specific applications.

In conclusion, while SLM presents several challenges for ceramic 3D
printing, the potential benefits of this technology make it an attractive option
for the production of high-performance ceramic parts. Further research and
development is needed to overcome the challenges associated with SLM for
ceramic materials and fully realize the potential of this technology for ceramic
3D printing. This study reveals the advantages of production of ceramic
materials by selective laser melting 3D printing compared to traditional
production methods and their potential applications for ballistic purposes.
The main issues that need to be studied are the manufacturability of ceramic
materials such as AI203 and ZrO2 by 3D printing, optimizing production
conditions, their effect on material properties and their contribution to
ballistic performance. The aim of the study is to present a new approach in
the production of ceramic materials used in the defense industry. This new
production technique, based on melting and solidifying high-performance
ceramic material, has some significant advantages compared to laser sintering
techniques or other production techniques based on solid-state sintering
processes.
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Bolum 5

Zirkonya Matrisli Seramik-Seramik Kompozitler

Arife Yurdakul!

Ozet

“Seramik Celik” olarak adlandirilan zirkonyum dioksit/zirkonya (ZrO,)
basta dental ve biyomedikal uygulamalar olmak tizere kesici uglar, rulmanlar,
zirth malzemeleri ve sensorler gibi ¢ok genis yelpazeye dagilmig birgok farkl
kritik sayilabilecek alanlarda oldukga dikkat gekici bir ileri teknoloji seramik
malzemesidir. ZrO,’ya bu kadar ¢ok uygulama alaninda kendisine yer
bulmasini saglayan en 6énemli faktor, tipki ¢eliklerde oldugu gibi martensitik
taz doniigiimii sergileyebilmesidir. Bu durum ¢ogunlukla, %3 mol itriyum
oksit ile oda sicakliginda kararhi kilinmug tetragonal zirkonya polikristalin
(3YTZP) seramikleri igin karakteristik olup, 3YTZP seramiklerinin
yiiksek mekanik (sertlik, tokluk ve egilme mukavemeti vb.) ve tribolojik
Ozelliklerinin sebebi olarak gosterilmektedir. Ancak gelisen teknoloji ve
ithtiya¢ duyulan uygulama alanlarindan beklenen miihendislik 6zelliklerinin
siirekli giincellenmesi nedeniyle, yeni malzeme arayislari hiz kesmeden devam
etmektedir. Bu noktada, 3Y-TZP esash seramik malzemelerinde mukavemet
degerlerinden 6diin vermeden hem tok hem de sert olarak iiretebilmek bu
alanda ¢alisan bilim insanlar1 i¢in 6nemli bir aragtirma konusu olmugtur.
Boylece, 3YTZP matris faz olarak diigiiniilerek sirasiyla aliimina (ALQ,),
silisyum karbiir (SiC), titanyum diboriir (TiB,), zirkonyum dibortir (ZrB,)
ve silisyum nitriir (Si,N,) gibi oksit, karbiir, boriir ve nitriir grubu ileri
teknoloji seramiklerinin takviye ikincil faz olarak kullanildigr seramik-seramik
kompozit tiretimleri gergeklestirilmistir. Bu kitap boliimiinde, sertlik, tokluk,
egilme mukavemeti ve aginma karakteristikleri gibi mekanik ve tribolojik
ozelliklerin  3YTZP/ALO,, 3YTZP/SiC, 3YTZP/TiB,, 3YTZP/ZrB, ve
3YTZP/Si,N, kompozitlerinde nasil optimize edildigi anlatiimaktadir. Burada
bahsedilen hususlarin aragtirmacilar tarafindan iyi bir gekilde anlagilmasi,
3YTZP matris esash ancak farkli yeni takviye fazlarla giiclendirilmis yeni
kompozitlerin tiretilmesinde 6ncii olacag: ve bu alanda yeni kapilar agacagi
degerlendirilmektedir.

1 Dog.Dr, Kiitahya Dumlupinar Universitesi, Miihendislik Fakiiltesi, arife.yurdakul@dpu.edu.tr,
ORCID ID: 0000-0002-3126-7336
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1. Girig

Yiiksek egme mukavemeti, iistiin biyouyumlulugu ve yiiksek kimyasal
direnci nedeniyle zirkonyum oksit [zirkonya (ZrQ,)], bugiine kadar birgok
tarkli fonksiyonel ve yapisal amaglar igin yaygin olarak kullanilmigtir. Dis,
kalca ve diz implantlar1 gibi biyomalzemeler, kesme takimlari, balistik
zirh, rulmanlar ve seramik burg¢ gibi uygulamalar en 6nemli kullanim
alanlarina ornek olarak gosterilebilir [1-2]. Saf ZrO,, sicaklik araligina bagl
olarak ¢esitli polimorfik fazlarda bulunabilir. Monoklinik (m-ZrO,; oda
sicakligindan 1170°Cye kadar), tetragonal (t-ZrO,; 1170-2370°C arasinda)
ve kiibik (c-ZrO,; 2370°Cden ergime noktast 2680°C’ye kadar)[3-4].
Tetragonal form, monoklinik formdan daha yogundur ve faz doniigiimii
sirasinda  (yaklagtk 1000°C), yapilarinda catlaklarin olugmasiyla birlikte
hacimde 6nemli bir degisiklik meydana gelir. Bu nedenle, birgok yiiksek
sicaklik uygulamasinda saf ZrO,nin kullanimi sinirhdir. Ancak, ZrO,
kismen veya tamamen stabilize edilebilir ve bu nedenle birgok uygulamada
bagariyla kullanilmaktadir. ZrO, bazh yapisal seramikler ii¢ gruba ayrilir: (a)
dontigiimle toklagtirilmig ZrO,, (b) kismen stabilize edilmig ZrO, (PSZ) ve
(c) tetragonal ZrO, polikristalleri (TZP). Yiiksek sicakliklarda, gesitli oksitler
(ornegin MgO, CaO ve Y,0,) ZrO, ile kat1 ¢ozeltiler olugturur ve bu da
yiiksek sicakliktaki kiibik fazin daha diigiik bir sicaklikta stabilize edilmesini
miimkiin kilar. PSZ, ZrO, modifikasyonlarinin (kiibik ve tetragonal)
bir karigimidir ve vyetersiz kiibik faz olugturan katkilar (kararlastiricr)
eklendiginde olugur. Tamamen kararlagtirilmig ZrO,, uygun miktarlarda
MgO, Y,0, ve CaO gibi oksitlerin katkilanmasiyla iiretilebilir. Bu durumda,
kiibik yapiya sahip kat1 bir ¢ozelti elde edilir. Kararlagtiricinin tiiriine bagh
olarak temelde iki farklt mikro yapi olusur. Ornegin, MgO ilavesi nispeten iri
tanelerin olugmasina yol agarken, itriyum oksit (Y,0,) ilavesi ise ince taneli
bir mikroyapi ile sonuglanir [5].

t-ZrO, kristal yapisina 3 mol % Y,0, katkilandirildiginda, oda
sicakhiginda ortaya ¢ikan {Uriine itriyam stabilize tetragonal ZrO,
polikristalin (3Y-TZP) seramik adi verilmektedir. Ayrica 3Y-TZP’ler biyo-
esaslt seramiklerde mekanik ozellikleri gelistirmek i¢in kullanilan en popiiler
malzemedir. 900 ila 1100 MPa arasinda yiiksek egilme mukavemeti
sergilerler. Bununla birlikte, 8-12 MPa.m'? civarinda diigiik veya orta
derecede kirllma tokluguna sahiptir. Ancak nispeten diisiik sertlikleri (HV-
20°C, 1120 kg/mm?) tribolojik uygulamalarda kullanimlarini kisitlamaktadir
[3,4,6].

Literatiir aragtirmasina dayanarak, stres kaynakl tetragonal kristal yapidan
monoklinik yaprya (t-ZrO, —m-ZrO,) faz doniigtimii, 6nemli bir hacim


https://www.sciencedirect.com/topics/materials-science/flexural-strength
https://www.sciencedirect.com/topics/materials-science/yttrium
https://www.sciencedirect.com/topics/materials-science/mechanical-property
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degisikligine (~%4-5) neden olarak ilerleyen ¢atlagin yakiminda olugan baski
neticesinde yiiksek kirilma toklugu ve mukavemeti kazanmada anahtar bir
rol oynar. Boylece 3YTZP seramiklerinde olusan catlaklar1 engellemek igin
dontigtim toklagmas1 meydana gelir [7-9]. Bununla birlikte, 3Y-TZP’lerin bu
miikemmel mekanik 6zellikleri, t-ZrO, —m-ZrO, faz doniisiimii nedeniyle
nemli ortamda diigiik sicaklikta (150-400°C) bozunmadan dolay1 zarar
gormektedir. Bu yiizden doniigiim toklagmasinin kesfinden giiniimiize kadar
yapilan ¢aligmalarda, YTZP monolitik malzemelerin mekanik 6zelliklerini
gelistirmek amaciyla, ZrO, matrisine oksit ve oksit olmayan faz takviyesi ile
kompozit formunda tiretim yapmanin miimkiin oldugu gortilmiistiir [10-11].

3Y-TZP seramiklerinin kirilma toklugunu iyilestirmeye yonelik ¢aligmalar
incelendiginde, ilk olarak Y,0,’in kararlagtirici olarak %3’ten daha az mol
oraninda (6rn. %1,5-2 mol) kullanildigy dikkat ¢ekmektedir. Bagta ALO,
olmak tizere karbon nanotiipler (CNT), grafen vb. bir¢ok farkli ikincil
takviye malzemesi ilave edilerek, 3Y-TZP’nin kirilma toklugu gelistirilmeye
calistlmugtir. Ayrica kivileim plazma sinterleme (SPS), mikrodalga sinterleme
gibi farkli yeni sinterleme tekniklerinin ve iki agamal sinterlemenin 3Y-TZP
seramiklerinin mekanik 6zelliklerinin geligtirilmesine etkileri rapor edilmistir.
Bu aragtirmalar bilimsel agidan ¢ok 6nemli katkilar saglasa da, tam yogun
kiitlelerin elde edilememesi, ikincil fazlarin 3Y-TZP igerisinde tam olarak
dagilamamas1 ve onerilen yeni sinterleme tekniklerinin sanayilesmeye uygun
olmamasi bilinen dezavantajlar olarak degerlendirilebilir [10]. Bu nedenle
3Y-TZP’lerin kirilma dayanimini iyilestirmek igin hala daha pratik, endiistriyel
ve uygulanabilir yeni yaklagimlara ihtiyag vardir. Bu dogrultuda, seramik-
seramik kompozit yapilarin gelistirilmesi ile birlikte nitelikli malzeme tiretimi
onem kazanmustir.

1.1. Aliimina (Al,O,) ile Toklagtirilmig Zirkonya (ATZ)
Kompozitleri

Aliimina (ALO,) ile toklagtirilmig zirkonya (ATZ) kompozitleri,
yiiksek mukavemet, sertlik, tokluk ve aginma direnci gibi olaganiistii mekanik
ozellikleri nedeniyle bir¢ok endiistriyel alanda yaygin olarak kullanilan
gekici bir yapisal seramik olarak kargimiza gikmaktadir. Bu ozellikler, ZrO,
fazinin digaridan uygulanan stres tarafindan tetiklenmesi ile tetragonal fazdan
monoklinik faza doniisiimiinden etkilenmektedir. ATZ kompozitlerinde
sinterleme iglemi sirasinda olugan kalint1 gerilim ile olugan bu faz doniigiim,
mikro yap1 tasarimu ile kontrol edilebilmektedir [12].

ALO, igeren seramikler, miikemmel mekanik performansina bagh
olarak en yaygin kullanilan yapisal seramiklerden birisidir. Ancak diigiik
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kirilma toklugu, miihendislikte genis uygulama alanini sinirlamaktadir. Bu
noktada, bir¢ok aragtirmacinin konu iizerinde iyilestirici yontemler sundugu
bilinmektedir. Catlak ucu gevresindeki alanlarda elastik olmayan tahribat
nedeniyle, AlLO, seramiklerinin kirilma toklugunu gelistirmek igin stresle
tetiklenmig yari-kararli t-ZrO,’nin t—>m doniisiimiinii kullanan faz doniigiim
toklagmasi, burada geleneksel ve etkili bir yontem olarak dikkat gekmektedir
[13].

Saf ZrO,deki martensitik doniigiim sirasinda fazin neden oldugu
hacimsel degisim (%47in iizerinde) nedeniyle, kararh sinterlenmig ZrO,
seramiklerini elde etmek zordur. Boylece ZrO,’ye 3 mol % itriyum oksit gibi
az miktarda katki elementinin ikame edilmesiyle, oda sicakliginda tetragonal
taz (3YTZP; tetragonal zirkonya polikristalin) kararlagtirilmis olur. Az
miktarda Al,O, parcaciklari igeren ZrQO,; yani aliimina ile toklagtiriimg
zirkonya (ATZ) kompoziti, ALO,’in yiiksek mukavemeti, sertligi ve
kimyasal kararlilig ile tokluk ve biyouyumluluk gibi dikkate deger mekanik
ozelliklerin bir kombinasyonunu sergiler. Bu ATZ kompoziti, asinmaya
ve korozyona direngli malzemeler gerektiren birgok endiistriyel pargalarda
yaygin kullanilan ¢ekici bir yapisal seramiktir. Ayrica, ATZ kompozitleri
son zamanlarda biyouyumluluklar1 ve estetik, fiziksel ve mekanik 6zellikleri
nedeniyle ortopedik cerrahi, dig hekimligi ve biyomedikal implantlarda
(ortopedik kalga protezleri, endoosse6z implantlar ve seramik kronlar gibi)
uygulama i¢in talep gormektedir [12].

ATZ kompozitlerinin mekanik Ozellikleri paslanmaz  gelikler ile
kargilagtirilabilir. Ancak ATZ metalik malzemelere gore daha diisiik tokluk
nedeniyle kirilgandir. Yiizey taglama islemi ve nemli ortamda yaglanma, ATZ
kompozitinin 6zelliklerini bozabilir. ATZ ile iliskili bu dezavantajlar, ZrO,
matrisinin tane boyutu ve matris i¢indeki Al,O,’lin pargacik boyutunu igeren
mikro yap1 Ozelliklerinin tasarlanmasi ve stabilize ZrO,’de gozlemlenen
faz dontisim toklagmasinin maksimuma ¢ikarilmasiyla azaltilabilir. Tane
biiyiimesi kontrol edildiginde, faz doniigiimiiniin (t—m) daha az oldugu
bilinmektedir. Ayrica ZrO, nintane boyutu faz doniigtimiinii etkileyen 6nemli
bir faktordiir. Bu nedenle ZrO,’nin faz doniigtimiini siirlandirmak igin
tane biiylimesini optimize etmek onemlidir. Kompozitteki ZrO, matrisinin
kalint1 stresi, stresle tetiklenmis faz doniigiimii i¢in ¢ok onemlidir. Ciinkii
bu durum, catlak tarafindan absorbe edilen stresle iliskilidir. Ozellikle ATZ
kompozitlerindeki artik gerilmeler, ZrO, ve ALO,{in ¢ekme ve basmaya
maruz kalmasina bagl olarak, ATZ bilegenlerinin (ZrO, matrisi ve Al,O,
pargaciklari) elastik 6zellik uyumsuzlugu ve farkli termal genlesme katsayilari
nedeniyle yiiksek sicaklikta sinterleme sonrasinda sogutma iglemi sirasinda
ortaya cikabilir. Bununla birlikte, ATZ kompozitlerinin yiiksek sicakliklarda
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sinterlenmesinden sonra soguma hizinin kontrol edilmesi ile bu kalinti
gerilmeler kontrol edilebilmektedir [12].

