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EFFECTS OF STABILIZATION ON PHYSICAL AND CHEMICAL
PROPERTIES OF CARBON NANOFIBERS

SUMMARY

Carbon fibers (CFs) due to their high mechanical strengths and modulus, superior
stiffness, excellent electrical and thermal conductivities, strong fatigue and corrosion
resistance properties, have been started to gain attention by researchers in the last
decades. PolyAcrylonitrile (PAN) with high carbon yield is the most popular
polymer in CFs production. Electrospinning is a straightforward and cost-
effective method to produce nanofibers. Heat treatments called stabilization and
carbonization are carried out in order to manufacture carbon nanofibers (CNFs)
from PAN nanofibers. Characterization methods, such as scanning electron
microscope (SEM), Fourier Transform Infra Red (FT-IR), Electron Dispersive X-
Ray (EDX), and mechanical analyses should be performed to understand the
properties of CNFs.

It is difficult to produce CFs having diameters below 5 um with traditional methods.
CFs having nanoscale diameters could be obtained by both chemical vapor
deposition (CVD) and from pitch, but due to its simplicity and cost-efficiency,
popularity of electrospinning rapidly increases. Various polymers such as poly(vinyl
alcohol) (PVA), poly(amic acid) (PAA), polyimide (PI), Poly(p-
xylenetetrahydrothiophenium chloride) (PXTC) and poly(vinylidene fluoride)
(PVDF) are experimented by researchers in order to obtain CNFs, but PAN is still
the most widespread polymer in carbon nanofiber production because, it has a
continuous carbon backbone and the nitrile groups are ideally placed for cyclization
reaction to occur, producing a ladder polymer, believed to be the first stage towards
the carbon structure of the final fiber.

Stabilization, consisted of four chemical reactions including cyclization,
dehydrogenation, cross linking and oxidation, is the process that principally
determines the final structure and mechanical properties of the carbon nanofibers.
Stabilization is carried out under air atmosphere because oxygen is an important gas
to initiate the mentioned reactions. After stabilization, PAN nanofibers are heated up
to 900 — 1500 °C in an inert atmosphere (argon) to obtain CNFs. Stabilization is one
of the most important processes in carbon nanofiber production because properties of
final product are very relevant to process parameters.

In this work, the aim is to determine the effect of stabilization parameters on average
fiber diameter, fiber morphology and properties of stabilized PAN and CNFs.
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STABILIZASYON ISLEMININ KARBON NANOELYAFIN FIZIKSEL VE
KIMYASAL OZELLIKLERINE ETKILERI

OZET

Hizla gelisen kompozit malzemelerin ve teknik tekstillerin ana malzemesi olan
karbon elyafi, iistiin yorulma ve korozyon dayanimiin yani sira yiiksek mekanik
Ozellikler ve modiiltis, Ustiin sertlik, milkkemmel elektrik ve termal iletkenlik
ozelliklerine sahiptir. Bu tistiin 6zelliklerinden dolay1 karbon lifleri 6zellikle katma
degeri son derece yliksek yiik tasiyan kompozitler ve gaz ve radyoaktif molekiil
filtrasyonu, statik elektrik giderimi gibi nitelikli tekstiller alaninda ¢esitli uygulama
alanlarina sahiptir.

1997°den 2007 yilina kadar 10 yil igerisinde diinya genelinde karbon elyaf kullanimi1
% 80 oraninda artig gostermistir. 1997 yilinda 15 milyon kg olan karbon elyaf
tiretimi, 2002 yilinda bu miktar 20 milyon kilograma yiikselmistir ve 2007 yilinda 27
milyon kg seviyelerinde olmasi 6ngérillmistiir. 1980 yilindan itibaren karbon elyaf
maliyetleri diisiiyor olmasina ragmen halen giiniimiizde orta seviyede modiile sahip
karbon elyafinin fiyat1 20 $/kg, yiiksek modiillii, yiiksek iletkenlige karbon elyaflar
3000 $/kg civarinda satis fiyatina sahiptir.

Geleneksel karbon lifi yaygin olarak PoliAkrilonitril (PAN) polimeri esashdir ve
lifler genellikle 5-10 pm arasinda degisen ¢apa sahiptirler. Nanometre mertebesinde
capa sahip karbon elyaflari iiretilmesi igin ilk once kimyasal buhar biriktirme metodu
(CVD) calisilmistir ancak s6z konusu yontem cok karmasik fiziksel ve kimyasal
islemlerden olusan bir yontemdir. Boylece iiretim maliyetlerini artmaktadir. Ayrica
CVD yontemiyle kisa uzunlukta lifler iiretilebilmektedir. Kisa uzunlukta liflerin
varlig1 daha sonraki islemlerin uygulanmasinda zorluklara yol agmaktadir. Katran
bazli liflerin mekanik 6zellikleri ve tekrar Uretilebilirligi distiktiir. Yiiksek modiil ve
mukavemet Ozelliklerine sahip mezofaz katran bazli karbon elyaflar yiliksek
maliyetleri nedeniyle kendine genis bir pazar yaratamamistir. Nanometre boyutunda
capa sahip karbon lif iiretmek i¢in son yillarda hizla gelisen elektrospinning teknigi
tizerinde calisilmaktadir. Bu yontemle mikron alti ve nanometre boyutlarinda ¢ap:
olan lifler basit ve ucuz bir sekilde iiretilebilmektedir. Takip eden, stabilizasyon ve
karbonizasyonu igeren termal islemler, PAN nanolifleri istenen mikro yapi, elektrik,
mekanik ve diger 6zelliklere sahip karbon nanoliflere doniistiiriir. Literatiirde rapor
edilen calismalarda karbon nanolifler rastgele serilmis nanoliflerden iiretilmektedir
bu nedenle termal islemler esnasindan liflere bir gerilim uygulanamamaktadir.
Termal islemler sirasinda, Ozellikle stabilizasyon asamasinda, liflere gerginlik
uygulanmasi yiiksek mekanik ozelliklerin gelistirilmesinde dnemlidir.

Karbon nanolifler, diger tek boyutlu nano yapili malzemeler gibi ¢ok yiiksek uzunluk
cap oranina sahiptir. Karbon nanoelyaflar, filtre uygulamalari, siiper kapasitorler,
nanokompozitler, hidrojen depolama, pillerde katalizor destegi, optoelektronikler ve
ozellikle lityum iyon pillerde anot malzemesi olarak kullanilmakta ve genis
yelpazeye sahip uygulama alanina sahiptir. Gilinlimiizde hibrit elektrik araglarda
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(HEV) kullanilmak {iizere iiretilen anot malzemesinin fiyat1 30-50 $/kg arasindadir.
HEV freticileri yiiksek kapasiteli anot malzemesi i¢in ekstra 120-150 $ daha
Odeyebilmektedirler. Bu fiyat toplam lityum iyon pilin {iretim maliyetinin % 4-5’lik
bir kismini1 olusturmaktadir. Bu da karbon nanoliflerden mamiil anot malzemesinin
hitap ettigi ciddi bir pazar1 teskil etmektedir.