Yapilan bir ¢aligmada [12], 1550°C’de ATZ kompozitleri sinterlendikten
sonra farkli sogutma hizinin mekanik 6zellikleri, mikroyapisal gelisgimine ve
matris fazinin kalint1 gerilimine etkisi aragtirlmistir. ATZ kompozitlerinin
mekanik Ozellikleri o6zellikle de kirilma toklugu, yiiksek sicakliklarda
sinterleme sonrasi sogutma islemi sirasinda olugan kalinti gerilmelere bagl
oldugu belirtilmigtir [12].

En  yaygin  kullanilan  seramik  biyomalzemeler = miikemmel
biyouyumluluklarindan dolayr ALO, ve ZrO, dir. AL,O,in ana avantajlart
yiiksek sertligi ve aginma direncidir. ZrO, ise daha diigiik Young modiiliiniin
yani sira daha yiiksek mukavemet ve kirilma toklugu sergiler. Dig implantlar1
i¢in seramik bilegenler geligtirmek amaciyla, sinterleme sicakligy, sinterleme
siiresi ve AL O, igeriginin ZrO,~-Al O, kompozitlerinin mekanik 6zellikleri
ve sitotoksisite tizerindeki etkisi aragtirilmigtir. Bu amagla 3 mol % Y,0O,
iceren t-ZrO, seramikleri degerlendirilmigtir [14].

AL O, miktarmin artmas ile birlikte kompozit malzemelerin sertliginde
lineer bir artig gozlemlenmigtir. Agirlik¢a %30 oraminda ALQO, ilavesi ile
sertlik 1600 HV degerine ulagmistir. Ote yandan, kompozitlerin yaklagik
8 MPa.m'? olan kirilma toklugu ALO, igeriginden etkilenmemigtir.
Goriiniise gore, diigiik t-ZrO, igerikleri, ZrO, matrisi ile ALO, taneleri
arasindaki termal uyumsuzluktan kaynaklanan gerilmeler tarafindan
telafi edilmektedir. Agirlikga %20 ALO, igeren ve 1600°C’de 120 dakika
sinterlenen numunelerin egilme dayanimi 690 MPa’a yakin olup, Young
modiilii 200 GPa’dir. Ayrica, biyouyumluluk 6n testi, ZrO,-AlL O, kompozit
malzemenin sitotoksik olmayan olarak siniflandirilabilecegini ve bu nedenle
implant bilegenleri olarak olas1 uygulamalar igin biiyiik potansiyele sahip
oldugunu gostermigtir. Bu ¢aligmada, ZrO,-AlLO, kompozitinin estetik
ozelliklerinin yani sira mitkemmel mekanik 6zellikleri ve biyouyumlulugu
nedeniyle, dental implant uygulamalarinda biyoseramik malzeme olarak
kullanilabilecegi gosterilmigtir [14].

Upadhyaya ve arkadaglarinin yapmig oldugu bir ¢aliymada, 3YTZP
matris fazi i¢in tane biiylimesini engelleme potansiyeli gosteren ALO,
dispersiyonlart kullanilmugtir [15]. Tek fazli seramik-seramik kompozit
sistemlerin toz prosesi kritik bir adimdir. Kiigiik tane boyutlu partikiil
takviyelerinin matris fazinda dagilimi igin sentez gergeklestirilmistir. Mekanik
alagimlama, ¢ozeltilerin buharlagtirilarak ayrigtirilmasi, birlikte ¢oktiirme
ve sol-jel vb. gibi ¢esitli yontemler ile galigilmigti. Mevcut ¢aligmada, yag
kimyasal metot olan birlikte ¢oktiirme ile iiretilen, iki geligen fazin kargilikli
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etkilesimi anlatilmigtir. 3Y-TZP ve ALQO, igin kristallegme davramgi XRD
analiz ile incelenmigtir. TG-DTA ve XRD analizleri, kristallesmenin AL O,
takviyesi ile engellendigini ortaya koymusgtur [15].

Basu ve arkadaglar1 [16], ZrO,-AlLO, kompozitlerini iiretmek amaciyla,
agirlikga %20 (hacimce %28) Al igeren itriyum oksit ile stabilize edilmig
tetragonal zirkonya (YTZP) polikristallerini kullanmiglardir. Kompozitler
(%28 hacim igerikli) ALO, ile 1450°C’de 1 saat siireyle vakumda sicak
presleme yoluyla iretilmistir. Mikroyapt ve mekanik Ozellikler ticari
Zr0,-%20 ALO, seramigi ile de kargilagtirlmugtir. Elde edilen toklukta
gozlenen farklilik, itriyum oksit igerigi ile dagilimi ve Al O, partikiillerinden
kaynaklanan kalint1 gerilimler nedeniyle agiklanmugtir. Karigtirma metodu
ile olusturulan homojen olmayan itriyum (Y) dagilimi ve azaltilmig toplam
itriyum oksit igerigi ile yeni gelistirilen kompozitlerin tokluk degeri ~10
MPa.m"?a kadar artig gostermistir. Boylelikle ticari ZrO,’nin, agirlik¢a %20
AL O, igeren seramiklerden iki kat daha fazla tokluk degerine sahip oldugu
goriilmiigtiir. Aragtirma sonuglarina dayanarak, TZP-AL O, kompozitlerinin
toklugunu uygun degerlere getirmek igin basit bir yaklagim 6nerilmistir [16].
Doniigiim toklagmasinin, ana toklagma mekanizmasi oldugu gozlemlenmistir.
Doniigiim sicakhiginin ZrO,’nin tane boyutunun artmasina bagh olarak artig
gosterecegi, baskilanmug t-ZrO,’ nin doniigim davranig1 ve kararhligin tane
boyutuna bagl oldugu, yiizey ve gerinim enerjisi, kimyasal serbest enerji
ve matriste monoklinik fazin g¢ekirdeklesme zorlugu agiklanmugtir. ZrO,
matrisinin mitkemmel toklugu korunurken, YTZP/ALO, kompozitlerinde
sertlik ise 6nemli Olciide artmistir. Kompozitlerde doniigiim toklagmasinin
artigina katkida bulunan diger mikroyapisal degiskenler, mekanik karigtirma
ile iiretilen kompozitlerin mikroyapisinda genis ve homojen olmayan bir
itriyum oksit dagiliminin olmasidir.

ZrO,, ALO, ve ALO,-ZrO, (ATZ) kompozitleri farkli teknikleri
optimize etmek ve degerlendirmek igin kullanilmaktadir. Bu malzemeler
biyouyumluluk, mukavemet, yorulma ve aginma direnci 6zelliklerinden dolay:
biyomedikal endiistri i¢in ¢ok caziptir. Dig, protez ve implant endistrisi,
cklemeli imalat (EI) teknolojisinin odak noktalarindan {igiidiir. Tsiga
duyarli ¢camur siispansiyonlarin gelistirilmesi, 3D baski sirasinda en 6nemli
noktalardan biridir ve bu nedenle, mikro yapida iyi bir homojenlik saglamak
ve genel kusurlari azaltmak icin kolloidal prosesin kullanilmasi gereklidir.
Son zamanlarda bazi aragtirmacilar, katt madde igerigi, ¢oziicii, dagitict vb.
gibi farkli parametrelere dikkat ¢ekerek ¢amur siispansiyonlarin gelisimine
odaklanmuglardir. Borlaf ve arkadaslar: tarafindan yapilan galigmada, litografi
esaslt seramik tiretimi (LCM) ve djjital 151k prosesi (DLP) tekniginde UV
kiirlenebilir siispansiyonlarin geligtirilmesi i¢in bir ve iki adimda uygulanan
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proses sonuglarinin kargilagtirmalart yapilmistir. Sinterlenmis biinyelerde
%99 civarinda ortalama yogunluk degerleri ile birlikte mikro gozenekler
tespit edilmigtir. Her iki yontem ile benzer 6zelliklere sahip ZrO, numuneleri
tiretilmigtir. Tek adimda hazirlanan UV takviyeli stispansiyondan hazirlanan
ATZ igin 781 MPa egme mukavemeti degerine sahipken, iki adimda
hazirlanan numunelerde delaminasyon olugtugu belirtilmigtir [17].

1.2. Zirkonya (ZrO,)-Silisyum Karbiir (SiC) Kompozitleri

Doniigtimle toklagtirilmig ZrO, sisteminde, sadece doniigiimle toklagtirma
yoluyla hem mukavemeti hem de toklugu iyilestirmenin zor oldugu
yapilan ¢aligmalarda belirtilmigtir. Bu mitkemmel 6zellikler, sadece ortam
sicakliginda elde edilen tetragonal (t-ZrO,) fazdan monoklinik (m-ZrO,)
faza stresle tetiklenmis faz doniigtimiinden kaynaklanmaktadir. Bu 6zellikler
artan sicaklikla 6nemli 6l¢iide azalmaktadir. Ciinkii daha yiiksek sicakliklarda
t-ZrO, faz kararlibigmin artmasiyla t-ZrO,’den m-ZrO,’ye doniisiim
toklagmasi etkisi azalir. Ayrica, diigiik sicakliklarda, yaklagik 200°C°de tavlama
esnasinda da mekanik 6zellikleri bozulur [18].

Kompozit teknigi ve Ozellikleri iyilestirmek i¢in cgesitli yontemler
uygulanmaktadir. Visker, levha, fiber veya partikiil gibi ikincil takviye
fazlarinin matris i¢inde dagitildigi kompozit teknigi en etkili yontemlerden
biridir ve yaygin olarak kullaniimaktadir [19]. Son aragtirmalar, matris
taneleri iginde veya tane sinirlarinda nano boyutlu partikiil igeren seramik
kompozitlerin (nanokompozitler olarak adlandirilir) yiiksek sicakliklarda
bile mitkemmel mekanik 6zelliklere sahip oldugunu bildirmigtir. Matris
malzemesi ve takviye arasindaki termal genlesme katsayilarimin (CTE)
uyumsuzluguna dayanan artik gerilmeler ve dagitilan faz tarafindan yiiksek
sicakliklarda gatlak sapmasi ve tane sinir1 kaymasinin engellenmesi sebep
olarak gosterilmigtir. Bu nedenle nanokompozit teknikleri 3 mol % Y,0O,
katkili ZrO, (3YTZP) igin uygulanmig ve hem mukavemeti hem de toklugu
artirmak i¢in 3Y-TZP/SiC nanokompozitleri tretilmigtir. SiC  partikiili,
3YTZP’den ¢ok daha diisiik termal genlesme katsayisina, yiiksek Young
modiiliine ve yliksek sicakliklarda miikemmel mekanik 6zelliklere sahip
oldugu i¢in bu ¢alismada ikinci faz olarak kullanilmistir. Ayrica, diisiik ve
yiiksek sicakliklarda 1s1l iglem ile mekanik 6zelliklerin azalmasinin yani sira,
termal iletkenlik ve termal kararlilikta da iyilesmeler beklenmektedir [18].
Bamba ve arkadaglari tarafindan, YTZP/SiC nanokompozitleri sicak presleme
kullanilarak bagaril bir sekilde tiretilmigtir. Nano-kompozitlerin mikroyapisi
ve mekanik Ozellikleri degerlendirilmis ve SiC partikiiliiniin 3Y-TZP’nin
ozellikleri tizerindeki etkileri arastirilmigtir. SiC partikiilii yogunlagma ve
tane biiylimesini engellemis ve boylece nanokompozitler ince ve homojen
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bir mikro yapiya sahip olmustur [18]. Ding ve arkadaslari, hacimce %20
’ye kadar SiC partikiilleri iceren, basingsiz sinterlenmis ve ardindan sicak
izostatik preslenmis Y-TZP seramiklerin mikroyapisi ve mekanik 6zelliklerini
incelemigtir. ZrO, matrisinin tane biiyiimesi SiC ilavelerinden 6nemli 6lgiide
etkilenmemigtir. Sertlik, Young modiili ve kirilma toklugu (K,.) degerinin
arttigi ve egilme mukavemetinin (o, ) artan SiCigerigiile azaldigi bulunmustur.
Maksimum K, ve o sirasiyla 7-8 MPa.m'? ve 849 MPa hesaplanmustr.
SiC ilaveleri, gatlak boyutlarinin artmasina ve diigiik sicaklikta yaglandirma
sirasinda t-ZrO,’nin termal kararlihiginin azalmasina neden olmugtur. Baskin
toklagtirma mekanizmasi mikro gatlak olarak belirlenmistir. Stres kaynakl
taz doniigiimii yalnizca ikincil bir rol oynamugtir [20].

SiC-visker takviyeli 3YTZP (SiCw/3YTZP) kompozitlerinin dongiisel
yorulma ¢atlak biiyiimesinin ilk incelemesi Zhan ve arkadaslar1 tarafindan
[21] gergeklestirilmistir. Visker takviyeli bir seramik iizerinde elde edilen
yeni deneysel sonuglar, toklagtirilmig seramiklerin dongiisel yorulma
davranig1 hakkindaki bilgi birikimine katkida bulunacaktir. Deneyler, sabit
tepe yiikii kosulu altinda dongiisel olarak gerilim altinda dort nokta egme
numuneleri kullanilarak gergeklestirilmigtir. Dort noktali egme numuneleri
kullanilarak yapilan uzun gatlak deneylerine dayanarak, dongiisel yorulma
catlak biiylime oranlarinin (10-1°- 10 (m /dongii) araliginda) maksimum
gerilme yogunlugu faktoriine ve yiik oranina duyarl oldugu bulunmustur.
Diger seramik malzemelere benzer sekilde, uzun gatlak yorulma esiginin
(AK,,,), indentasyon kirilma toklugunun (Kic) %45’ mertebesinde
oldugu ve artan kirilma toklugu ile arttig1 bulunmugstur. Caligma ile SiCw/
YTZP kompozitlerinde yorulma c¢atlak biiyiimesinin mekanik olarak
indiiklenen dongtisel bir siire¢ oldugu gosterilmigtir. Ayrica, sonuglar
hem toklugun hem de gatlak biiyiime direncinin visker igerigine bagh
oldugunu gostermektedir. Kompozitlerde yorulma gatlagi biiyiimesinin
mikroplastikle iligkili bir mekanizma izledigi 6ne siiriilmektedir. Mikro
catlama, mikroplastisite i¢in makul bir genel agiklama olarak kabul
edilmektedir [21].