Bu caligmada, PAN polimerinden elektrospinning yontemi ile 6riimcek agi formunda
nanolif aginin yani1 sira birbirine paralel nanolif demetleri elde edilmis ve bu akrilik
nanolif aglar1 gerilme altinda stabilize (200 — 250 C arasinda) edilip karbonize (900
— 1500C arasinda) edilmistir. Eger stabilizasyon islemi, gerginlik olmaksizin
yapilirsa, ortaya c¢ikan karbon nanolif mekanik olarak zayif olmaktadir. Her iki tip
nanolif aglar gerginlik altinda 1s1l islemlere tabi tutulmustur.

Oriimcek ag1 formundaki nanolif ag1 cam bir tasiyiciya sikica sarilarak oksidatif
stabilizasyon isleminde gergi altinda sirasinda 1s1l igleme tabi tutulmugtur. Takip
eden karbonizasyon isleminde gerilim uygulanmadan 900-1500 C arasinda kontrollu
olarak sicaklik uygulanmtir. Paralel olarak iiretilmis nanolif demeti ise iki ucu
silindirlere baglanarak gergin bir sekilde 1s1l isleme tabi tutulmus, 1s1l islem boyunca
gerginlik boyutsal c¢ekmeyi engelleme yoluyla yapilmistir. Neticede bu yolla
paralelizasyonun ve mekanik 6zelliklerin gelistigi de gdzlemlenmistir.

Elektrospining islemiyle nanolif iiretimi i¢in asagidaki tambur ve disk tipi olmak
tizere iki tip toplayict kullanilmistir. Tambur tipi olan topraklanmis, yaklasik 500
gram agirhiginda, 28 cm genisliginde, 6 cm c¢apa ve sadece 3,2 m/saniye hizla
donebilen toplayici yapisal ozelliklerinden o6tiirii 6riimeek agi1 formunda olan nanolif
aginmn  toplanmasi igin kullamilmugtir. Oriimcek ag1 formunda nanolif elde
edilmesinin nedeni elektrospining isleminin ¢ok hizli gergeklesmesidir. Ote yandan
oryantasyon c¢aligsmalar1 i¢in PoliEtilen(PE) kiitiikten kesilerek elde edilmis 2,5 cm et
kalinligma sahip, 15 cm ¢apa sahip ve 24 m/saniye hizla c¢aligabilen disk tipi
toplayict  kullanilmistir.  Hafif olmasi nedeniyle daha yiliksek hizlarda
calisilabilmektedir. Toplayicinin altina simetrik olarak yerlestirilen 2 adet medikal
ignenin ucunda biriken polimer ¢ozeltisine yiiksek voltaj uygulanarak elektrospining
1slemi gercgeklestirilmistir.

Karbonizasyon isleminden 6nce, PAN nanoliflerini karbonizasyon islemi esnasinda
uygulanacak oldukg¢a yiiksek sicakliklara dayanikli hale getirmek amaciyla nispeten
diisiik sicaklilarda yapilan (200-250 °C) stabilizasyon islemi uygulanmistir.
Stabilizasyon islemi oryante edilmis ve Oriimcek ag1r formundaki farki nanoliflere
gergi uygulama sekillerine gore farkli sekillerde uygulanmistir. Oriimcek agi
formundaki PAN nanolif ag1 cam plaka iizerine yerlestirilerek stabilizasyon islemine
tabii tutulmustur. Isil islem farkli recelere gore yapilmais, stabilizasyon sicakliginin ve
bekleme siiresinin nanolif iizerindeki etkileri incelenmistir. Stabilisazyon islemi
oksijen iceriginin agirlik¢a % 10 olacak sekilde optimize edilmistir. Ayrica 220 ‘C’de
stire artiginin numunenin renk degisimine olan etkisi gozlemlenmistir. 24 m/saniye
cevresel hiz kullanilarak toplanmis nanolif demeti iki ucundan sabitlenerek 1sil
isleme maruz birakilmigtir. Boyutsal olarak c¢ekmeye karsi uygulanan gerdirme
isleminde mekanik ve morfolojik 6zellikler acisindan kazanimlar elde edilmistir.
Stabilizasyon sonucunda nanoliflerin paralelizasyonun arttig1 gozlemlenmistir. Bu
yontem kullanilarak farkli regetelerin tatbikiyle stabilizasyon iizerinde ¢alisilmistir.
Ayrica gerginligin etkisininde anlasilmasi igin 2 kademeli germe islemi
uygulanmustir. Birincisi; 1s1l islemden 6nce nanolif demetinin 2 metal silindir arasina
sikica yerlestirilmesi, ikincisi; nanolif demetinin 2 metal silindir arasmna %20
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oraninda sarkitilarak yerlestirilmesi. Bu iki islem neticesinde {iretilen nanoliflerin
mekanik 6zelliklerinin de farkli oldugu oldugu gozlemlenmistir.

Uretilen nanolif numunelerinin karbonizasyonunda ise 900 — 1500°C (100°C’lik
artiglarla) arasi sicakliklarda calisilmigtir. Stabilize edilmis nanolif aglarinin
karbonizasyondan sonra gostermis oldugu kimyasal ve fiziksel degisimler
incelenmistir.

Karbon nanolif iiretiminin gerekli goriilen her asamasinda karakterizasyon islemi
yaptlmistir.  Elektrospining, stabilizasyon ve karbonizasyon sonucunda; lif
morfolojisi, paralelizasyonu ve ¢apinin Ol¢lilmesinde taramali elektron mikroskobu
(SEM) kullanilmigtir. Isil islemler sonucunda gerceklesmesi beklenen kimyasal
degisimlerin tespiti icin Fourier Déniiniisiimlii Kizil Otesi (FI-IR) spektroskopisi rol
almistir. Stabilizasyon isleminin oksijen kontentinin miktarinin 6l¢iilmesi yoluyla
optimize edilmesi ve sicaklik artisinin karbon nanolifin karbon kontentine olan
etkisini incelemek i¢in Enerji Dagilimli X-Ray spektroskopisi (EDX) kullanilmistir.
Stabilizasyon sonrasinda, elektrospining islemindeki paralelizasyon calismalar1 ve
stabilizasyon esnasindaki gergi vermenin mekanik 6zelliklere olan etkisini anlamak
icin mekanik analizlerden faydalanilarak elastik modulus {izerinde calisilmistir.
Ayrica stabilizasyon islemi sirasinda pirolizin gergeklesip gerg¢eklemediginin ve
artan sicakligin agirlik kaybina etkisinin tespit edilmesi icin oksidatif stabilizasyona
maruz birakilmis PoliAkrilonitril’ten mamiil nanolif aginin agirlik¢a degisimi hassas
terazi kullanilarak tespit edilmistir.
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1. INTRODUCTION

Due to their high mechanical strength — weight ratio, superior stiffness, excellent
electrical and thermal conductivities, and strong fatigue and corrosion resistance,
CFs have been became the main material for developing composite materials [1-8,
70, 85]. They are used for reinforcement of metals, ceramics, polymers and carbon.
Nature of polymer and ceramics are non-conductive. Adding CFs to non-conductive
matrix makes them not only electrically conductive but also mechanically strong and
thermally conductive [8, 10, 19, 20].

0 10 20 30 >30

Years

Figure 1.1 : Maturity of carbon fiber market [79]

Hence, CFs have widespread applications in the fields of high value added composite
materials for spacecrafts, high temperature gas and radioactive molecular filtration
media and electrically conductive textiles and other industrial applications (figure
1.1). CF is a very expensive material due to the raw material prices are directly
connected with crude oil prices and energy costs (110 $/barrel in 2012 and 140 $/

barrel in 2008)[28]. The cost structure of carbon fibers is dominated by the precursor



cost with close to 50 % (table 1.1). Maturation of production technology will
decrease the energy requirement. The second position is held by energy necessity
because of high temperature heat treatments such as carbonization and graphitization
[79].

Table 1.1 : Cost share of carbon fiber’s items [79]

Items Cost Share (%)
PAN Precursor 45
Energy 20
Staff 10
Maintenance 8
Chemical Processes 8
Others 9

Traditionally CFs are based on Polyacrilonitrile (PAN) and are of varying diameters
in the range of 5 — 10 pm. In order to produce carbon fibers with diameters in the
range of 100 — 300 nm (nanometer), the electrospinning techniques have been
recently used. By the techniques, fibers with sub-micron diameters can be produced
economically and efficiently. With the following stabilization and carbonization
processes, PAN nanofibers are converted into CNFs with required nano-structure.
Due to their unigue properties, carbon nanofibers have many potential applicaitons in
different fields of commercial interests such as eneregy storage, filtration and
mechanical applications [65, 67-75].



2. CARBON FIBERS

Carbon fibers refer to fibers which are at least 92 wt.% carbon in composition [8].
The fine structure of carbon fibers consists of basic structural units of turbostratic
carbon planes [9]. There are van der walls bonding between the layers, so carbon
layers can easily slide with respect to on another. Due to the difference between the
in-plane and out-of-plane bonding, carbon fiber has a higher Young’s modulus

parallel to the plane than perpendicular to the plane [8].

fiber == D J—

dun; = 03440 nom

Figure 2.1 : Turbostratic plane of carbon fiber[11]

Production of PAN based carbon fibers can be achieved into four or five steps:
e Polymerization of Polyacrylonitrile
e Spinning of fibers
e Stabilization
e Carbonization

¢ Graphitization (optional)



Graphitization can be applied while the fibers are under tension, for improving
preferred orientation of carbon fiber. Higher graphitization temperature results the

greater the preferred orientation [8].

Commercial continues carbon fibers are in the tows form, which contains 1000 —
12000 fibers per tow. They may be sized and the sizing improves the handle ability
and may enhance between the fibers and certain matrices when the fibers are used in

composites [9].

For carbon fiber production, PAN is mostly used due to the fact that PAN has the
high carbon yield, containing 68 % carbon atoms, and acceptable tensile properties.
Another reason of suitability of PAN is that weight loss at 1000 °C in helium is very
low compared to other precursor such as cellulose and pitch as shown in table 2.1
[10]. Furthermore, PAN fibers have a higher degree of molecular orientation than

other precursors.

Table 2.1 : Weight loss (%) of precursor fibers at 1000 °C [10]

Precurson Fibers Weight Loss (%)
Pitch 30
PAN preoxidized 38
PAN 60, 67
Saran 74
Rayon 88
Ramie 91

2.1 Polyacrylonitrile (PAN) Based Carbon Fiber

PAN is polymerized from acrylonitrile (AN) by commonly used initiators, such as
peroxides and azo compounds through the addition type polymerization. Solution
polymerization is preferred to be conducted in a PAN solvent so that PAN solution
can be used as a fiber spinning dope directly [10, 57].

—HCH—CH g
C=N

Figure 2.2 : Polyacrylonitrile (PAN) [1]



One of the reasons of obtaining poor quality carbon fiber is PAN homopolymer
usage. Processability of PAN homopolymer is limited due to their hydrogen bonding

in the structure. Therefore, 5 — 10 % of a comonomer added [9, 10].

Table 2.2 : Comonomers [10]

Comonomer Chemical Structures
Acrylic acid (AA) CH,=CHCOOH
Methacrylic acid (MAA) CH,=C(CH3)COOH
Itaconic acid (IA) CH,=C(COOH)CH,COOH
Methacrylate (MA) CH,=CHCOOHCH;
Acrylamide (AM) CH,=CHCONH,

Various comonomers such as vinyl comonomers having acidic groups (acrylic acid,
metacrylic acid, itaconic acid), esters (metacrylate, acrylamide ammonium salts of
vinyl compounds (quaternary ammonium salts of amino ethyl 2 methyl preponate)
can be used for processibility [10]. The comonomer is a more bulky acrylic
monomer, which diminishes the crystallinity of the PAN structure, thereby acting as
an internal plasticizer and improving the drawability. Therefore, commercial PAN

fibers are copolymers [9, 10].
PAN should have these properties to be a good candidate for carbon fiber production;
e High molecular weight (~10°),

e A molecular weight distribution corresponding to a polydispersity ratio of 2-3
Mw/Mn,

e Minimum moleculary defects [8]
The precursor fiber should have ;
e A fine denier (5-19 denier or 10-12 micrometer diameter),

e High strength and modulus,



e A broad exothermic peak due to nitrile group oligamerization during heating,

and it should start at a lower temperature,
e High carbon yield (>50 %)

e Preferring of solution spinning eliminates PAN drying and re-dissolving

processes for wet spinning [10].

2.1.1 Thermal analyses of P(AN-co-VACc)

In this study, industrial PAN (p(AN-co-VAc)(w/w:92/8 wt%)) is taken from AKSA
Acrylic Chemical Co.,(M ,, = 30000-40000 gmol™and M, = 100000-120000 gmol™).
In order to understand thermal behaviour of p(AN-co-VAc), DSC (Differential
Scanning Calorimetry) and TGA (Thermal Gravimetric Analysis) are used.
According to DSC analysis, p(AN-co-VAc) display an exothermic peak at 318,68 °C.
This peak is existing as the result of the nitrile gruops of PAN. The glass transition

temperature is about 110 °C.
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Figure 2.3 : DSC plot of p(AN-co-VACc)



By refer to TGA analysis, degredation is beginning about 240 °C than it is ending
about 400 °C. 50% weight loss is determined at 570 °‘C. End of the measurement

34,37 % residue is accounted.
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Figure 2.4 : TGA plot of p(AN-co-VAc)
2.1.2 Spinning of PAN

Polar nitrile groups of PAN lead to strong intermolecular interactions in the
molecules. Because of strong intermolecular interaction, PAN has a high melting
point and, it tends to degrade before the temperature reaches its melting point.
Solution (wet) spinning appears to be the only proper choice for PAN precursor fiber
spinning. There are many parameters, which are spinneret orifice diameters, doping,
rate, take up velocity etc. These variations affect fiber drawability, molecular
orientation of fiber, tensile strength etc. Strength of fiber especially depends upon the

condition of coagulation bath and stretching parameters [8].
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Figure 2.5 : Wet spinning [17]
2.1.3 Stabilization

Precursor fiber are heated in the 180 — 400 °C range in air or in an oxidizing
atmosphere under tension for being thermally stable subsequent high temperature

heat treatments (carbonization and graphitization).