1.3. Zirkonya (ZrO,)-Titanyum Diboriir (TiB,) Kompozitleri

Uzun yillar boyunca titanyum diboriir (TiB,) hafif zirh igin ilgi gekici
malzemelerden biri olmustur. Bu bilesik nozul, conta, kesici takim, kalip
ve aginmaya dayanikli Uriinler igin genig ticari uygulamalar igermektedir.
TiB, ayrica, erimig aliiminyuma kargi mitkemmel 1slanabilirligi ve korozyon
direnci nedeniyle aliiminyum {retiminde elektrot yapiminda potansiyel

uygulama alani bulmugtur [5,23].
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TiB, miikemmel bir sertlige (1800-2700 kg/mm?) sahip olmasina
ragmen, ancak kirilma toklugu ok yiiksek olmamakla (5-7 MPa.m'?)
birlikte, ayrica orta diizeyde de bir egilme mukavemetine sahiptir. Bu
nedenle, TZP-TiB, kompozitlerinin tribolojik uygulamalar igin umut verici
kompozit malzemeler oldugu diisiiniilmektedir. TiB,-ZrO, kompozitinin
bir bagka avantaji da, 6zellikle kiibik fazda ilave edilecek ZrO, durumunda,
termal genlesme katsayis1 uyumsuzlugunun diigiik olmasidir.  Oda
sicakhiginda, TiB, ve c- ZrO, i¢in termal genlesme katsayilari sirasiyla
7.19x10° ve 8.0x10° K “dir. Yapilan ¢aliymada [5], ZrO, ve itriyam oksit
ile yakilarak sentezlenen TiB,’nin mikroyap: goriintiilerinde, geligmis TiB,
kristallerinin ZrO, fazina iyi baglandigi gozlemlenmistir. Ortalama kiiglik
partikiil boyutuna sahip kompozit tozlar elde etmek igin, yanma sicakliginin
azaltilmast gerektigi belirtilmigtir. Bu durumda, gesitli miktarlarda ZrO,
eklenerek farkli bilegimlere sahip triinler elde edilmektedir. Sasirtici bir
sekilde, yapilan deneylerde olugan TiB, kristallerinin, yanma sicakliginin ve
ortalama pargacik boyutunun genig aralikta (agirhk¢a %35% kadar) ZrO,
ilavesinden etkilenmedigini gostermistir. Ancak seyreltme, yanma cephesi
hizint etkilemigtir. ZrO,’yi tam olarak stabilize etmek igin, yeterli miktarda
itriyam oksit reaksiyona giren karigima ilave edilmistir. Eklenen itriyum
oksit miktarina bagl olarak, tetragonal ((ZrO,), ¢,(Y,0,),00)0.017)
oksitler ((ZrO,); ¢(Y;,0,)012)0505) €lde edilmigtir. ZrO, ilaveli, titanyum ve
bor tozlarinin yakma teknigi (CS) ile dogrudan sentezlenerek kompozitlerin
tretimi gergeklestirilmigtir [5].

veya kiibik

Parcacik takviyeli seramik matrisli kompozitlerde, ikincil bir fazin varlig
genellikle termal genlesme katsayis1 uyumsuzlugu nedeniyle kalinti stres
olusturur. Artik gerilmenin biiylikliigii, farkl fazlar arasindaki E-modiilii
uyumsuzluguna da baghdir. Yapilan bir ¢aligmada, artik gerilimin ve farkli
ZrO, baglangig tozlarmin ZrO,-TiB, kompozitlerindeki tetragonal ZrO,’nin
doniigiimii ve toklugu tizerindeki etkisi aragtirlmigtir [22]. Ayni1 zamanda,
gahymalarda yiiksek toklukta malzemeler gelistirmek igin TiB, gibi ¢esitli
kirilgan matrislere t-ZrO, fazimin ilavesi de gergeklestirilmigtir. Ancak TiB,
gibi sert bir faza sahip, YIZP kompozitlerinin toklugunu kontrol eden farkli
mikroyapisal degiskenler ile ilgili kapsamli bir galigma yapilmamugtir.

ZrO, matrisindeki katkilama dagiliminin, YTZP seramiklerinin toklugu
tizerinde biiyiik bir etkisi oldugu gozlemlenmistir. Caligmada, ticari olarak
temin edilebilen farkli Y,O, ile kararlagtirilmig ZrO, tozlarmn, hacimce
%30 TiB, katkili ZrO, kompozitlerinin mekanik 6zellikleri tizerindeki etkisi
agiklanmugtir. ZrO, baglangi¢ tozlarimin yapisal farkliliklart ve kalintr stresin,
TiB, kompozitlerinin mekanik o6zellikleri tzerindeki etkisi bildirilmigtir.
Ayrica ZrO, matrisindeki itriyum dagiliminin, YTZP bazh kompozitlerin



90 | Zirkonya Matrisli Seramik-Seramik Kompozitler

tokluguna etkisi agikliga kavusturulmugtur. Hacimce %30 TiB, igeren
tam yogun t-ZrO, kompozitleri 1450°C’de vakumda sicak presleme ile
tretilebilmigtir. Kompozitlerde, kirilma toklugu 10 MPa.m'? ve sertlik
degerleri 13 GPa olarak tespit edilmigtir. ZrO,-TiB, kompozitlerinin ZrO,
matrisindeki kalinti gekme gerilmesinin, t-ZrO, matrisinin doniisebilirligi
ve kompozitlerin genel toklugu iizerinde 6nemli bir etkiye sahip oldugu
bulunmugtur.

Kalint1 streslerin faz doniigiimii {izerine etkileri, itriyam oksit ile kaplt
ZrQ, tozlan ile kiyaslandiginda, birlikte ¢oktiirme yontemi ile tiretilmig
ZrO, tozlarinda daha belirgin oldugu saptanmugtir. TiB, fazi tarafindan
olugan gatlak sapmasi, aktif ve onemli bir toklagtirma mekanizmasi olarak
tespit edilmigtir. Tetragonal fazin tane boyutunun elde edilen tokluk tizerinde
herhangi bir etkisi yok gibi goriinse de, ZrO, matrisindeki itriyum dagilim,
t-ZrO, fazinin doniigebilirligini ve doniigiim toklugunu kontrol etmede ek
bir degigken olarak tamimlanmigtir. Bu nedenle, ZrO, matrisindeki kalint:
gerilmelerle birlikte bu faktoriin, YTZP igeren doniisiimle toklagtirilmig
malzemelerin gelistirilmesinde tasarim parametreleri olarak dikkate alinmasi
gerektigi ifade edilmistir [22].

Basu ve arkadaglar tarafindan [23], yiiksek tokluga sahip itriyum oksit
ile kararlagtirilmug tetragonal zirkonya polikristalin (YTZP) kompozitlerini
gelistirmek i¢in sert TiB, parcaciklar1 ile takviye yapilmistir. Deneysel
sonuglar, hacimce %30 TiB, igeren tam yogun Y-TZP kompozitlerinin 13
GPa sertlik degerinde, 1280 MPa’a kadar yiiksek mukavemet ve 1450°C’de
vakumda sicak presleme ile 10 MPa.m"?a kadar miikemmel bir indentasyon
kirilma toklugu ile elde edilebilecegini ortaya koymustur. Saf monoklinik ve
3 mol % Y,0, ile ¢oktiiriilmiig ZrO, baglangi¢ tozlarmin karigtiriimasiyla
elde edilen toplam 2,5 mol % itriyum oksit igerigine sahip bir ZrO, matrisi
i¢in optimum kompozit toklugu elde edilmistir. Geleneksel 3 mol % itriyum
oksit ile ¢oktiiriilmiiy ZrO, tozlar ile kargilagtirldiginda, 3 mol % itriyum
oksit kapht ZrO,TiB, (70/30) kompozitlerinde elde edilen iistiin toklugun,
ZrO, baslangig tozundaki %3 mol itriyum oksit stabilizator dagilim ile
elde edildigi vurgulanmugtir. TiB, katkili %3 mol itriyum oksit igeren Y-TZP
ile 3 mol % YTZP ve m- ZrO, toz karigimina sahip monolitik fromlarda
tamamen tetragonal faz elde edilirken, 2 mol % itriyum oksit igeren TiB,
katkilh kompozitlerde ©6nemli oranda tetragonalden monoklinik faza
doniigiim (m-ZrO, %67,4) gozlemlenmistir. Ayrica, 2,5 ve 3 mol % itriyum
oksit ile kararlagtirilan ZrO,-TiB, (70/30) kompozitlerinde t-ZrO, fazinin
doniigebilirligi, saf ZrO, matris malzemelerinden daha yiiksektir. Bu durum,
TiB, ilavesinin t-ZrO, fazina doniigebilirligini artirdigini gostermektedir.
Ayni zamanda boylesi seramiklerde baskin toklagtirma mekanizmasinin
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doniigiim toklagmasi oldugu da agikardir. Kompozitlerin genel tokluguna
yonelik doniigtim toklagmasinin biiytik olglide ZrO, matris bilesimine ve
TiB, katkist ile meydan gelen artik gerilmelere bagli oldugu oldukga agiktir.
TiB, ilavesi, ZrO, matrisinde t-ZrO,’ya dontigebilirligini artiran termal artik
¢ekme gerilmelerine neden olur. Déniigiim toklagmasinin 2,5 ve 3 mol %
itriyum oksit igeren ZrO,-TiB, kompozitlerinde ana mekanizma oldugu
tespit edilirken, gatlak sapmasinin da aktif oldugu gozlemlenmistir [23].

TiB,nin yiiksek sertlige sahip birkag boriirden biri olarak, yiiksek
sicakliklarda ZrO, ile kimyasal olarak uyumlu olmast beklenmektedir.
Hacimce %50°den daha az TiB, igeren, YIZP bakimindan zengin
kompozitler hakkindaki mevcut bilgiler literatiirde sinirhdir. 1,94 mol %
Y,0, ile kararlagtinlmig ZrO, nanotozlardan iiretilen, agirlik¢a %80°den
tazla ZrO, igeren ZrO,TiB, kompoziti 1500°C’de hazirlanmigtir. Saf
ZrO, ve TiB, den olusan kompozitler (TiB,- agirhk¢a %30 ZrO,) igin 800
MPa’dan daha yiiksek mukavemet ve 7-9 MPa.m'? tokluk degeri, yiiksek
saflikta 1800-1900°C°de sinterlenmis numunelerden elde edilmistir. m-ZrO,
ile hazirlanan TiB,-ZrO, sistemindeki deneysel sonuglarin, tane boyutu
incelmesinin yami swra Ti’nin ZrO,’ye diflizyonu ve bir (Ti,Zr)B, kati
¢ozeltisinin olugumu sonucunda t-ZrO, fazinin kismi bir stabilizasyonunun

gergeklesmesi ile iligkili oldugunu agiklamuglardir [24].

Deneysel sonuglardan Ti’nin her zaman ZrO, tanelerinde, TiB, tanelerinde
de her zaman Zr konsantrasyonunun bulunup bulunmayacagi konusunda
kesin sonucuna varmanin miimkiin olmadig: yapilan benzer ¢aliymalardan
gozlemlenmigti. Bu durum Sarbu ve arkadaglar1 tarafindan yapilan
gahgymada, ZrO,/TiB, (70/30) kompozit numunelerinin EDS ile yapilan
ilk mikrokompozisyon incelemesi sirasinda da ortaya ¢ikmugtir. Ti’nin, TiB,
taneciklerinden ZrO, taneciklerine difiizyonunun enerji dagiiml x-131m
spektroskopisi (EDS) mikroanaliz verilerine dayanarak kesin olarak tespit
edilemeyecegi kanaatine varilmistir. Bu nedenle, X-151n1 floresans teknigi
yerine mevcut ¢aligmada yalnizca elektron enerji kaybi spektroskopisi (EELS)
kullanilmigtir.  ZrO,/TiB, (70/30) kompozitleri igin detayli mikroyap:
incelemesi, YTZP matrisine hacimce %30 TiB, eklenmesinin kompozitin
sertliginde Onemli Olglide iyilesme saglamadigini  gosteren deneysel
sonuglarin uygun bir sekilde agiklanmamasi nedeniyle gergeklestirilmistir. Ti,
ne ZrO, taneciklerinin i¢inde nede ZrO, taneleri arasindaki tiglii baglantilar:
dolduran amorf taneler arasi faz i¢eren bolgelerde tespit edilmemistir. Ti
yalnizca biiytik titanyum bortir taneleri ile BN aglomerat1 arasindaki amorf
fazda tespit edilmistir. Zr hi¢bir zaman amorf tanecikler arasi fazda veya
titanyum boriir tanelerinin iginde tespit edilmemigtir. Literatiirde onerildigi
gibi, (Ti,Zr)B, kati ¢ozeltisinin olugumunun yani sira Ti interdifiizyonu
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ile t-ZrO, fazimin stabilizasyonu, 1450°C’de sicak preslenen ZrO,TiB,
kompozitleri igin hari¢ tutulmaktadir [24].

1.4. Zirkonya (ZrO,)-Zirkonyum Diboriir (ZrB,) Kompozitleri

IVB grubu metal boriirlerinden olan zirkonyum boriirler, ultra yiiksek
sicaklik malzemesi olarak bir¢ok alanda kullanim yeri bulmakta olup, ileri
teknoloji refrakter seramik malzemeler olarak adlandirihirlar [25]. Giiglia
kovalent bag nedeniyle, gecig metal boriirleri yiiksek ergime noktasi
(3245°C), vyiiksek sertlik, yiiksek elastik modiil, elektriksel ve termal
iletkenligin (60-130 W/m.K) yani sira, ergimig metallere ve bazik olmayan
ciruflara kargr olan inert kimyasal davraniglart ve {istiin termal sok direnci
olan bir malzemedir [26-27]. Zr-B ikili faz diyagramina gore, zirkonyum
boriir fazlari olarak, ZrB (927°C’ye kadar), ZrB , (1720-2030°C araliginda)
ve ZrB, (3227°C’ye kadar) bilegikleri mevcuttur ve bunlar arasinda en kararl
taz ZrB, dir [25].

ZrB'nin siiperiletkenlik davraniglar: literatiirde incelenmig ve giincel
olarak da incelenmeye devam etmektedir. Cesitli oksit ya da karbiir katkilar
ile geligtirilen zirkonyum boriir esash kompozit malzemeler (ZrB,-ZrC,
ZrB,-7Zx0,, ZrB,-SiC, ZrB,-SiO,, ZrB,-B,C, vb.) miikemmel fiziksel ve
mekanik 6zellikler gostermektedir [25].

Bununla birlikte, distik kirilma toklugu ve mukavemeti, zayif
sinterlenebilirlik ile birlestiginde, monolitik boriirlerin yapisal malzemeler
olarak uygulamasini sinirlamaktadir [26]. Literatiirde, 3 mol % itriyum
oksit igeren ZrO, ve ZrB, kompozitler ile ilgili olarak Basu ve arkadaglar:
[26] tarafindan, hacimce %30 ZrB, igeren itriyum oksit ile kararlagtiriimig
YTZP kompozitleri, 1450°C’de 1 saat boyunca vakumda sicak presleme
ile hazirlanmigtir. Kompozit iiretimi igin farkli ticari ZrO, baglangig
tozlarinin yani sira, birlikte ¢oktiirme yontemi ile iiretilen ZrO, toz
karigimlart kullanilmugtir. Elde edilen kompozitlerin mekanik 6zelliklerinde
Olgiilen farkliliklarin mikroyapi, ZrB, katkisindan kaynaklanan kalinti
stres gerilmeler, kararlagtirict igerigi ve dagilimi nedeniyle meydana
geldigi agiklanmugtir. Stabilizator igerigi ve dagilimi 6nemli olurken, ZrO,
matrisindeki kalint1 gerilmenin t-ZrO,’nin doniigebilirligini etkileyen 6nemli
bir ek faktor oldugu bulunmustur. ZrB, fazi tarafindan gatlak sapmasi,
kompozitlerde aktif bir toklagtirma mekanizmasi olarak tanimlanmugtir.
Mekanik ozellikleri incelendiginde, 9MPa.m'? kirilma toklugu ve 13 GPa
sertlik degeri elde edilmistir. Ttriyam oksit kapli tozlarin kullamimi ile 10
MPa.m'"? maksimum kompozit toklugu ayrica saglanabildigi kaydedilmistir.
ZrO,-ZrB, kompozitlerinin toklugunu optimize etmek igin basit bir ‘toz
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karigtirma’ yonteminin etkili oldugu bulunmustur. Mevcut ¢aligmada
matrisin toklugu, 2 mol % Y igerigi ile en yiiksek deger elde edilirken,
kompozitlerin toklugunun 2,5 mol % Y kullamldiginda maksimum oldugu
ve daha sonra itriyum seviyesinde azalma ile birlikte toklugun azaldig:
bulunmugtur. Bu durum, ZrO, esasli kompozitlerin gelistirilmesinde son
derece onemlidir [26]. Burada doniigiim toklagmasi, optimize edilmig
kompozitlerde baskin toklagma mekanizmas: olarak gozlemlenmistir. ZrO,-
ZrB, kompozitlerinin ZrO, matrisindeki kalint1 gekme gerilmesinin, t-ZrO,
matrisinin doniigebilirligini ve kompozitlerin doniigiim toklugu iizerinde
onemli bir etkiye sahip oldugu bulunmugtur. Deneysel sonuglar, kalinti
gerilmenin kompozitlerin doniisiim toklugunun optimize edilmesinde
dikkate alinmas: gerektigini agikga gostermektedir. ZrO, matrisindeki genel
itriyum igerigi ve dagilimy, t- ZrO, doniistiiriilebilirligini ve buna eslik eden
doniigiim toklugunu kontrol etmede kilit faktorler olarak tanimlanmuistir.
Dolayisiyla tiim bu faktorler, YTZP bazl doniigim toklugu kazandirilmig
malzemelerin gelistirilmesinde 6nemli tasarim parametreleri olarak dikkate
alinmalidir. Ayrica, ZrB, faz1 tarafindan meydana gelen gatlak sapmasi aktif
ve ek bir toklagtirma mekanizmasi olarak tanimlanmugtir.