In order to reduce stabilization time and obtain more uniform fiber properties, pre-
stabilization treatments are suggested. This process obtains impregnation of PAN
precursor fibers with solutions of persulfate, cobalt salts, a combination of a salt of
iron (1) and hydrogen peroxide, acids, guanidine carbonate, dibutylindimethoxide,
potassium permanganate and flame retarders or antioxidants [8].

The stabilization process play an important role in converting PAN fiber to an ladder
type polymer that converts C=N bonds to C=N bonds and to develop crosslink
between molecules of PAN which tend to operate at high temperatures, with

minimum volatilization of carbonaceous material [15].
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Figure 2.6 : Ladder PAN structure [15]



The thermal stability of the stabilized fibers are attributed to the formation of the
ladder structure due to cyclization of the nitrile groups in acrylic molecule.
Stabilization is the most decisive process to designate final properties of carbon
fibers. Chemical structure changes occur during heat treatment that begins 180 °C.
Stabilization is also responsible for the change in color of precursor fiber to yellow
or dark brown [16].

Figure 2.7 : Stabilizaiton furnace and oxidized PAN fibers [18]

An oxidizing atmosphere is used because it results in a higher rate of cyclization, a
higher carbon yield after subsequent carbonization and improved mechanical
properties of resultant carbon fibers. Besides cyclization, dehydrogenation and three-
dimensional cross-linking of the parallel molecule chains by oxygen bonds occurs
during stabilization (Figure 2.6). The cross-links keep the chains straight and parallel

to fiber axis, even without stress application [15].
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Figure 2.8 : Proposed chemistry of PAN stabilization [15]

Two important reactions occur during stabilization process, which can change the
chemistry of PAN structure. They are dehydrogenation and cyclization reactions as
illustrated in figure 2.6. Both are important to form ladder polymer structure, which
was thermally stable and might be able to withstand high temperature during
pyrolysis process. In addition, stabilization process also could be present in oxidation
reaction that gives an insight about diffusion of oxygen through the reacting polymer
[10].

Oxygen is an initiator for the formation of activated center for cyclization.
Dehydrogenation is the formation of double bonds that stabilizes carbon chain and
cyclization is the process by which the rings are formed. The dehydrogenation
reactions have at least two elementary steps, with oxidation in the first step and
elimination of water in the second [19]. Cyclization is the most important reaction in
stabilization process. The reaction is necessary to hold molecules in fiber together

and increases the stiffness [15].

If the stabilization temperature is too high, the fibers can overheat and fuse or even
burn. However, if the temperature is too low, the reactions are slow and incomplete

stabilization can be resulted, yielding poor carbon fiber properties [15].
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2.1.3.1 Importance of tension for stabilizaiton

During stabilization, tension is applied to prevent shrinkage or cause elongation of
the fiber, when fully relaxed by heating, shrink by about 25% due to the formation of
nitrile conjugation cross-links between polymer chains [16]. It is crucial to apply
tension particularly during stabilization in order to produce carbon fibers with high
mechanical strength. If not, the final product of carbon fiber would be mechanically
weak [14].

2.1.3.2 Aspects of stabilization

There are many methods to evaluate degree of stabilization process and to establish
optimum conditions such as measuring O, content [50], determining oxidized fiber
density [20], calculating water uptake of oxidized fiber [55], employ the

aromatization index [19].

Amount of oxygen is determined by elementary analysis. 8-12 % of oxygen is
considered as preferable value. Homopolymer PAN involves 0 % O,, whilst an
acrylonitrile copolymer is theoretically less than 3%. Maximum saturation value of
O, is 20%, however the values more than 15 % resulted in carbon fibers with
reduced mechanical properties and less than 5 % reduced the yield of carbonized
fiber [50].

An increase in oxidized fiber density with longer stabilization times results in density

to closer packing of molecular chains due to cyclization of the nitrile groups [20].
The water absorption of stabilized PAN fiber is calculated as follows:
(W —W,) x 100/W,

Where W is the weight after absorption and W, the weight after drying for 2 hours at
120 °C. A value of 5-10 % is preferred; <3.5% will make poor carbon fiber and

<15% will lower the carbonization yield [55].

Aromatization index (Al) is a measure of degree of oxidation.

Al = ((Hy — Ho) x 100) / H,)%
Where Hv = exothermic heat of virgin PAN fiber, Hy = exothermic heat of oxidized
PAN fiber and an Al value of 60 % is preferred [19].

11



2.1.4 Carbonization

Stabilized PAN fibers are heated up to the range of 400 — 1500 °C in an inert

atmosphere (generally nitrogen or argon gases) in order to obtain carbon fibers.
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Figure 2.9 : PAN stabilization and subsequent carbonization [20]

Stress application is not a necessity during carbonization because after stabilization,
backbone of PAN fibers has already consisted of carbon atoms completely. However,
in the case of using rayon as a precursor, one oxygen atom per monomer unit is
existed in the backbone, so it shows structural reorganization during carbonization
[8]. During carbonization about 50 % of the weight of the fiber is lost by the effect of
extracted gases such as H,O, NH3;, HCN, CO, CO,, N, and H, (Table 2.3). The
volume of the gases evolved is 10° times the volume of the fibers [15]. The reason to
use an inert gas atmosphere is to dilute the toxic waste gas in the gas extract system

and to prevent ingress of atmospheric air [12].
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Table 2.3 : Carbonization products of oxidized PAN [19]

Temperature “C Observation Interpretation
220 HCN evolved and O, chemically bonded Ladder polymer formation and
oxidation of polymer
260 Little change. No modulus increase No chain scission
300 Large CO, and H-O evolution, also CO, CO; from —=COOH groups in oxidized
HCN and some nitriles. No modulus increase polymer.
Mo cross-linking
400 CO;, H;0, CO, HCN and NH evolved. Small Cross-linking by intramolecular
evolution of C3 hydrocarbons and nitriles. H.O elimination
Modulus increase
500 Increased H, evolution. Some NH; and HCN Cross-linking by dehydrogenation
evolved. Modulus increase
600 Reduced H. evolution. HCN and trace N, Cross-linking by dehydrogenation
700 N,, HCN and H; evolution. Modulus increase Cross-linking by dehydrogenation
and evolution of N
800 Large increase in N.. H, and HCN still evolved. Cross-linking by evolution of N,
Modulus increase
900 Maximum evolution of N, some H., traces HCN. Cross-linking by N, elimination
Modulus increase.
1000 M- evolution decreases to about the Cross-linking by N, elimination

same as at 800°C. Trace H; evolved. Modulus
increase.

2.1.5 Graphitizaiton

Graphitization, also called high temperature carbonization, is carried out between the
temperatures 1500 — 3000 "C. An inert atmosphere is needed for graphitization too.
Up to 2000 °C nitrogen can be used to create this atmosphere but above 2000 °C
argon should be used because above this temperature, reaction between nitrogen and
carbon forms cyanogens, which is toxic. Little amount of gas is evolved during
graphitization. However, crystallite size is increased and preferred orientation is
improved, so the fiber becomes more graphitic. Energy need of graphitization is very
high so process cost increases. Thus, it is not usually preferred during carbon fiber

production [19].

2.2 Properties of Carbon Fiber

According to structures and treatment conditions of carbon fiber, they shows
different properties, but there are some important common features which are high
tensile strength and modulus, high thermal conductivity, low electrical resistivity,
chemical stability, low density, low thermal expansion coefficient excellent creep
resistance [12]. Carbon fibers have great thermal and electrical conductivity because
of parallel alignment of graphene layers along the fiber axis and high content of

delocalized m electrons. The coefficient of thermal conductivity of carbon fibers

13



varies between the ranges of 21-125 W/mK, which is similar to that of metals.
Thermal conductivity of high modulus mesophase pitch carbon fibers may increase
above 500 W/mK at room temperature. Carbon fibers treated at relatively high
temperatures, about 2500 °C, have electrical conductivity similar to the metals have
[21]. Modulus of carbon fibers are directly affected by the crystallinity and alignment
of the crystals along the fiber axis. The higher crystallinity and better alignment of
crystals result higher modulus carbon fibers [12]. PAN-based carbon fibers
consisting of smaller turbostratic crystallites are expected to have better tensile
strength [22]. There are weak van der Waals bonds between the graphene layers and
their fibrillar structure. Thus, carbon fibers have low compressive strength. The
compressive strength of mesophase pitch carbon fibers is relative lower than that of
PAN-based carbon fibers [12].
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3. CARBON NANOFIBERS

PAN has been used as the principal precursor and associated with different
modifications in processing such as the use of additives, oxidative stabilization of as-
spun PAN fibers at a low temperature and stretching during stabilization and
carbonization [23]. In order to obtain nanofibers, electrospinning is carried out.
Electrospinning has been used to produce nanofibers of various polymers with
diameters from a few tens of nanometers to a few micrometers in different forms
such as nonwoven webs, yarns, etc. [24]. Then thermal treatments calling as
stabilization and carbonization are applied to the nanofibers. Oxidative stabilization
iIs essential step for several reactions which are cyclizaiton, oxidation,
dehydrogenation, aromatization etc. [10] Stabilized PAN nanofibers are carbonized

at >800 °C in an inert atmosphere such as argon, nitrogen, helium etc.

3.1 Electrospinning

Electrospinning has been regarded as the most effective and versatile technology to
produce nanofibers with controlled fiber morphology, dimension and functional
components from various polymeric materials [29]. A schematic diagram to interpret
electrospinning of polymer nanofibers is shown in fig. 3.1. There are basically three
components to fulfill the process: a high voltage supplier, a capillary tube with a
pipette or needle of small diameter, and a metal collecting screen. In the
electrospinning process, a high voltage is used to create an electrically charged jet of
polymer solution or melt out of the pipette. Before reaching the collecting screen, the
solution jet evaporates or solidifies, and is collected as an interconnected web of
small fibers [25].

Most of the nanofibers are non-woven form, which can be useful for small number of
applications such as filtration, tissue scaffolds, and implant coating film, and wound
dressing [25]. Alignment is very important property for textile applications and
several researchers focused on production of aligned nanofibers in order to improve

mechanical, electrical and optical properties.
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Figure 3.1 : Principal illustration of electrospining [26]

Rotating cylinder collector is used to parallelize nanofibers. Collector is working at a
very high speed up to thousands of rpm (repeat per minute). When the collector
rotates at a high surface speed such as 8 m/sec. fibers start to align along the rotating
axis [29]. This speed can be defined as alignment speed. If surface speed of the
collector is slower than alignment speed, randomly deposited fibers will be collected.
On the other hand, there must be a limit rotating speed above which continuous

fibers cannot be collected since the over fast take-up speed will break the fiber jet.

[27].

Figure 3.2 : Multi-Frame type collector [25]

It is also possible to produce aligned nanofibers by manipulation of electric field.
Two split parallel flat plates connected with grounded electrode, a frame or multi
frame-shaped collector (figure 3.2) [25]. High degree of alignment can be achieved

by this method. However, length and thickness of these nanofibers are limited. Most
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of the early studies focused on non-twist nanofiber bundles. Twisting can be inserted

by a post-electrospining process and now continuous yarns can be produce directly
from an electrospinning process [30].

According to form of final products, nanofiber alignment studies can be classified as
following:

e Short Nanofiber Bundles
e Short Nanofiber Yarn
e Continuous Nanofiber Bundles

e Continuous Nanofiber Yarns [29].

Table 3.1 : Short Nanofiber Bundles

Set Up Morphology Explanation

!

Power supply
Positive polarity

Jet was stabilized by placing a
series of charged rings in the
electrospinning zone and the
rings were charged to have the
same polarity to the spinneret;
i PEO [31].

— —
Electrospinning jet

—

Electric field is concentrated
on the tapered wheel which
rotates for fiber alignment.
The collector has a limited
fiber deposition area;
PEO[32].

Rotating Disk
Collector

Gap collector using sharp
blades for concentration
of electric field; PCL[33].
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Table 3.2 : Short Nanofiber Yarns

Morphology

Explanation

POLYMER

SOLUTION IN

CONICAL HOLDER —>
WITH HOLE AT TIP

POLYMER JET
N

MOTOR

F g\ COLLECTOR

- / \ COLLECTED L

NANOFIBERS

ROTATING
HOLLOW
HEMISPHERE
COLLECTOR

+15 KV l;

High voltage | +—

Microrope

Collector needle
High voltage o

HIGH VOLTAGE
POWER SOURCE

METAL ROD

Aligned nanofibers were
collected between the
electrodes (gap collector)
and twisted by rotating one
electrodes; PCL [34].

Aligned nanofibers collected
by twisting needle electrode;
PMMA/MWNTSs [35].

Nanofibers were twisted by
electric field using an auxiliary
polygon electrode; PEO[36].

(Gap collector) aligned
NFs twisted by rotating the
round electrode; ZnO, NiO[37].

Helical ropes were prepared
with two needle spinnerets and
one rotating needle collector;
PVP [38].
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Table 3.3 : Continuous Nanofiber Bundles

Set Up Morphology Explanation

Flexible fiber web in
liquid was withdrawn
into fiber bundles; PCL,
PVDF, PAN, PVAc [50]

Nanofibers electrospun from
opposite charged spinneret
attract each other to form
bundles; PVA; PVP [41, 42, 43].