Tribolojik uygulamalar igin, yiiksek toklukta ve sertlikte seramiklerin
gelistirilmesi her zaman biiyiik bir itici gii¢ olmustur. Bu nedenle tribolojik
ozellikleri degerlendirmek ve anlamak igin kapsamli aragtirma g¢abalari
ortaya konulmugtur. Bakshi ve arkadaslarinin yapmig oldugu ¢aligmada
[28], argon (Ar) atmosferi alinda 110 MPa basingta 1400°C’de 1 saat
boyunca sinterleme-HIP igleminden sonra yogun, hacimce %30 ZrB,
iceren TZP kompozitlerinin iiretilebilecegi bildirilmistir. Ince tane
boyutunda ZrB, takviyeleri ile YTZP malzemelerin mekanik ozelliklerini
onemli olglide artirdig1 ve bu kompozitlerde yiiksek sertlik (16 GPa) ve
mitkemmel tokluk (18 MPa.m'?) gibi mekanik ozellikler tespit edilmistir.
Kompozitlerin siirtiinme ve aginma 6zellikleri ise malzeme parametrelerine
(matris ile takviye fazin igerigi ve hacmi, sertlik, tokluk vb.) ve ¢alisma
parametrelerine (kayma hizi, yiik, nem vb.) baghdir. Aginma mekanizmasi,
kayma temaslarindaki tribokimyasal reaksiyonlar tarafindan kontrol altina
alinmaktadir. Burada, ZrO, faz doniisiimiiniin rolii ihmal edilebilir diizeyde
bulunmugtur. Tim kompozitler, incelenen stirtiinme kogullar: altinda gelige
karsi diigitk aginma orani (107-108 mm?/Nm) sergilemektedir. Ayrica,
kompozitlerin aginma orani artan toklukla birlikte azalmakta ve %2 mol Y
ile stabilize edilmig ZrO, matrisli kompozitlerde daha yiiksek aginma direnci
Olgtilmiigtiir. Birlikte ¢oktiiriilmiis 3 mol % itriyum oksit ile stabilize edilmig
ZrO, komporzitlerinde nispeten daha yiiksek aginma orani (107 mm?/Nm)
kaydedilmistir. Bu durum, toklugun tribolojik uygulamalar i¢in 6nemli
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malzeme parametrelerinden biri olarak kritik bir gekilde dikkate alinmasi
gerektigini gostermektedir. Fenomenolojik aginma modeli iizerine yapilan
bu ¢aligmada, sinter-HIP olmus ZrO,-ZrB, kompozitlerinin gevrek kirilma
ve siddetli aginmaya karg1 yiiksek direncinin Oncelikle mitkemmel kirilma

toklugundan kaynaklandigini ortaya koymaktadir [28].

Bakshi ve arkadaslar tarafindan [29], sicak izostatik pres (sinter-HIP)
yontemi kullanilarak tiretilen hacimce %30 ZrB, partikiilleri ile gli¢lendirilmig
sert ve tok ZrO, kompozitlerinin mikroyapisi ve ozellikleri incelenmistir.
Sinter-HIP kompozitlerinin mikroyapist ve mekanik Ozellikleri {izerine
ZrO, matris bilesiminin (Y,O, igerigi) etkisi aragtirilmistir. Tamamen
yogun sinterHIP mikroyapisinda; mikron alti ZrO, matrisindeki ZrB,
partikiillerinin (1-3 um) dagilimi dikkat ¢ekmigtir. Bu ¢aligmanin 6nemli bir
sonucu, ZrO, bazh kompozitlerde ilk kez mitkemmel bir sertlik (20 GPa) ve
tokluk (18 MPa.m'?) degerinin elde edilmis olmasidir. Kirilma yiizeyindeki
m-ZrO, igerigi, doniigim toklagtirma mekanizmasinin tokluk artig1 igin
aktif bir mekanizma oldugunu gostermektedir. Ek olarak, ZrB, partikiilleri
tarafindan meydana gelen gatlak sapmasi da kompozitin toklagmasina katkida
bulunmustur. Indentasyon catlak uzunlugu &lgiimlerine ve ayni zamanda
ZrO, ve ZrB, igin teorik elastik modiil degerlerine dayanarak indentasyon
toklugu, Anstis’in formiilasyonuna gore degerlendirilmistir. Tokluk degerleri
7-18 MPa.m'? gibi genig bir aralikta degismektedir [29]. Tokluktaki bu
biiyiik degisimin, ZrO, matrisindeki Y,O, stabilizasyonundaki degisimden
kaynaklanmaktadir. Ayrica, daha diisiik % mol itriyum oksit igerigine sahip
ZrO, matrisli kompozitler i¢in toklugun daha yiiksek oldugu bulunmustur.

Elde edilen tokluk degerlerinin diger ZrO, igerikli kompozitler ile
kargilagtirildiginda, sicak izostatik preslenmis ZrO,-ZrB, kompozitlerinin,
TiB, [30], ALO, [16] veya ZrB, [29] ile takviye edilmig sicak preslenmig
ZrO, kompozitlerinden 6nemli 6l¢iide daha yiiksek tokluga sahip oldugu,
takviye igeriginin ise hacimce %30 civarinda olabilecegi soylenmektedir.
Taramali elektron mikroskobu (SEM) mikroyap1 goriintiilerinde mikrogatlak
izine rastlanilmamugtir. t-ZrO, fazinin HIP ile sinterlenmig mikroyapida
bulunmasina baglh olarak, stresle tetiklenmis dontisim toklagmas:
mekanizmasinin baskin toklagtirma mekanizmasi oldugunu gostermektedir
[29]. Basingsiz sinterleme yontemiyle {iretilen hacimce %30 ZrB, igeren
ZrO,-ZrB, komporzitlerinde [30] ise, sinterleme 1400-1600°C sicaklik
arahginda Ar atmosferinde 1 saat siireyle gergeklestirilmistir. Caligmada,
baglangic tozu olarak 3YTZP ve itriyum igermeyen m-ZrO, tozlari
kullanilmugtir. ZrO, matrisindeki itriyum igeriginin yani sira sinterleme
sicakliginin kompozitlerin yogunlagmasi, mikroyapisi ve mekanik 6zellikleri
tizerindeki etkisi aragtirilmugtir. Deneysel sonuglar incelendiginde, 1400°C
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ve 1500°Cde iiretilen kompozitlerin mitkemmel sertlik (12 GPa) ve kirilma
toklugu (10-15 MPa.m'?) degerleri elde edilmistir. Bununla birlikte, 1600°C
ve tizerindeki sicakliklarda sinterlemenin mekanik 6zellikleri olumsuz
etkiledigi gozlemlenmigtir.

1.5. Zirkonya (ZrO,)-Silisyam Nitriir (Si,N,) Kompozitleri

Geligmig bir yapisal seramik olan silisyum nitriir (Si,N,), yiiksek egilme
mukavemeti, 1yi stiriinme direnci ve yiiksek sertlik gibi bir¢ok miikemmel
ozellige sahiptir. Ashinda, Si,N, agir1 diizeydeki termal gok ve termal
degisimlere dayanabilen birka¢ 6nemli monolitik seramik malzemeden
biridir. Bu ilging Ozellikleri nedeniyle gaz tiirbini motorlari, termokupl
tiipleri ve ergimis metallere yonelik potalar gibi yiiksek sicakliktaki yapisal
uygulamalar i¢in uygun bir ileri teknoloji seramik malzemesidir. Bu 6zellikler
temel olarak Si ve N iyonlar1 arasinda olugan giiglii kovalent kimyasal baglar
nedeniyle ortaya ¢tkmaktadir. Bununla birlikte, cogu seramik gibi, geleneksel
Si,N, seramigi de zayif kirllma tokluguna sahiptir. Bu durum da diigiik hasar
toleransina ve zayif giivenilirlige, yani kiiglik Weibull modiiliine yol agar [31-
33]. Literatiir aragtirmast, sicak preslenmis Si,N ’tin kirilma toklugunun 3-5
MPa.m'? araliginda oldugunu ve bu degerlerin beklenen uygulamalar igin
kabul edilebilir bir noktada olmadigini gostermektedir [32]. Monolitik Si,N,
seramiklerinin iglevsel ve mekanik 6zelliklerini iyilestirmek igin bir takviye
bilegeni olarak yiiksek performansh nanolif ve nanopartikiiller kullanilarak
kompozit malzemeler gelistirilmeye caligtimugtir. Takviye olarak partikiil
ZrQ, ilavesinin, stres kaynakli martensitik t—m doniigiime ve mikro gatlak
toklagtirmasina dayanan toklagtirma mekanizmalariyla seramiklerin kirilma
toklugunu artirdigy bildirilmigtir [31]. Cain ve arkadaglari sicak preslenmig
ZrO,-SiAION kompozitlerinin kirilma toklugunu aragtirmugtir.  Sistemin
kirlma toklugunun ZrO, igeriginin artmasiyla iyilestigi ve hacimce %30
Zr0O, igeren SiAION kompoziti igin 7,5 MPa.m"?ye ulagtigi bulunmusgtur.
Ayrica, Hirano ve arkadaglari agirhkga %5 Y,0,-ZrO, ilavesinin sadece
B-Sialon kompozitinin kirllma toklugunu ve sertligini iyilestirmekle
kalmadigini, aym1 zamanda bu bilegigin sinterlenmesine de biiyiik olgiide
yardimcr oldugunu gostermigtir [31]. t-ZrO,’nin takviye bileseni olarak
kullanilmast Si,N, seramiklerinin kirilma toklugunun iyilegtirilmesinde etkili
olsa da, ZrO, bilegeni ve Si,N, matrisi arasindaki yiiksek sicaklik etkilegimi,
ozellikle 1600°C’nin {izerindeki sicakliklarda sinterleme sirasinda ZrN
veya ZrON fazlarinin olugumuna yol a¢tigr gézlemlenmigtir. Si,N,-ZrO,
kompozitlerinin hava atmosferinde 500°C’nin iizerindeki sicakliklarda,
zirkonyum nitriir ve zirkonyum oksinitriir fazlar1 kolayca oksitlenir ve
kompozit govdelerin yapisal bozulmasina yol agan %4-57lik bir hacim
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artig1 ile birlikte m-ZrO,ye doniisiir [31]. Sayyadi-Shahraki ve arkadaglar
tarafindan yapilan galigmada [31], ZrO, igeriginin hacimce % 0 -30 arasinda
degistigi tam yogun Si,N,-ZrO, nano-kompozitleri, 10 dakika boyunca 30
MPa basing altinda 1600°C’de kivileim plazma sinterleme (SPS) yoluyla
tretilmigtir. ~ Sinterlenmig nano-kompozitlerin  XRD  grafikleri, ZrO,
bilegeninin tamaminin tetragonal kristal yapida kararli oldugunu, kivilcim
plazma sinterleme (SPS) iglemi sirasinda ne m-ZrO, ne de istenmeyen
ZrN/ZrON fazimin olugmadigim gostermigtir. t-ZrQO, partikiillerinin Si,N,
matrisi i¢inde homojen dagilimi SEM analizi ile gozlemlenmigtir. Mekanik
ozellikleri degerlendirildiginde, Si,N, bazli kompozitlerin sertliginin 16,6
GPx’dan 13,2 GPa degerine diistiigiint, kirlma toklugunun ise ZrO,
igeriginin hacimce %0’dan %30’ ¢ikarilmasiyla 5,8 MPa.m'? ‘dan 7,1 MPa.
m'? degerine yiikseldigini gostermigtir. Bu durum, sirasiyla p-Si,N,’iin
yerinde olugumuna ve stres kaynakli t-ZrO,—m-ZrO, faz doniigtimiine
bagh olmasiyla agiklanmugtir. Ayrica Si,N, seramiklerinin biyo-aktif oldugu
ve kolayca osteointegre olabildigi kamtlanmigtir [34]. ZrO, seramikleri
tizerinde in-vitro ve in-vivo testler mutajenik veya kanserojenik etkiler igin
bulgu gosterilmemistir. ZrO, nin biyolojik aktivitesini iyilestirmek ve mevcut
biyolojik dokulara entegrasyonunu saglamak igin hidroksiapatit gibi aktif
fazlarla alagimlama, kaplamalar, ylizey lazer modifikasyonlar1 ve tekstiire
etme gibi birgok farkll iglem Onerilmisti. Hem mekanik dayanikliliga
hem de estetige sahip olsa da, kendine 6zgii biyo-kararliiga genellikle
biyolojik entegrasyon eksikligi ile sonu¢lanmaktadir. Yapilan ¢aligmada [34],
osteointegrasyonu gelistirmek amaciyla biyomedikal ZrO,, biyolojik yanini
lyilegtirmek igin Si,N, tozu ile lazerle kaplama iglemi gelistirilmistir. Proses,
nano-kristalin/amorf silikon iginde dagilmig Si,N, partikiilleri ile kompozit
kaplama olugumu ile sonuglanmistir. Mikroskobik goézlem, tabakanin alt
tabakaya yapistigimi gostermigtir. Lazer kaplama igleminin uygulanmasi,
piiriizliliigiin artmasina neden olarak biyolojik dokularla etkilesim olasiligini
ve dolayisiyla biyoaktiviteyi daha da artirmigtir. Lazer kaplama, en yiiksek
ergime noktali seramikleri bile eritebilen yiiksek yogunluklu bir lazer kaynagi
ve genellikle tel veya toz seklinde bir hammaddeden olusan giiglii ve gok
yonlii bir tekniktir. Eritilen malzemeler daha sonra kaplama iiretmek ve ayni
zamanda hasarl bilegenleri onarmak i¢in kullanilabilir.