Conductive fiber induces
self-bundling; PPV [44].

Spinneret Yarn —_—
N\ 2 |
gl /| Needle co!lector induced
+ 7 self-bundling of
/ nanofibers; PHBV[45].
Drum
y 4
+ v
Power spply L
Power supply

Temperature
sensor

Heating bulb —_.

—

High Voltage
Power Supply

Ring
attachment

{ 4 R Ring induced self bundling
e % RN B N of nanofibers; PAN[46].

case
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Set Up Morphology Explanation

ISyringe pump| \ \ '&

Needle—>

Step-up

- transformer AC induced self-bundling
Hi-speed ibers;
im:;ie:g — of nanofibers; PVP [47].

amplificr

Collector ~ = .
C waveform|
generator

Table 3.4 : Continuous Nanofiber Yarns

Set Up Morphology Explanation

T

one
~q Ventilation/Conditioning

L 59
"1 Spinning %

@ Drum :E:

Pump

Orientation

Twisting of nanofibers
with a special setup;
N -} PAN,PLA [48].
Attentuation

Twisting

Takeup

Manually drawing and
twisting nanofibers
electrospun from a
multineedle setup;
Polyurethane [49].

.

Take up Guide *

A4 Fwisted Yarn

Nanofibers twisted due
to rotation of liquid
water; polymer (Helix
angel 19.76°) [51, 52]

—200.0um

Nanofiber stream redirected and twisted by a
twist winder; PAN [53].

L - - - — — - High Voltage|- — — — — — 1
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Morphology Explanation

Nanofibers twisted by
rotating the left disk and
then taken up by the right
disk; Nylon6/MWNT [54].

Nanofibers produced from two
oppositely charged spinneret
and twisted by using a
electronic twister; PAN [56]

Svrine needia
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oD .
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! YV ‘7 Polymer solution

Fiber web was twisted by
an earthed rotating funnel;
PLLA [58]

die Appliod vollage
collctor
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\‘ + Nanofiber yarns were
———————————— ""////;/ directly produced from an
7 Fud un-earthed fibrous cone

T Vo] — formed on a rotating funnel;

‘ “rg\ PVDF-HFP, PCL,

! 3\;\\\\\ PAN, PS (twist angle up to 0

: N - 61°) [59].

3.2 Stabilization

Stabilization is very crucial step for conversion of PAN precursor nanofibers to
carbon nanofibers. The oxidative stabilization is an essential step, in which several
reactions i.e., cyclization, dehydrogenation, aromatization, oxidation and cross-
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linking reactions are involved [24]. Stabilization conditions can be change for

different type of precursor materials.

UM CN CN

Dehvdrogenation
{H,0,NH HOM) 4 ‘J

Cyelization

Oraidation

Figure 3.3 : Stabilization of PAN nanofibers [24]

Mechanical properties of electrospun nanofibers need to be improved because of
limited crystallinity and orientation during the jet spinning [62]. During the
stabilization, PAN nanofibers should be stretched to improve the molecular
orientation and the degree of crystallinity to enhance the mechanical properties of
nanofibers. Several attempts were tried to apply stretching forces to PAN nanofibers

as following:

e Tightly wrapping of PAN nanofiber web onto ceramic or glass rods to
thermal treatments, thus tension existed in the individual nanofibers during
stabilization [60]

e Confining of PAN nanofiber web on a graphite sheet before stabilization [61]
e Hot stretching by weighing [62].

First two methods are based on preventing shrinkage during heat treatment. Other
method is carried out for applying more stretching to improve the crystallinity and

molecular orientation.
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3.3 Carbonization

Stabilized PAN nanofibers are heat up to 800 — 2000 °C in an inert atmosphere
(nitrogen, argon or helium) to produce carbon nanofibers. Carbonization process
over 1500 °C is called high temperature carbonization or graphitization. Using
nitrogen at high temperature (>1500 °C) can be damage for chemical and physical
structure of carbon nanofibers. Hence argon or helium are preferred as inert
atmosphere at high temperatures (>1500 °C). Carbonization is also important
production step because this process affects directly properties of final product.
Therefore, final carbonization temperature, heating rate, duration of carbonization

process should be accurately regulated [64-72].

3.4 Properties

Carbon nanofibers have high mechanical properties, acceptable thermal and
electrical conductivities, good hydrogen storage and nanoscale diameters which
make them favorable for many applications such as filtration, energy etc.

3.4.1 Mechanical properties

The amount, size and distribution of structural defects such as surface defects, bulk
defects and structural inhomogeneity, macromolecular orientation and crystalline
structure, morphological and structural homogeneity and diameters of fibers are the

parameters that determine the mechanical properties of carbon fibers [80].
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Figure 3.4 : Mechanical properties of electrospun carbon nanofibers [60]
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In 2009, Zhou et al [60] demonstrated both Young’s modulus and tensile strength of
carbon nanofibers carbonized at 1000, 1400, 1800 and 2200 °C.

According to their test method [66], Young’s modulus and tensile strength of
carbonized nanofiber bundles at 1000 °C were measured 40 GPa and 325 MPa,
respectively. At 2200 °C, Young’s modulus and tensile strength were increased to 58
GPa and 548 MPa. Young’s modulus and tensile strength were improved by increase
of carbonization temperature. In 2011, Salman et al [63] are determined mechanical
properties of a single carbon nanofiber carbonized at 800, 1100, 1400, 1700 °C.
According to their test method, Young’s modulus of individual carbon nanofiber
carbonized at 800 °C was calculated 80 GPa, and tensile strength was calculated 1.85

GPa. At 1700 °C, Young’s modulus and tensile strength were determined as 191 and

2.05 GPa respectively.
75 —
L. | /l["
£ 7 —_—'—_——_
= 154 - %\ - %‘
& 1] T~—3 —““‘—-—%_%
s 4
5 1
a I I I 1 1 1 I
130

Stress (MPa)
ER

O

I

[

|
,_\E

Modulus (GPa)
|
3
'TH
|

4 A" T | 1
a1 1
T SN
untreated 140 180 200 240 70
Temperature {C)

Figure 3.5 : Stress, strain and initial modulus of prepared PAN nanofiber bundles
versus treatment temperature.

Ravandi and Sadrjahani [66] demonstrated mechanical properties of heat treated
PAN nanofibers. The stress-strain behaviors and the initial modulus, tenacity and

extension were measured as a function of temperature. Tenacity values increases

24



gradually from 72.5 to 113 MPa at 25 - 270 °C, respectively. The extension values
followed an inverse trend; it decreased from 19.2 to 9% with increasing temperature
from 25 to 270 °C, respectively. The most value of modulus was obtained 7.2 GPa
for treated nanofibers at 270 “C in comparing with the modulus of 4.1 GPa for

untreated nanofibers.