Sonug

Bu calismada, ileri teknoloji seramikleri alaninda ¢aligan aragtirmacilara bir
kilavuz olmast agisindan oksit esash zirkonya (ZrO,) seramikleri goz 6niinde
bulundurularak, ZrO,’nin aliimina (AL O,), silisyum karbiir (SiC), titanyum
dibortir (TiB,), zirkonyum diboriir (ZrB,) ve silisyam nitriir (Si,N,) gibi
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sirastyla oksit, karbiir, boriir ve nitriir grubu ileri teknoloji seramikleri ile
gergeklestirilen seramik-seramik kompozit iiretimlerine orneklemelerden
detayll bir gekilde bahsedilmistir. Burada, ilgili alanda galiymak isteyen
aragtirmacilar mevcut yazin taramasini incelediklerinde, 6zellikle 3 mol %
Y, 0, ile kararli kilinmug tetragonal ZrO, polikristalin (3Y-TZP) matris igerisine
degisen agirhikga ve hacimce % miktarlarda AL O,, SiC, TiB,, ZrB, ve Si,N,
takviyesi sayesinde olusturulan 3YTZP/AlL O,, 3YTZP/SiC, 3Y-TZP/TiB,,
3YTZP/ZrB, ve 3YTZP/Si,N, kompozitlerinin hem tiretim hem de fiziksel,
mekanik ve tribolojik ©zelliklerinin istenilen uygulama alanlarina bagh
olarak nasil uygun hale getirilebileceklerini gérmeleri miimkiin olabilecektir.
Ozellikle mekanik ve tribolojik 6zelliklerin ayarlanmasinda, ZrO,’nin stres
kaynakli t->m doniigim toklagtirmasi ile katki ilavelerinin ¢atlak sapmasi
gibi temel mekanizmalarin etkin rol oynadigi anlagilabilecektir. Mevcut
kitap boliimiiniin burada bahsedilen 3Y-TZP esash zirkonya seramiklerinin
miihendislik o6zelliklerinin iyilestirilmesi ve/veya gelistiriimesinde burada
bahsedilen bilegiklerden farkli yeni takviye fazlarla gii¢lendirilmesinde oncii
olacag1 ve yeni kapilar agacag: degerlendirilmektedir.
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Chapter 6

Nano Reinforced Metal Matrix Composites

Adem Onat!

Abstract

Nano Reinforced Metal Matrix Composites (NRMMCs) combine the
strength and stiffness of metals with the exceptional properties of nanoscale
reinforcements, such as nanoparticles or nanofibers. This chapter will
inquire into the world of nano reinforced MMCs, exploring their properties,
manufacturing  techniques, characterization methods, and potential
applications. Furthermore, it will discuss the challenges and limitations
associated with their development, providing valuable insights into the future
prospects of these innovative materials.

INTRODUCTION

Nano Reinforced Metal Matrix Composites (NRMMCs) are a new class
of materials that combine the high strength and stiffness of metals with
the superior properties of nano-sized reinforcements. The development
of NRMMGCs can be traced back to the early 1990s when researchers
started exploring ways to enhance the properties of metal matrices by
incorporating nano-sized reinforcements. The groundbreaking discovery of
carbon nanotubes in 1991 opened up new possibilities for strengthening
and improving the performance of metals. Since then, significant progress
has been made in the synthesis and manufacturing techniques, leading to
the widespread application of NRMMCs in various sectors today [1, 2].
In recent years due to their superior properties and potential applications
in various fields, these composites have attracted a lot of attention by
researchers.

Some of the common matrix materials used in NRMMCs are Aluminum,
Magnesium, Nickel, Titanium, and Copper [3-6]. These metals have high
strength, toughness, ductility, thermal conductivity, and good corrosion
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resistance. However, they also have some limitations such as low wear
resistance. In order to overcome these drawbacks, metal matrices can be
reinforced with nano-particles or nano-fibers that have different physical and
mechanical properties from the matrix.

The nano-sized reinforcements can be made of a variety of materials,
including ceramics, metals, and polymers of various shapes and sizes, but
their dimensions are generally less than 100 nm, which is about 1/100,000
the width of a human hair [2].

Nanomaterials can be broadly categorized into two main types based
on the carbon content, i.e., organic and inorganic nanomaterials. Owing
to the versatile applications and huge number of studies, carbon-based
nanomaterials are considered as a separate class of nanomaterial with a broad
range of spectroscopy [7]. The basic classification of nanomaterials is given
in Fig. 1.

Carbon
nanomaterial

Fig.1. Basic classification of nanomatervial reinforcements [7].

As can be seen Fig. 1, the most recent nanomaterials can be classified into
three material-based categories:

Carbon-based nanomaterials: Due to the unique property of catenation,
carbon can form covalent bonds with other carbons in different hybridization
states such as Sp, Sp2 and Sp3 to form a variety of structures of small
molecules and longer chains. Carbon-based nanomaterials are found in
morphological forms such as ellipsoids, hollow tubes, or spheres. Graphene
(Gr), carbon nanotubes (CNTs), Fullerenes (C60), carbon nanofibers,
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carbon onions, and carbon black are the different categories of carbon-based
nanomaterials.

Inorganic-based nanomaterials: These nanomaterials include metal-
based nanoparticles, metal oxide/hydroxide nanoparticles, and transition
metal chalcogenide (TMC) nanoparticles. These nanomaterials can be
synthesized into metals like Ag, Au, Fe nanoparticles, and metal oxides such
as ZnQO, TiOZ' and Fe,O,, CeO,.

Organic-based nanomaterials: These nanoscale materials are made
mostly from organic matter, aside from inorganic-based or carbon-based
nanomaterials. The use of noncovalent interactions for self-assembling and
molecular designing helps to transform the organic nanomaterials into
coveted structures such as micelles, dendrimers, ferritin, micelles, compact
polymers, and liposomes nanoparticles. These types of nanomaterials
are usually biodegradable and nontoxic, and, therefore, considered
environmentally friendly materials.

The most common nano-reinforcements used in NRMMCs are various
types of nano-particles, such as carbides, nitrides, oxides, and carbon
nanostructures, such as carbon nanotubes (CN'Ts), graphene, and graphene
oxide [8, 9]. Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) images of the nano reinforcements using for
NRMMC s are given Fig.2 [2].
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(d) (e)

Fig. 2. TEM/SEM pictuves of nanoparticles/nanotubes

) Elliptical Nano particles, b) Nano fibers, c) Hollow nanoparticles, d) Octahedral
nano particles and ¢) Carbon nanotubes. [2]

The nano-reinforcements have high surface area to volume ratio so they
can improve the coefticient of thermal expansion (CTE) and mechanical
properties of matrix material by grain refinement and by pinning
dislocations. They can also improve the toughness of the matrix by deflecting
cracks and promoting crack bridging, and improve the wear resistance and
corrosion resistance of the matrix. These nano-particles have high hardness,
high modulus, and high thermal stability. They can also interact with the
dislocations in the metal matrix, resulting in additional strengthening effects

[3, 10, 11].
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Fig. 3 shows carbon-based nanomaterials used as reinforcement for
NRMMCs. Single-walled nanotubes (SWN'I5) and multi-walled nanotubes
(MWNT5) have a high aspect ratio and a large surface area [12]. Carbon
nanotubes (CNT5) have also been intensively researched due to their
excellent electrical, thermal and mechanical properties. These include an
extremely high modulus of elasticity (0.9-2 TPa), a tensile strength of almost
63 GPa, extremely high thermal conductivity (3000 W/mK), high electrical
conductivity of 106 S/m for SWCNTs and 105 S/m for MWCNTs [13]
as well as non-corrosive properties towards acidic and alkaline media. [6].
These properties make them ideal candidates for the reinforcement of metal
matrices [4].

Nanographite

Multiwalled
carbon nanotube

Carbon black Single-walled
e .a ' ' ’ carbon nanotube
nanoparticle

Fullerene carbon nanchorn

Fig. 3. Carbon nano matervials used in NMMRCs [3]

For example, CNTs can increase the tensile strength of aluminum by
more than 100% [14], graphene can improve the wear resistance of copper
by more than 50% [15] , and graphene oxide can enhance the corrosion
resistance of magnesium by more than 10 times [16].
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ADVANTAGES of NRMMCs

NRMMC s offer a number of advantages over traditional metal matrix
composites, which are reinforced with micro sized particles [17, 18]:

1. Nano reinforcements can provide greater strengthening and
toughening effects.

2. Nano reinforcements can be dispersed more uniformly throughout
the matrix, which can lead to improved properties.

3. Nano reinforced MMCs can be fabricated with lower reinforcement
volume fractions, which can reduce weight and cost.

The properties of NRMMCs depend on the type and amount of
reinforcement and the processing method used to produce the composite. In
general, however, NRMMC:s offer a number of advantages over conventional
metal alloys, including:

* Higher strength and stiffness: Nanoparticles can significantly increase
the strength and hardness of the metal matrix even in low volume
fractions by forming grain refiners and dislocation barriers [8].

Grain refiners reduce the grains in the metal matrix, making the material
stronger and more resistant to deformation. This is because the nanoparticles
interact strongly with the metal matrix, creating a barrier to dislocation
motion. Dislocation barriers prevent dislocations from passing through the
metal matrix, making the material stronger.

For example, the tensile strength of aluminum can be increased more
than 100% by carbon nanotubes [14].

* Improved toughness: Nanoparticles can also improve the toughness
of MMCs by preventing crack propagation. This is because
nanoparticles can deflect and pin cracks, making it more difficult for
them to grow [19].

* Improved wear resistance: Nanoparticles can also improve the wear
resistance of a metal matrix by forming a hard and protective layer on
the surface of the material. This is because they are hard and abrasion-
resistant [13, 18].

* Increased corrosion resistance: Nanoparticles can also increase
the corrosion resistance of a metal matrix to oxidation and chemical
attack than conventional metal alloys, which makes them suitable for
applications that require high stability and longevity, such as marine
structures [1, 18].
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For example, graphene oxide can enhance the corrosion resistance
of magnesium by more than 10 times . This is because they can form a
protective layer on the surface of the metal matrix [16].

* Reduced weight: NRMMCs can be made lighter than traditional
metal alloys by using nanoparticles with a low density. Nanoparticles
can provide significant strengthening and stiffening effects at low
volume fractions. This is important for applications where weight is
a critical factor, such as aerospace and automotive applications [20].

* Higher design flexibility: NRMMCs can be tailored for specific
applications by adjusting the type, amount, and distribution of nano-
reinforcements in the metal matrix. This allows engineers to optimize
the properties of NRMMC:s for different needs and environments [20].

For example, an alloy can be designed to be strong and ductile or hard
and brittle depending on the application.

APPLICATIONS of NRMMCs

NRMMC s are still at an early stage of development, but they have
the potential to become one of the most important classes of engineering
materials in the 21st century,. NRMMCs have a wide range of potential
applications in a variety of industries. Some of the specific applications of
NRMMCs are [4, 21, 22, 23]:

* Aerospace: Nano-reinforced MMCs are being developed for use in
aircraft and spacecraft components to reduce weight and improve
performance. For example, NRMMC:s are used in aircraft components,
such as engine parts, landing gear, airframes and wings. This could
lead to more fuel-efficient aircraft with longer ranges [23].

* Military applications: NRMMCs can be used to fabricate armor
plating, ballistic missiles, and other defense-related components.
The use of NRMMC:s in military applications can lead to improved
ballistic protection and performance [23].

* Automotive: NRMMC:s are used in automotive applications to reduce
weight and improve fuel efficiency. For example, NRMMC:s are used
in engine components, such as pistons, connecting rods, and cylinder
heads. This could lead to more fuel-efficient and environmentally
friendly cars [13].

* Energy: Nano-reinforced MMCs are being developed for use in
energy components, such as fuel cells and solar cells. NRMMCs could
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be used to make more efficient and durable energy components, such
as turbine blades and heat exchangers. This could lead to lower energy
costs and reduced emissions [23, 36].

¢ Biomedical: NRMMC:s are used in medical applications to improve
the strength and combination of biocompatibility and good wear
resistance. For example, NRMMC:s are used in dental implants and
orthopedic implants such as artificial bones and joints [2, 10, 18, 23,
25, 26,27, 28] .

* Electronics: Nano-reinforced MMCs are being developed for use
in electronic components to improve heat dissipation and electrical
conductivity. They can also offer good thermal conductivity and
electrical insulation. For example, NRMMC:s are used in heat sinks
and circuit boards and electronic packaging materials [23, 24].

* Sporting goods: NRMMC:s are being developed for use in sporting
goods such as golf clubs, tennis racquets, and bicycle frames. They
offer the potential to improve performance and durability [23].

FABRICATION of NRMMCs

Researchers fabricate NRMMGCs using various methods, such as
powder metallurgy, liquid metallurgy, solid-state processing, and some
other novel techniques (Fig. 4) [9]. Each method has its own advantages
and disadvantages, depending on the type of metal matrix and nano-
reinforcement, the desired properties, and the cost and complexity of the
process. Here is a brief overview of some of the methods:

I Particulate or whiskers

Powder
llurgy I

Mixing H Pressing |_

Alloy powder

I Short fibres and/or whiskers

Squeeze casting M Infiltration by molten metal |_/ | Net shape component

| Preform with binder

Billet or ingot

I Particulate I
I Molten metal Extrusion
Rolling
Forging
I Particulate or whiskers
Stir casting Infiltration by molten metal )_

| Molten or pasty alloy

Fig. 4. Fabrication routes for NMMRCs [9]
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Powder metallurgy: This method is the most employed technique to
NRMMCs. The powder metallurgy method begins by an initial mixing
of the raw material powders with a control agent through ball milling,
ultrasonication, or both. Ball milling involves the use of small balls, usually
steel or zirconia [6]. The mixed powders are uniaxially compressed by using
a wide range of forces for compacting. Afterwards, they need to be sintered
at high temperature to form a solid composite (Fig. 5).

oo

o B B

Fig. 5. Powder Metallurgy route for manufacturing NRMMCs [23, 27]

Compacting can be made at room and high temperatures. Room-
temperature compression is followed by a sintering step up to 24 h [29, 30].
Compacting at high temperatures includes hot pressing [31], spark plasma
sintering [32], or deformation processing [33]. Composites obtained by
powder metallurgy are often subjected to post-treatment to improve their
properties. Hot extrusion [34], and hot rolling [35], are some of the most
common post-treatments for powder metallurgy-obtained NRMMC:s [36].

Powder metallurgy route can produce NRMMCs with uniform
distribution of nano-reinforcements and good interfacial bonding. However,
it also requires high temperature and pressure for sintering, which can cause
oxidation and degradation of nano-reinforcements.
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e Liquid metallurgy: This method involves melting metal matrix
and adding nano-reinforcements into the melt and then casting or
solidifying them to form a solid composite (Fig. 6).

motor

Molten composite
melt

Reinforecement

Resistance heating furnace

Fiyg. 6. Liquid Metallurgy voute for manufacturing NRMMCs [1]

This method can produce NRMMCs with low cost and large scale.
However, it also suffers from poor dispersion, the agglomeration and
oxidation of nano-reinforcements during processing and low wettability of
nano-reinforcements by molten metal, weak interfacial bonding of nano-
reinforcements in metal matrix, and segregation of nano-reinforcements
during solidification [6].

Several strategies have been implemented to increase the efficiency of this
method, such as Centrifugal Casting [17, 37], Squeeze Casting [38, 39,
40], and Pressure Infiltration [41, 42]. In centrifugal casting, the molten
material is transferred to a rotating mold, which is maintained at high
pressure. In the squeeze casting process, the composite is poured into a die
in which the material is then hydraulically pressed. In pressure infiltration,
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the molten matrix is injected at high pressure into a mold that contains the
reinforcement.

Some novel methods have been proposed for fabricating NRMMCs,
to improve the wettability, dispersion, interfacial bonding, and stability of
nano-reinforcements in metal matrix by using physical or chemical means.
Some of the novel methods for fabricating NRMMCs are:

% Electro-deposition: This method involves depositing metal matrix
and nano-reinforcements on a substrate using an electric current
[43]. This method can improve the wettability, dispersion, interfacial
bonding, and stability of nano-reinforcements in metal matrix by
using physical or chemical means.

» Laser cladding: This method involves melting metal matrix and nano-
reinforcements on a substrate using a laser beam [44]. NRMMCs can
be produced with high quality and precision by controlling the laser
parameters (Fig.7a).

% Friction-stir processing: This method involves stirring the metal
matrix and nano-sized particles are mixed together in a molten state
and then cast into a mold [45]. This method (Fig. 7b) can produce
NRMMCs with fine microstructure and enhanced properties by
generating high temperature and plastic deformation [8, 9].

(b)
Rotation
Composite
Patterned Layer
Groove

Fig. 7. Schematic illustration of Production Processes;

(@) Laser cladding, (b) Friction Stir Process [46]

Infiltration: A preform of the nanoscale reinforcement is infiltrated
with a molten metal matrix. Pressure infiltration, pressureless infiltration and
vacuum infiltration can be used to produce composites with high yield and
approximate net shape [47]. There are a variety of squeeze casting machines
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and systems that use an inert, pressurized gas to force the liquid metal into the
preform [28, 48]. Pressures of around 65-100 MPa are used for mechanical
support, while lower pressures of 2-35 MPa are used for systems with inert
pressurized gas. Pressureless infiltration, also known as capillary-controlled
infiltration, is carried out by immersing the ceramic in a bath of molten
aluminum alloy at atmospheric pressure [49]. Vacuum infiltration, which is
carried out just below atmospheric pressure, was investigated by Chung and
Lin (1996). This study was conducted due to its simplicity, applicability and

low pressure to minimize possible damage to the SiC foam [50].

In-situ processing is a process in which the reinforcement is created within
the metal matrix during fabrication. In these techniques, the reinforcements
are synthesized by exothermic reactions during the production of the
composite itself [51].

In situ composites offer superior microstructural/mechanical
characteristics as compared to their conventional counterparts where the
reinforcement is made separately and introduced into the melt. In situ
metal matrix composites have the advantage of the lower cost of fine-sized
thermodynamically stable ceramic particles with clean and unoxidized
ceramic-metal interfaces, since the reinforcement is formed within the melt.

Figure 8 illustrates the different in-situ processing methods for metal
matrix composites, including reactive and non-reactive methods [52].

In-situ metal matrix composites

I Morphology I

Pyrolysis

Liquid medium|

o

Eg: Mg+SICN
| Gasiquia | Jiauiaiquid [sonariquia]

I Liquid ATX] Liquid A[Y] I " @J
[zt Oﬁ | Liquid A [X.Y] __
@ Eg: Cu+TiB | o ExNi+ThO; Hoit o)

Liquid AX | Solid Eg: NL-Al+ Cr

Deformation DS-Eutetics

Eg: Al + AIN Eg: Al + TIB
.

Fiyg. 8. Classification of in situ methods to fabricate NRMCs [52]
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CHARACTERIZATIONS of NRMMCs

Researchers evaluate the quality of NRMMCs using various methods
and criteria, depending on the type and purpose of the evaluation. Some of
the common methods and criteria are:

* Evaluating the quality of the fabrication process: Researchers use
different techniques to measure and analyze the physical and chemical
properties of the NRMMCs, such as the Morphology, Distribution,
Dispersion, Wettability, Interfacial Bonding, and Stability of the
nano-reinforcements in the metal matrix. Some of the techniques
include Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), X-Ray Diftraction (XRD), Energy Dispersive
Spectroscopy (EDS), Atomic Force Microscopy (AFM), etc. [21, 46,
53].

These techniques can help researchers to identify and quantify the defects,
impurities, and variations in the microstructure of NRMMCs that may affect
their performance.

* Evaluating the quality of the mechanical properties: Researchers
use different tests to measure and compare the mechanical properties
of the NRMMG:s, such as the Tensile Strength, Compressive Strength,
Hardness, Modulus, Fracture Toughness, Fatigue Resistance, Creep
Resistance, etc. [54-56]

These tests can help researchers to determine and optimize the optimal
loading conditions and failure modes of the NRMMCs under different stress
and strain scenarios.

* Evaluating the quality of the functional properties: Researchers
use different experiments to measure and evaluate the functional
properties of the NRMMC:s, such as the Wear Resistance, Corrosion
Resistance, Thermal Conductivity, Electrical Conductivity, Damping
Capacity, etc. [1, 2, 47, 51].

These experiments can help researchers to assess and improve the
performance and durability of the NRMMCs under different environmental
and operational conditions.

FUTURE PROSPECTS of NRMMCs

NRMMC:s are a promising new class of materials that have the potential
to revolutionize a wide range of industries. While NRMMC:s offer a number
of advantages over traditional metal matrix composites, there are also some
challenges associated with their fabrication and use [56]:
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*  One of the biggest challenges is achieving a uniform distribution of the nano-
sized veinforcement in the metal matrix. This is important because it
ensures that the composite has consistent properties throughout. This
can be difficult due to the tendency of nanoparticles to agglomerate.

» Another challenge is the cost of nano-sized reinforcements. Nano-
sized reinforcements are typically more expensive than traditional
reinforcements, such as micro-sized reinforcements. NRMMCs are
more expensive to manufacture than traditional metal alloys due to
the cost of the nanoparticles and the complexity of the manufacturing
process.

o The developing fabrication methods that ave scalable and cost-effective
is another challenge. There is significant research and development
activity in the field of NRMMCs. For this reason, new fabrication
methods are being developed, and new nanoparticle reinforcements
are being discovered.

o The lack of standardization for NRMMC s is another challenge. There
is currently no standard way to measure and test the properties of
NRMMCs. This makes it difficult to compare different NRMMCs
and to ensure that they meet the requirements of specific applications.

Consequently, further research is needed to optimize the processing
parameters of NRMMCs, understand the reinforcement mechanisms,
evaluate the performance under different conditions, and explore new types
of nano reinforcements and metal matrices for NRMMGCs. The specific
research areas that are being pursued in the field of nano reinforced MMCs
are given below [36]:

* Developing new fabrication methods that can produce nano reinforced
MMC:s with high reinforcement volume fractions and uniform particle
distribution.

e Developing new nanoparticle reinforcements that have improved
properties and are more compatible with metal matrices.

* Investigating the long-term performance of nano reinforced MMCs
under various service conditions.

¢ Developing new applications for nano reinforced MMCs.
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CONCLUSION

As a result, research and development investigations all over the world
will contribute greatly to nano-reinforced MMCs becoming an important
class of materials with a wide range of applications. As the manufacturing
technology of NRMMC:s continues to evolve and test and measurement
standards are improved, the production cost of NRMMCs will decrease and
the difficulties in their use will be overcome. Accordingly, NRMMCs are
expected to play an increasingly important role in various applications such
as aerospace and defense, automotive, biomedical, electronics and energy:.
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Chapter 7

Finite Element Analysis of Glass/Carbon Hybrid
Composite Pipes

Mehmet Cagr1 Tiizemen'

Abstract

In recent years, due to the diversification of needs in industries, studies on
hybrid composites in which different fibers are used together have begun
to attract attention. In this study, Glass/Carbon interlayer hybrid composite
pipes made of glass and carbon fibers with different stacking sequences were
investigated by using the finite element analysis (FEA). Ansys was used for
the FEA. In the models created from eight layers, the thickness of each layer
1s 0.25 mm and the wall thickness of the composite pipes is 2 mm. In hybrid
composite samples, four layers of glass fiber and four layers of carbon fiber
were used. In addition to eight hybrid composite samples with different
stacking sequences, another two models consisting of pure glass fiber and
pure carbon fiber was designed as a reference sample. Unidirectional (UD)
glass fiber and UD carbon fibers were used when creating the models.
While creating the mesh structure on the models, it was checked whether
the skewness was within acceptable values. For this purpose, optimization
was made in the mesh structure size. While fixed support was applied to the
models from one end, tensile force was applied from the other end. Tsai-Wu
criterion was used in the FEA. It was concluded that the use of carbon fiber
in the inner layers of interlayer hybrid composites increased the strength.
Among the interlayer hybrid composites, approximately 25% increases in
maximum force were obtained with the change of the stacking sequence.

1. Introduction

Continuous fiber reinforced polymer matrix composites are frequently
used in high technology products thanks to their low weight and high
strength [1]. However, despite the high specific strength of carbon fiber,
its usage area may be limited because it is a very expensive material [2].
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On the other hand, glass fiber has lower strength than carbon fiber, but
it is a cheaper reinforcement element [3,4]. For this reason, studies on
hybrid composite structures in which difterent fiber types are used together
have gained momentum in recent years. Thus, while the cost will decrease
compared to the final product consisting only of carbon fiber, the loss in
specific strength will be lower compared to the final product consisting only

of glass fiber.

There are various hybridization methods in composites such as intralayer,
interlayer or woven [5-8]. In intralayer hybrid composites, difterent fibers
are used in the same layer. The same applies to woven hybrids. In interlayer
hybrid composites, different fiber structures are used in different layers.
Hybrid composite pipes can also be produced in a wide variety of shapes
using different production methods and different fiber reinforcements [9-
11]. The mechanical properties of interlayer hybrid composites may also
vary depending on the sequence. Since the mechanical properties of the
fibers are different, each fiber adds a different feature to the hybrid structure.
While glass fiber reinforcement has chemical resistance, heat and electrical
insulation, carbon fiber has higher load-carrying capacity, higher hardness
and fatigue resistance [12]. Telli et al. [13] examined the damage analysis
of hybrid Carbon/Glass-Epoxy pipe elbows under bending and pressure
loading. They noted that for a hybrid composite, the position of the plies
has a large impact on the behavior, especially on the resistance of the tubular
structure. Wang et al. [14] investigated the mechanical properties of fiber-
reinforced hybrid composite pipes in their study. They observed that the
innermost layer was exposed to the highest stress under axial tensile load.
They concluded that increasing the proportion of fibers with high modulus
of elasticity in the hybrid composite structure could improve the tensile
properties of these structures. The reason for this is that the effect on the
mechanical behavior of fiber-reinforced hybrid composite pipes is mainly
attributed to the axial tension of the fibers.

The aim of this study is to investigate the effect of glass/carbon fiber
stacking sequences under tensile load in hybrid composite pipes made of
glass and carbon fiber fibers. The behavior of interlayer hybrid composite
pipes with eight different stacking sequences under tensile load was examined
by the finite element method. In the hybrid structure consisting of a total
of eight layers, four layers of glass fiber and carbon fiber were used. In
addition, composite pipes consisting of pure glass and pure carbon fiber
were also analyzed for reference. Thus, hybrid structures were compared
and interpreted both with pure fiber reinforced composites and among
themselves.
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2. Materials and Method

In this study, the behavior of interlayer hybrid composite pipes under
tensile load was investigated by finite element analysis. Hybrid composite
pipes are modeled as shell elements in SpaceClaim. Next, the model was
transferred to the ACP (Pre) module in the Ansys. In the ACP (Pre) module,
the materials are defined for the model. Unidirectional carbon fiber/epoxy
and glass/epoxy were chosen as materials. Some properties of the selected
materials are given in Table 1.

Table 1. Some properties of the materials used in the analysis

Carbon Fiber Glass Fiber
Tensile Strength (MPa) 1632 780
Tensile Strain 0,0143 0,0244
Modulus of Elasticity (GPa) 123 35
Poisson’s Ratio 0,27 0,28
Shear Modulus (GPa) 5 4,7

After the selected materials were introduced to the model, the interlayer
hybrid structure of the pipe was created. The models are designed to have
eight layers in total. The designs and stacking sequence of the layers are
shown in Figures 1. The part shown in green in Figure 1b is the layers
of the section. The bottom layer in Figure lc shows the innermost layer
of the composite pipe, and the top layer shows the outermost layer. The
blue-colored layers represent the glass fiber layers, and the dark gray-colored
layers represent the carbon fiber layers. While samples 3-10 are composite
pipes between layers formed in various ways, samples 1 and 2 are reference
models consisting of only glass fiber and only carbon fiber, respectively.
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1 2 3 4 5 6 7 8 9 10
Figure 1. (a) design of inteviayer hybrid composite pipes, (b) cross-sectional view and (c)

layer sequences of the green aven in the cross-section and numbering of the models (Blue
color shows glass fiber layers, davk gray color shows carbon fiber layers)

The thickness of each layer is 0.25 mm, and the wall thickness of the
composite pipes is 2 mm. The outer diameter of the model is 20 mm, and
the length is 200 mm. The orientation of the unidirectional fibers is designed
in the direction of the force. The triangle method was chosen as the mesh
method. Improvements were made in the quality of the mesh structure,
considering the solution times over the mesh size. The model is fixed
supported at one end to prevent rotation and translation. From the other
end, tensile force was applied and support was applied against translation
(except in the direction of force) and rotation (see Figure 2). Models were
analyzed according to the Tsai-Wu damage criteria.
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Figuve 2. Loading and boundary conditions
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3. Results and Discussion

Before determining the behavior of composite pipes under tensile forces,
the quality of the mesh was checked, and improvements were made in the
mesh size, taking into account the analysis solution times. The skewness
values were examined to measure the quality of the mesh. Experimenting
with different mesh sizes is aimed to optimize the skewness value in the
skewness scale ranges of the Ansys program (see Figure 3). According to this
scale, skewness values of 0.94 and below are acceptable.

Skewness mesh metrics spectrum

Excellent Very good Good Acceptable Bad Unacceptable
0-0.25 0.25-0.50 0.50-0.80 0.80-0.94 0.95-0.97 0.98-1.00

Figure 3. Scaling of Ansys program showing network structuve quality due to skewness [15]

The effect of the mesh structures formed in different sizes of the composite
pipe model on the skewness is given in Figure 4. All the mesh structures of
various sizes created on the model are in the “very good” range according to
the scale in Figure 3. It has been observed that the mesh size gives the lowest
skewness for 3 mm and the values greater than 8 mm. Larger mesh sizes
were not preferred because they may cause convergence problems in the
analysis. When the mesh size decreased below 1 mm, it caught a downtrend.
However, the mesh structure created on the model with dimensions less
than 0.5 mm extends the analysis time considerably. Therefore, taking into
account the analysis times, it was decided that the most appropriate mesh
size was 3 mm. The highest skewness value finding is 0.27 in this mesh size.
According to the scale in Figure 3, this value is close to the lower limit of the
“very good” range.
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Figuve 4. Change of maximum skewness depending on mesh structure size

Figure 5 shows the maximum forces that composite pipes can withstand
according to the Tsai-Wu criterion. As expected, the reference samples
consisting of only glass fiber and only carbon fiber were the samples with
the lowest and highest strengths, withstanding 46 kN and 98 kN forces,
respectively. The average of the maximum forces that the two reference
samples can withstand is shown in the figure with a straight blue line (72
kN). The remaining samples are interlayer hybrid composite samples, and all
of them use four layers of glass fiber and four layers of carbon fiber. In other
words, the use of expensive carbon fiber has been halved. When the results
were examined, it was seen that sample number 4 gave the highest value
of 86 kN among the interlayer hybrid composites. Following this, samples
8, 5 and 10 withstood forces of 80 kN, 78 kN and 76 kN, respectively.
When these samples are examined, it is seen that there is glass fiber in their
outermost layers. Sample number 4, which has the four glass fiber layers at
the outermost layers, had the highest strength among the mixed composites.
As the use of carbon fiber in the innermost layer increased, the maximum
force increased. In other words, as the use of glass fiber in the inner layers
increased, the maximum force decreased. The highest load that sample
number 3 could withstand was the lowest with 69 kN. Sample number 4
withstood 17 kN more load than sample number 3, just by changing the
stacking sequences. This value, which means approximately 25% more load,
shows how important the stacking sequences is, even though the usage of
glass and carbon fibers are the same.
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Figuve 5. Maximum force that composite pipes can withstand (Blue layers show glass
fiber, davk gray layers show carbon fiber)
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Sample no. 4 withstood an 87% higher force than sample no. 1, just by
converting 50% of the layers from glass fiber to carbon fiber. Although the
use of carbon fiber was halved compared to sample no. 2, sample no. 4 only
withstood a force approximately 12% lower than sample no. 2. Thus, while
the use of carbon fiber, which is much more expensive, was reduced by half,
there was only a 12% decrease in maximum force, but an 87% increase in
maximum force was achieved compared to the glass fiber sample alone.