3.4.2 Electrical conductivity

Electrical conductivity of carbonaceous materials is important for application such as

super capacitors, lithium ion batteries and catalyst supports.

Wu et al [24] observed the effect of stabilization temperature and duration time on
electrical conductivity. In order to analyze influence of stabilization temperature and

duration time, stabilized nanofibers were carbonized at 1000 °C.

When stabilization temperature increase from 250 to 280 °C, electrical conductivity
of the 1000 °C carbonized nanfiber powders increased from 4.7 to 12.9 Scm™. The
holding time gave a positive effect also. Electrical conductivity of carbonized
nanofiber powders of the sample stabilized 280 °C/2h was 20.2 S cm™, which has
56% higher than that of 280 °C/1h.
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Figure 3.6 : Electrical conductivity of 1000 °C carbonized PAN nanofiber
powders[24]
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In 2009, Zhou et al. [60] observed the effects of carbonization temperature and
orientation on electrical conductivity. The electrical conductivities of the nanofiber
bundles carbonized at 1000, 1400, 1800 and 2200 °C were measured in both parallel
and perpendicular to bundle axis. The nanofiber bundle carbonized at 1000 °C had
electrical conductivities of 180 Scm™ in parallel direction and 7.7 Scm™ in the
perpendicular direction. It means the discrepancy of electrical conductivities in the

two directions was 20 times.
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Figure 3.7 : Electrical conductivities of electrospon carbon nanofiber bundles in
both parallel and perpendicular directions

3.4.3 Elementary analysis

XPS is one of the most effective methods in characterizing chemical structure and
elemental composition on the surface of PAN nanofibers after stabilization and

carbonization.

Table 3.5 : Element concentration obtained from XPS for the PAN precursor
nanofibers, stabilized and carbonized nanofibers [24]

Element Atomic concentration (%)

FAN 250-C1h 265-C{1h 280-C{1h 1) =C

fiber carbonized
fibe=r
s GE.0 Bl1.5 G612 564 B5b6
[ 2RH 282 248 214 449{
s 1.0 103 14.0 221 9.5(0
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In 2012, M. Wu et al [24] determined carbon, oxygen and nitrogen contents of
precursor, stabilized and oxidized nanofibers. According to their measurements, they
reported that the oxygen concentration was the highest for 280 °C/1 h stabilized PAN
fibers, indicating more oxygen-bearing groups were formed at this stabilization

condition.

3.4.4 Surface area

Surface area of carbon nanofibers is also an important property for many applications
such as lithium ion batteries. Carbon nanofibers and its composites can be a good
candidate as an anode material. The surface area value of carbon nanofibers is very

relevant with energy capacity of lithium ion batteries.

Ji and Zhang [67] observed effect of additives in carbon nanofiber precursor on
surface area of carbon nanofibers. They used PLLA to produce porous CNF. It was
clearly understood that surface area of PLLA added carbon nanofibers are larger than

other precursor, which do not have PLLA inside, after carbonization.

Table 3.6 : Some of the structural properties of PAN and PAN/PLLA (9:1)
nanofibers [67]

oAl b e sd
55:1 TP\.’-,I anrx_im ILmi-:_l:u
(m- g_l ) (i g_l }o{cm- g_l ) '::'C]leI g_l )

Nonporous CNFs ~ 33.9| — —
Porous CNFs 235 0.114 0.028 0.086

In their other study [68], results (table 3.8) show that the BET specific surface area of
carbon nanofibers increase with increase of ZnCl, content in PAN/ZnCl,. 438 m2g-1

was measured as largest value for specific surface area.

Kim et al [69] observed 815,6 m?g™ of surface area for palladium coated carbon

nanofibers.

Table 3.7 : Specific surface area of ZnCI2 added carbon nanofibers[68]

ZnCl; (%) SSAY (mPg ")
i] 316

5 G695

10 3328

15 438.0
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3.4.5 Other properties

Hydrogen is becoming popular with the chance to use it as an environmentally
friendly fuel for transportation and suitable materials for its storage is the subject of
current researches. Besides carbon nanotubes active carbon, active carbon fiber and

graphite powder can be considered as suitable materials for hydrogen storage [69].

Carbon fibers can be used in a variety of thermal control applications because of
their relatively high thermal conductivities [77]. Mahanta et al. [78] produced carbon
nanofibers with a maximum thermal conductivity of 157 W/m-K but stated that they
would generate carbon fibers having thermal conductivity over 500 W/m-K with

some configuration.

3.4.6 Applications

Due to their unique properties, carbon nanofibers have many potential applications in
different fields of commercial interests such as energy storage, filtration and
mechanical applications. Carbon nanofibers can be used their own as well as they
can be used as composites with other polymer or can be added into some materials in

order to change or improve properties of materials.

Many attempts have been made to produce PAN-based carbon nanofibers of high
surface area for applications as super capacitors, lithium ion batteries and hydrogen
storage etc. They are intensely investigated as backup energy storage systems, since

they carry high power and have long lifecycles.

Hydrogen is a promising energy alternative to fossil fuels because it is renewable and
pollution-free. Microporous materials are promising as components for hydrogen
storage applications. Kim et al [69] observed that the specific surface area of the
palladium coated carbon nanofibers were 8156 m’g’. Reversible hydrogen

adsorption capacity was determined to be 0.35 wt% at 298 K 0.1 MPa.

Carbonized and activated electrospun PAN fibers are attractive for super capacitor
electrodes. In 2010, Barranco et al [70] produced activated carbon nanofibers as a

good candidate for super capacitor electrodes because of their good cycle life.

Thanks to high energy density and long cycle life Lithium-ion batteries (LIBs) used
in cell phone, camera, mp3, laptop so on. as an energy source. Although it
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theoretically displays very high capacity performance, they have not been improved
entirely. Anode material of LIBs that is state of art could not meet a need.
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Figure 3.8 : Exploded view of lithium ion battery

Anode is the most important part of lithium ion battery in determining capacity.
Lithium ion storage capacity of anode determines lifetime of battery. Also lithium
ion storage capacity is related to surface area and composition of anode. Degradation
of anode caused by chemical reaction in battery occurs during electrochemical
cycling. During the using of lithium ion battery, lifetime is shortened as result of
degradation [74-75]. For example although pure Sn and silicon used in negative
electrode have theorical capacity of 992 mAhg™ and 4200 mAhg™ (theorical capacity
of conventional graphite anode is 372 mAhg™) could not be used effectively in
practical because of the fact that it consumes rapidly while electrochemical cycle

[71-73]. Therefore, lifetime is not stable and fails rapidly.
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Figure 3.9 : Charge-discharge curve of PAN-based carbon nanofibers used as anode
electrode in lithium ion battery [74]
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Carbon nanofibers (CNFs) have very large surface area for storing of lithium ions.
This situation makes it possible to have higher capacity in a cycle. Chemical
resistance of carbon nanofibers is also very high. Lifetime is more stable than
conventional anodes due to chemical resistance of CNFs. CNFs are an electrical
conductive material, and have thin structure. Using thin material is shortened
diffusion distance of lithium ions. They have high carbon purity ( > 90 wt.%), and

they can used as anode without any binder and conductive filler.
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Figure 3.10 : Charge-discharge curve of PAN-based carbon/Si nanofibers used as
anode electrode in lithium ion battery [76]

In 2009, Ji and Zhang [76] prepared a lithium ion battery by using carbon/Si
composite nanofibers as anode material. The resultant anodes exhibit good
electrochemical performance such as a large discharge capacity of 1100 mAh™ at a
high current density of 200 mAg™.
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4. EXPERIMENTAL

Purpose of experimental part was fabricating oriented and unoriented carbon
nanofiber webs with optimum experimental parameters including electrospinning,
especially stabilization and carbonization processes, and producing appropriate
samples for analyzing effects of stabilization on physical and chemical properties of
carbon nanofibers. Parameters used in production process arranged with extensive

literature researches.