4. Conclusions

In this study, the behavior of interlayer hybrid composite pipes under
tensile load was investigated. Fixed support was applied to the models from
one end and tensile force was applied from the other end. According to
the Tsai-Wu criterion, the highest forces it can withstand have been found.
In hybrid composites, the samples that withstood the highest forces were
the samples with glass fiber in the outermost layers. While the sample with
glass fibers in the outermost layers and carbon fibers in the innermost layers
withstood 87% higher force than the sample with all layers consisting of
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glass fibers, it could withstand only 12% lower force than the sample with all
layers composed of carbon fibers. Therefore, with mixed composites, greater
reductions in cost can be achieved with lower compromises in strength.
Among the interlayer hybrid composites, 25% increases in maximum force
were obtained with the effect of the stacking sequences. Thus, by simply
changing the stacking sequences of the fibers, higher forces resistance can be
achieved even using the same ratio of glass and carbon fiber.
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Chapter 8

Additive manufacturing in the automotive
industry

Ali Avci!

Abstract

The market for materials derived from renewable resources has grown in
recent years, driven by factors such as the need to decrease carbon emissions,
lower fuel expenses in the automobile sector, address environmental
contamination, and mitigate the risk of oil depletion. In the automotive
sector, utilising components derived from sustainable sources not only
mitigates emissions, but also decreases expenses, conserves fuel, and enhances
vehicle weight efficiency. The automotive sector is a globally competitive
industry. Continuously; fresh marketplaces and diverse designs are arising with
the aim of enticing clients, necessitating the adoption of novel production
methodologies to accommodate the automotive sector. Biocomposites are
utilised in the automobile sector because of their biodegradability, lightweight
nature, ease of manufacturing, and high specific strength. The utilisation of
additive manufacturing in automobile parts production is advantageous due
to its rapid production capabilities, minimal equipment requirements, and
suitability for the fabrication of biocomposites. The paper provides examples
derived from contemporary scientific findings and industrial applications. The
additive manufacturing (AM) method facilitates both prototyping and the
design and production of final products. AM enables the production of diverse
profiles while minimising resource usage. Additive manufacturing offers a
substantial competitive edge in this industrial sector by offering production
flexibility and the ability to create customised vehicle components as needed.

1. Introduction

Recently, the additive manufacturing method (AM) has gained
prominence as a promising technology capable of substituting both new
and classic methods. The field of additive manufacturing has garnered
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significant attention as a study issue, and new advancements in this area are
revolutionizing the technology; elevating it from a mere prototype method to
a fully-fledged production process. AM printed components, subassemblies,
and prototyping play a crucial role in every product development process. AM,
or Additive Manufacturing, is a prime illustration of these technologies, as it
completely transforms the process of creating new things and manufacturing
tinal goods [1]. Contrary to conventional manufacturing techniques like
CNC machining, the AM filament deposition method (FDM) allows for the
production of a part with little material waste, eliminating the requirement
for tools, cutters, milling machines, and similar equipment. Additionally,
it eliminates the need for chemical post-treatment and curing, which are
typically necessary for alternative selective laser melting (SLM) techniques.
The filament deposition method, which is the most often used polymer
additive manufacturing technique, has previously demonstrated successful
application in producing carbon fiber polymer composites with a high
degree of orientation in the printing direction. Research has demonstrated
that this method can be employed to create composite systems with
regulated anisotropic characteristics [2]. Although the approach is modern,
its initial implementation may be traced back to the 1980s. Although the
AM process was once limited to prototype production from the 1980s to
the 2000s, it has now expanded its utility beyond just prototyping. The AM
approach, now in use, has significantly reduced the time it takes to bring
finished products to market by offering long-term strategic and economic
benefits. In addition, although additive manufacturing (AM) has made
tremendous advancements in recent decades, its use is primarily limited to
fast prototyping due to constraints in material characteristics, production

speed, and part size [3].

Fiber-reinforced composites provide a combination of low weight,
cost-effectiveness, and high strength-to-weight ratio. Utilizing natural
tiber in additive manufacturing can enhance material characteristics, hence
decreasing the fabrication time for functional components in comparison
to conventional subtractive technologies. Furthermore, it may be feasible
to manufacture intricate biocomposites with complex shapes [3]. Extensive
research has been conducted on the utilization of the Additive Manufacturing
technique in the manufacturing of composite materials, particularly in
the fabrication of composites reinforced with carbon fibers [4]-[12].
Nevertheless, research on composites reinforced with natural fibers is
limited but has shown a recent upward trend. Through the integration of
bio-based sustainable polymers with natural reinforcements, it is possible to
create novel materials that are both renewable and serve as alternatives to
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petroleum-based polymers [13]. Many commercially available polylactides
(PLA), for instance, exhibit brittleness and possess low thermal breakdown
temperatures. The composite material concept offers a strategy for producing
renewable materials that can achieve or surpass the performance of routinely
utilized petroleum-based engineering polymers [14]. Composites derived
from sustainable resources are being substituted for industrial composites
due to significant factors such as global warming, environmental pollution,
greenhouse gas damage, and the potential depletion of oil. Biocomposite
materials are composite materials that contain at least one component
derived from natural sources. Biocomposites refer to many types of materials,
including natural fiber-reinforced petroleum-derived plastics, natural fiber-
reinforced biopolymer matrix composites, and synthetic fiber-reinforced
biopolymer matrix composites [14], [15]. Multiple publications exist on the
incorporation of continuous fibers into a PLA matrix as a demonstration
of producing biocomposites using the AM process. Matsuzaki et al. [16]
created continuous fiber composites using PLA-based carbon and jute
fiber, which are natural biodegradable materials, by a process including
molten filament and in-nozzle impregnation. By employing this method,
the authors successfully accomplished the production of new-generation
composite materials without the need for molds. The production process
involved impregnating continuous fibers and polymer filament through the
heated nozzle of the printer. Automobile makers are increasingly utilizing
biocomposites. They primarily contribute substantially to weight reduction.
Biocomposites are currently being used in automobile parts such as the front
door console (weighing between 1.2 and 1.9 kg), rear door console (weighing
between 0.8 and 1.6 kg), and trunk console (weighing between 1.5 and 2.5
kg) of popular car companies like BMW, Ford, Renault, and Volvo. Starting
in 2021, the European Union will implement a new standard for the average
emissions of new cars, which will be set at 95 grams of CO, per km. This
emission level is equivalent to approximately 4.1 liters of petrol or 3.6 liters
of diesel fuel consumed every 100 km. Utilizing green composites will
eftectively decrease CO, emissions by diminishing the fuel consumption of
cars [17]. In addition, the manufacturing process of natural fibers consumes
less energy compared to synthetic fibers. Nova-Institute, located in Hiirth,
Germany, conducted an analysis revealing that the manufacturing of one
metric tonne of glass fiber results in the emission of 1.7-2.2 metric tonnes of
CO, equivalent. In contrast, the combined impact of four natural fibers (flax,
hemp, jute, and kenaf) amounts to 0.5 metric tonnes. A study conducted
in India found comparable results for jute, kenaf, hemp, and flax fibers,
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determining that the carbon footprint associated with the manufacturing of
natural fibers was 20-50% lower than that of glass fibers.

The automotive industry will face some restrictions in the world,
especially in the European Union (EU) countries, in the coming years. One
of these limitations pertains to international accords aimed at decreasing
greenhouse gas emissions. Following the climate summit held in Paris in
2015, world countries pledged to decrease their greenhouse gas emissions.
During the second global climate summit in Glasgow in 2021, 197
countries reaffirmed their commitment to a cooperative framework aimed
at mitigating carbon emissions. The second limitation is that the European
Union, in collaboration with the Association of European Automobile
Manufacturers, has established a target for the average emissions of new
cars across the EU at 95 g CO, km'!, effective from 2021 [18]. In order to
achieve all goals in the automotive industry, lightening vehicles as well as
using clean energy has an important place. With the use of biocomposites,
lightweight vehicles that burn less fuel are produced and natural materials
with a much lower carbon footprint are used. In addition, the fact that in
the directive published by the EU (2000/53/EC), it was decided that 85%
of the materials used in vehicles should be recyclable and this rate should
be increased to 95% by 2015 [19], increases the importance of the use of
biocomposites. Beyond these, the possibility of running out of oil can also be
considered a constraint. Considering that the rate of depletion of petroleum
resources is approximately 100,000 times faster than the rate of nature’s
renewal, the importance of using natural resources will be understood more
clearly [20].

2. Biocomposites

Biocomposites are extensively utilized in several industries including
automotive, plastic construction, and aircraftindustry [ 21]. The reinforcement
tibers utilized to enhance and fortify the strength of the composite structure
predominantly consist of synthetic materials such as carbon boron, glass,
kevlar, and aramid. These fibers offer exceptional performance while
maintaining a low density. Over the past decade, numerous investigations
have focused on producing composite materials using polymer matrix and
reinforcement elements derived from natural and renewable resources.
The primary objective of these investigations is to create novel composite
materials that do not pose environmental concerns post-use. This will be
achieved by employing reinforcements with high biodegradability instead
of artificial reinforcements with low biodegradability while emphasizing
the use of renewable resources. Biocomposites are formed by blending bio-
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based fibers and other bio-based materials with plastic resins, resulting in
the production of novel and environmentally friendly products. Bio-based
materials are derived from sustainable sources such as wheat straw, corn
husks, and leftovers of soy and corn processing. These biocomposites are
utilized in injection molding and additive manufacturing applications to
efficiently produce intricate automobile components in an environmentally
friendly manner with speed and precision [22].

Research indicates that the mechanical properties of the polymer (pure
resin) are enhanced through fiber reinforcement, leading to a significant
improvement in impact resistance. When comparing natural fiber composites
to composite structures made of high-performance fibers, it is evident that
the strength values of natural fiber composites are inferior. Therefore, it is
advisable to use these items in simpler applications rather than in regions
that demand high mechanical performance. Consequently, materials like
aramid, carbon, and glass are recommended. Instead of being positioned
as a substitute material for reinforced composites, it has been asserted that
they can be utilized in indoor applications capable of bearing low and
medium loads, as well as in outdoor applications such as roofs, automobile
interior components, and drainage panels. Various types of natural fiber
supplements include flax, hemp, cotton, jute, wood fiber, sisal fiber, ramie
tiber, and coconut fiber. Table 1 provides the mechanical characteristics of
various plant-based natural fibers and synthetic fibers.

Table 1. Mechanical properties of some fibers

Fiber Density (g Strain (%) Tensile Young’s
cam’®) Strength (MPa) Modulus(GPa)

Cotton 1.5-1.6 7.0-8.0 287-597 5.5-12.6
Hemp 1.2-14 1.5-6.9 223-930 14.5-53

Jute 1.3 1.5-1.8 393-773 26.5

Flax 1.5 2.7-3.2 345-1035 27.6

Sisal 1.5 2.0-2.5 511-635 9.4-22.0
Wood 1.5 - 1000 40.0

E-glass 2.5 2.5 2000-3500 70.0

Aramide 1.4 3.3-3.7 3000-3150 37.0-63.0

Carbon 1.4 1.4-1.8 4000 230.0-240.0
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2.1. The application of biocomposites in the automotive industry

Biocomposites offer several benefits when used in automotive applications.
Composites are often lightweight substances, which leads to a decrease
in vehicle fuel consumption and the release of greenhouse gas emissions.
Biocomposites has superior acoustic and thermal qualities in comparison to
synthetic composites, rendering them very appropriate as potential materials
tor vehicle interior components. Furthermore, biocomposites has numerous
prospective uses within the automotive sector. Their inherent qualities
make them very suitable for producing non-structural interior components,
including timber flooring, seat cushions, seat backs, headliners, interior panels,
dashboards, and thermo-acoustic insulation. Ongoing academic research is
currently being undertaken on biocomposites, notwithstanding the absence
of current implementation in structural part manufacture. Wood fibers are
commonly used in the automobile sector for wood-plastic composites,
whereas natural fibers including flax, hemp, jute, and sisal are utilized for
natural fiber-reinforced composites [23], [24], [25]. These reinforcements
can be applied with both thermoplastic and thermoset matrices. Various
thermoplastic matrix choices are accessible, including biodegradable
polyesters such as PLA, PHB, PBS, and natural polymers like bio-PC. The
majority of these thermoplastic biopolymers are derived from the process of
fermenting starch and glucose. Regarding thermosetting matrices, available
choices encompass conventional resins containing bio-derived components
sourced from natural oils and bioethanol (e.g. bio-epoxy, bio-polyester, bio-
polyurethanes) [21]. Over the past decade, there has been a demonstration
of the potential of lightweight, inexpensive natural fibers as alternatives to
glass fiber and mineral fillers in automobile interior or exterior components.
European automotive manufacturers have increased investments in the
production of car door panels, seat backs, headliners, dashboards, and
interior trim parts from natural fiber-reinforced thermoset or thermoplastic
composite materials. The main reasons for the use of natural fibers such as
kenaf, hemp, linen, jute, and sisal in the automotive industry are factors such
as providing lightness, reducing costs, reducing CO, emissions, recyclability,
and reducing dependence on foreign oil resources. With all these advantages,
we can call natural fibers “sustainable” or “environmentally friendly” fiber
sources. Although America has not yet made the necessary regulations
considering the automotive scrap requirements, European and Asian
countries have put forward strict principles on this issue [26]. In Europe,
automotive manufacturers required 80% of car parts to be recyclable in
2006. In 2018, approximately 6.1 million vehicles became unusable within
the borders of the European Union. As shown in Figure 1, more than 95%
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of automotive parts or materials in the EU in 2018 were reused or salvaged.
Figure 1 shows the graph of vehicles that have reached the end of their life,
have finished their useful services, and have been treated as waste, broken
down or disposed of in another way. During the dismantling phase, spare
parts of the vehicle can be separated and reused for the repair of vehicles in
service. The remainder of the dismantled vehicle will be recycled, used for
energy production (energy recovery process), or ultimately disposed of.

Glass fiber-reinforced composites exhibit drawbacks including their
elevated density (40% greater than natural fibers), challenging machinability,
limited recyclability, and potential health hazards associated with glass
fiber particles. In contrast, the environmental and economic benefits of
natural fibers outweigh those of glass fibers. As an illustration, the total
energy expenditure for producing flax fiber is 9.55 MJ/kg, but the energy
requirement for producing glass fiber is 54.7 MJ/kg [28].

Reuse/recovery and reuse/recycling rate for end-of-life vehicles, 2021 (<)
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Figuve 1. Reuse/recovery vate and veuse/recycling vate of parts or materials in the
automotive industry in Euvopean Union countries [27]

In general, natural fibers are used in the reinforcement of automobile
parts;

* Reduction in cost

* Production processes are safer than those of glass fibers.
* It has good thermal and acoustic insulation properties

* Less reliance on foreign oil sources,

* They recycle and these fiber sources are “sustainable” or “environmentally
friendly”
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* High fiber volume fractions of low-density fibers in natural fiber-
reinforced composites reduce the weight of the finished product as seen in
Table 2

* Reduction in CO,,

* Moreover, the interiors of automobiles with natural fiber reinforcement
are physically safer than glass fiber parts because no sharp-edged surfaces are
formed in the event of a collision [29].

In recent years, European companies such as Dieffenbacher (Germany),
BASF (Germany), and Rieter Automotive (Switzerland) have led the way
in the research of natural fiber-reinforced composites. In 2005, Rieter won
first place in the “JEC Composite Showcase” competition with its success
in the production of banana plant fiber reinforced composites, which saved
more than 60% of energy [30]. In North America, to give a few examples,
Delphi Interior Systems, Visteon Automotive, Kafus Biyo-Composites/
Flexform Technology and Cargill Ltd. companies have actively focused their
research on such composites. In addition to all these developments, with the
development of bio-based polymers, the use of 100% natural materials in
the automotive industry will be inevitable.

Figure 2. a) Porsche Cayman 718 GT4 CS MR with a natural fiber-veinforced
composite body (September 2020) b) Natural fiber-veinforced composite “Shoebox” used
by Audi motorsports (2020) ¢) Natural fiber-veinforced “crash box” crash test (October

2020)
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In 2019 and 2020, significant developments have been made regarding
the use of natural fiber-reinforced composites not only in automotive interior
parts but also in body panels and areas exposed to impact during a collision.
In 2019, Porsche manufactured the doors and rear wings made of carbon
fiber-reinforced composite from natural fiber-reinforced composite for the
first time in the Cayman 718 GT4 CS model used in motorsport, thus using
natural fiber-reinforced composite parts in mass production for a vehicle
used in motorsports. Another development is that in the Niirburgring
race held on 24-27 September 2020, Porsche used a hood made entirely
of natural fiber-reinforced composite on the Cayman 718 GT4 CS MR
model (Figure 2a). Another important development is that a crash test of
the natural fiber reinforced “Crash Box™ part was conducted for the first
time in October 2020 (Figure 2¢). Another important development is that
the part called “shoebox”, which is made of glass fiber reinforced composite
in the vehicles used in races by BMW sport and Audi Sport is manufactured
using natural fiber reinforced composites (Figure 2b). [31]. All these new
developments prove how important such composites are, especially in the
automotive industry, and that natural fibers are gradually replacing synthetic
fiber reinforcements today.

2.2. Additive Manufacturing in the automotive industry

3D printing or additive manufacturing AM is the creation of a three-
dimensional object from a CAD model or digital 3D model. It can be done
by processes in which material is deposited, combined, or solidified under
computer control, where the material is added together (such as fusing
plastics, liquids, or powder grains), typically layer by layer. AM technology
has made a significant contribution to the automotive industry, from rapid
prototyping to increasingly widespread production of final car parts and
structural production of almost the entire car. It is known that natural
fiber-reinforced biocomposites produced by AM and used in automotive
parts will function as well as the currently used petroleum-derived plastics.
However, there are some challenges in meeting the quality and safety
standards expected from auto parts produced with the AM technique.
Sustainable, relatively fast, and accurate production of complex automotive
parts is possible with the AM printing method, as with the plastic injection
method. Although it is not yet possible to buy a fully AM-printed car
from a dealer today, AM printing has been prominent in the prototyping
of auto parts and part development processes for many years. The initial
technology for manufacturing parts was selective laser sintering or binder
sputtering. These methods have helped designers and manufacturers
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create more aesthetic parts [32]. Additionally, AM printing has enabled
a wide range of manufacturing applications, adding tremendous value to
supply chains. New, flexible materials have made it possible to produce
high-precision, functional parts that can replace final parts and offer high
performance [33].

The AM approach provided a platform for creative designers
and engineers to actualize daring concepts through the utilization
of technology. Car components manufactured using the filament
deposition technique exhibit reduced weight, leading to enhanced vehicle
performance, improved fuel efficiency, and decreased energy use. Large
companies such as Mitsubishi Chemical or BASE which care about using
filament deposition technology in the automotive industry, produce
many automotive parts with the AM method. Long gone are the days
when rapid prototyping was the primary use of AM technology in the
automotive industry. By 2029, the AM market is predicted to generate as
much as $9 billion in revenue. Volkswagen, BMW, and Ford respectively
stand out in using AM printing technology to produce final automobile
parts [34]. The parts and accessories market in the automotive industry
is predicted to reach approximately 17 Billion USD by the end of 2025.
According to Machine Design, the automotive industry’s consumption of
AM materials is expected to reach approximately $530 million by 2021
[32]. One of the most commonly used AM technologies currently in the
automotive industry is FFF (Fused Filament Fabrication). Its advantage
is the possibility of using many different materials whose properties are
similar to plastic. With the use of AM, the required parts and details can
be created, which allows companies to become independent from external
suppliers and facilitate their production processes, as well as ensure
production continuity, which is very important today. Bocar, a company
engaged in the manufacture of fire trucks, uses the AM technique to create
plastic subassembly prototypes. In collaboration with 3DGence, it has
prepared a 1:1 scale extruded collector model. Figure 3. Thanks to the
professional 3DGence INDUSTRY F340 printer, the element creation
process was shortened by several months. Precast casting eliminates
the need for manual welding of elbows, pipes, and flanges. In this way,
hydraulic systems are more sensitive and the failure rate is reduced.
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Figure 3. Extruded collector model [35]

The latest engineering solutions available on the market, including AM
printing, were applied in the construction of the race car (Figure 4). Among
other things, the casing of the battery pack was printed from a flammable
material on a 3DGence INDUSTRY F340. In addition, this use of the AM
technique enabled the creation of other parts and models, including molds
of aerodynamic elements, from which we were able to independently prepare
the necessary components for the racing car [36].

Figure 4. Example of a vacing car produced with the AM technique

Formula Student is an annual engineering design competition in which
student teams from all around the world compete to develop and race
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formula-style automobiles. Teams are judged based on their business plan,
design concept, cost report, and race performance, particularly power,
efficiency, and durability. This year, the team added a Form 3 SLA 3D printer
to their toolbox in order to save time and money and build parts that would
not be possible otherwise:

1. Prototypes: They print prototypes for various parts, such as anti-roll
bar assemblies or HV Battery stakeholders.

2. Carbon fibre part moulds: The team printed a dozen moulds to make
carbon fibre parts that couldn’t be created any other way.

3. End-use parts: Approximately 30 final parts for cars have been printed
directly with the AM technique, from button holders and steering wheel
shifters to sensor connectors of hoses and cooling systems (Figure 5).

Figure 5. Carbon Fiber Molding and End-Use 3D Printed Pavts for Formula Student
Race Cars

One proof that AM is at a stage of dynamic development is the growing
interest in it from large and well-established companies that were previously
dealing with completely different topics. Companies have started to cooperate
with printer and filament manufacturers and are developing solutions for
both operating materials and software. They mainly focus on introducing
AM printing in the aerospace and automotive industries. Only the best ones
remain on the market, those that can deliver devices at affordable prices,
and thus new projects can actually be realized. It is beneficial to evaluate the
changes in the AM market today and get ahead of your competitors with the
opportunities offered by technology.

Jorge et al. [37] showed that, according to the experimental results of
their study, samples obtained with 20% wood flour showed lower mechanical
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properties, while those obtained from 30% of test samples became very
brittle. They reported that mechanical properties such as torsional strength
were higher in the test samples obtained by injection molding compared to
AM FDM. TGA results of samples to understand the thermal behavior of
composites showed that optimum temperatures were suitable for processing
composites via AM. They claimed that composites could potentially
be applied in the design of auto parts due to their biodegradability and
mechanical strength.

2.3. Prototyping

In the automotive industry, the AM method is a widely used method
for prototyping. Due to its ability to perform rapid prototyping, the 3D
printing method and the prototype have become almost synonymous.
With the AM method, prototypes of many parts, from very simple parts to
dashboards and even scale models of the vehicle, can be produced quickly.
Rapid prototype production with high precision and features close to the
real product before mass production is important for the efficient operation
of the factory. Using additive manufacturing (AM), it is possible to produce
prototypes that are extremely persuasive, representative, and functional in
just one day. Moreover, the cost of creating these prototypes is significantly
reduced compared to traditional manufacturing techniques [33].

3. Manufacturing Methods in Additive Manufacturing

AM, like any other manufacturing process, necessitates good materials
(including high-quality 3D printers with good resolution and high-quality
software) that adhere to strict specifications and consistently produce major
elements [38]. Traditional manufacturing techniques necessitate seriously
elegant supply chain management, a significant business advantage to be
robotized, the AM printing process necessitates robotization, and are reliant
on CAD programming to print items using a variety of materials, radically
reducing the measure of supply chain management. When everything is
said and done, AM printing does not require any expensive dies, tools for
machining, structures, or punches, and is cost effective. Depending on the
source, AM print production procedures vary. Depending on the applications
of the components, any of the strategies can be used. The classifications
of AM print production techniques are shown in Figure 6 [39]. Figure 6
depicts the classification of several AM approaches.

Powder-Based Systems

Powder-based additive manufacturing (AM) is a technique where a
powdered substance is fused together to create solid, functional components.
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Bonding can be achieved through the use of heat, which causes the powder
material to undergo partial or complete melting and fusion. Alternatively,
bonding can be facilitated by introducing a coupling agent to the powder.
The powder-based system is a method used in 3D printing for production.
The manufacturing process utilises standard and traditional inkjet printheads
to produce components. The powder bed exhibits porosity and undergoes
condensation during the solidification process, leading to dimensional
alterations or potential failure [40], [41].
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Figure 6. Classification of additive manufacturing

Laser Metal Deposition (LMD)

LMD, short for Laser Metal Deposition, is an additive manufacturing
method that use a laser beam to convert a metallic base material into a molten
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pool of dissolved metal. This procedure entails injecting metal powder into
the substrate by use of a gas flow.

Direct laser metal sintering (DLMS)

Direct laser metal sintering (DLMS), also known as direct laser metal
forming (DLMF) and selective laser melting (SLM), is a process where a
powerful laser beam is focused onto a bed of metal powder, causing the
metal particles to fuse together in a predetermined shape [42].

Selective Laser Melting

Selective laser melting (SLM) is a technique that involves using a laser
beam to heat metallic powder materials to their melting temperature, causing
the powder layer to fully melt. Notably, SLM does not require the use of
binders or fluxing agents in the metallic powder materials [43].

Electron Beam Melting (EBM)

Electron beam melting (EBM) is a recently developed additive
manufacturing (AM) method that use a computer-controlled electron gun
to create solid 3D objects directly from metal powder [42]. Electron beam
melting (EBM) is an advantageous method of additive manufacturing that
offers distinct benefits in the production of intricate metal components of
superior quality. It is particularly helpful in industries that prioritise precision,
performance, and the use of lightweight materials [38].

Laser Metal Deposition (LMD)

The pieces are fabricated utilising the material in its solid state, regardless
of its prior liquid state, save for powdered material. Diverse configurations
of solid materials, including rolls, laminates, wires, pellets, and more. It has
the capacity to exist in that particular form. The initial solid-based additive
technology comprises wire-pulsed arc additive manufacturing, fused
deposition modelling, electron beam manufacturing, and laminated object
manufacturing [44].

Liquid-Based Systems

Stereolithography is the technical term for liquid-based rapid prototyping.
The primary methodology employed in liquid-based systems entails the
production of components utilising a photocurable semi-liquid resin, which
is subjected to irradiation by a laser beam to induce photopolymerization.
Consequently, the process of polymerization induces the transformation of
a substance into a solid state following a specific duration of laser exposure.
Typically, in liquid-based additive manufacturing (AM) systems, parts are
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created by immersing them in a container filled with a light-sensitive liquid
resin. This resin, which is capable of hardening or solidifying when exposed
to light, particularly in the ultraviolet (UV) spectrum, is used. The light
causes the resin to solidify close to the surface, resulting in the formation of
a thin, solid layer [45], [46].

Wire Pulse Arc Additive Manufacturing (WPAAM)

Wire arc additive manufacturing (WAAM) is a method of additive
manufacturing that utilises metal wire as the raw material. This wire is melted
using an electric arc to create a complicated 3D item by depositing layers
one at a time. When compared to laser or electron beam-based additive
manufacturing (AM) technologies, the WAAM process requires a significant
amount of heat input. This is because the electric arc used in WAAM has a
comparatively low energy density, resulting in low melting efficiency [47].

Stereolithography (SL)

Stereolithography (SL) is the method of solidifying layers of polymers that
are responsive to UV light. Stereolithography is an additive manufacturing
technique that enables the production of items from a CAD file, similar to
other creative manufacturing methods. In order to produce three Objects
using stereolithography; it is necessary to carefully control liquid tar so that
it undergoes photopolymerization and solidifies [48].

Fused Deposition Modeling (FDM)

Fused Deposition Modelling (FDM) is a widely utilised technology in
additive manufacturing (AM) that involves the extrusion of thermoplastic
materials from a nozzle tip. These materials are heated to a semi-molten
state and then deposited onto a substrate, resulting in a three-dimensional
structure [49].

Electron Beam Freeform Fabrication (EBFF)

Presently, there is ongoing development of a cross-cutting process known
as EBFE which generates conceptual metal pieces. This technique can be
employed to fabricate intricate, consolidated components using a layer-
by-layer material method. However, it is more efficient in terms of speed
when utilised to add intricate features to pre-existing castings, forgings, or
plated goods. EBFF employs a powerful electron beam that operates within
a confined region [38].
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Direct Light Processing (DLP)

DLP, an acronym for Digital Light Processing, is an advanced 3D
printing method used to quickly manufacture photopolymer components.
SLA and DLP devices share similarities, although they diverge in their
curing techniques. SLA machines utilise a laser to track and cure one layer
at a time, while DLP machines use a reflected light source to cure the entire
layer all at once. The use of DLP technology allows for the simultaneous
solidification of the entire layer [50].

4. Conclusion

Consequently, the automobile industry is experiencing a steady rise in
the manufacturing of biocomposites. The use of additive manufacturing
techniques in the creation of composite materials for the automobile
industry is increasingly prevalent due to its ability to guarantee precision,
cost-effectiveness, and efticiency. The manufacturing business has had a
substantial metamorphosis in recent years, primarily attributable to the advent
of 3D printing technology, sometimes referred to as additive manufacturing.
This groundbreaking manufacturing approach has provided opportunities
for inventive applications that offer potential cost reductions, more design
flexibility, and increased effectiveness. Over the years, 3D printing has
transitioned from being a specialized industrial process to becoming a widely
used technology with diverse applications. The automotive sector also reaped
the advantages of this manufacturing technique and actively promoted the
production of diverse components, particularly composite parts.
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