4.1 Production

Main difference between carbon fiber and carbon nanofiber production is fiber
obtaining method as shown in figure 4.1. In carbon nanofiber production,
electrospinning is performed to produce nanoscale fibers. Then thermal treatments
calling as stabilization and carbonization are implemented to fabricate CNFs. All the
production steps are carried out in TEMAG laboratory (Textile Machinery Research

and Development Laboratory), Istanbul Technical University.

Main body

Collector

PAN Polymer PAN Polymer
Al Charging unit
. Polymer feeding unit
Control panel

|
J

P AN Flbcr

3
Carbon Carbon
Fiber Nanofiber

Carbonization

Carbonization Unit

Figure 4.1 : Carbon fiber and carbon nanofiber production
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4.1.1 Electrospinning

Firstly, precursor nanofibers were produced via electrospinning. PAN copolymer,
constituted of acrylonitrile (CH2CHCN) monomer and vinyl acetate
(CH3COOCH=CHy), was used in the experiments. The average molecular weight of
PAN copolymer varies between 120000 — 150000 g/mol. In order to prepare
electrospinning solution, PAN was dissolved in high purity (99.9 %) DMF. Both
PAN copolymer and DMF were taken from Aksa Acrylic Chemical Industrial
Company, Yalova. GAMMA High Voltage Power Supply that is capable of creating
high voltage between 0-100 kV generates high voltage. ORIENTAL Motor was
utilized in order to provide the rotational motion of the collector.

A rotor mechanism was installed to increase the rotational speed of the collector. A
rotational surface speed up to 24 m/sec was carried out by this configuration. A
linear actuator was employed to supply the axial motion of the collector. Solution
was fed to the nozzle by the help of SK-5001 Syringe Pump. The pump could adjust
solution flow rates varying between 0-100 ml/h. Drum and disc types of collectors,

illustrated in figure 4.2 and 4.3, were used for electrospinning experiments.

3,2 m/sec

Figure 4.2 : Drum type rotational collector

Drum type rotational collector, illustrated in figure 4.2, was employed for fabrication
of unoriented PAN nanofibers. Structural properties of the collector are 570 gr of
weight, 28 cm of width and 6 cm of diameters. Due to heavy structure of collector,
vibration occurred during the electrospinning process and oriented nanofiber
production couldn’t achieved efficiently. Surface speed of drum type collector could

be increased only to 3.2 m/sec. Parallelization of nanofibers couldn’t achieve by
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using drum type rotational collector. Results of electrospining by using drum type
collector, sheet-like spider web non-woven unoritented nanofiber webs were
produced. In order to prevent machinery breakdown resulted from vibrations, disc

type collector, illustrated in figure 4.3, was designed.

24 m/fsec.

15em

Figure 4.3 : Disc type rotational collector

Disc type rotational collector was used for production of oriented PAN nanofibers.
Structural properties of disc type rotational collector are 80 gram of weight, 2.5 cm
width and 15 cm diameters. Surface speed of disc type collector can be increased up
to 24 m/sec. Disadvantages of drum type collector are prohibited by using disc type
collector. PAN nanofiber bundles (figure 4.4) were produced at end of the process by
working with disc type collector. In addition, parallelization of nanofibers was

achieved.

Figure 4.4 : PAN nanofiber bundle
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Figure 4.5 : Effect of concentration, voltage, flow rate, distance and collector speed
on average fiber diameter [80]

In order to fabricate thinner PAN nanofibers, Mutlu A. in 2011 has been studied on
PAN/DMF concentration, voltage, and distance parameters for same PAN copolymer
polymer precursor. According to his study, 8 % of PAN/DMF concentrations, 20 kV
of high voltage, 13 cm of distance are determined in order to produce the thinnest
PAN based nanofibers, which has 140 nm of average fiber diameter [80]. In this
study, these parameters except for collector speed are used for electrospinning
process. In addition, collector type was modified. Surface speed was increased up to
24 m/sec to produce oriented nanofibers. Therefore, parameters for fabricating
unoriented and oriented nanofibers, illustrating in table 4.1, are implemented.

Table 4.1 : Parameters for Oriented and Unoriented PAN Nanofiber

Flow Rate (ml/h)

Collector Type

Surface Speed (m/sec)

Oriented PAN
Nanofibers

0,2

Disc

24

Unoriented PAN
Nanofibers

Drum

3,2
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4.1.2 Stabilization

After electrospinning, for withstanding in proportion to high temperature, which is
necessary for carbonization process, stabilization (oxidation) should be applied to the
PAN nanofibers. The stabilization process was performed in TEMAG, ISTANBUL.
MEMMERT UFE 400 oven (Figure 4.6) was used for stabilization in this step.

Figure 4.6 : MEMMERT UFE 400 oven

Stabilization is implemented with two different ways for unoriented and oriented
nanofibers. Unoriented nanofibers are peeled off the aluminum foil. Then, it is
wrapped around a glassy plate in order to provide required tension during
stabilization. Because unorinented nanofibers have spider web structure, there were

not effective methods for tension mechanism.

Oriented PAN nanofibers were stabilized by applying effective tension during the
stabilization. In order to perform an effective tension to nanofibers, oriented
nanofiber bundles were produced and an effective tension was applied by using

designed tension mechanism shown in figure 4.7.

In this mechanism, a metallic rod is assembled to metallic wheels for preventing
ribbon-like electrospun nanofiber webs contact any surface in oven (MEMMERT
UFE 400) while performing stabilization. Two points of samples are wrapped around
metallic rods. Samples are held around them easily, because of electrostatic forces

occuring between nanofiber and metallic rod.
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Table 4.2 : Stabilization experiments to analyze ultimate stabilization temperature
and holding time for unoriented PAN nanofibers

Ultimate
Stabilization Holding Time
Temperature (hours)
(°C)

Figure 4.7 : Tension mechanism for electrospun PAN nanofiber bundles
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Then probable mobilization existing from shrinkage during heat treatment is blocked
by fixing metallic rods to grids. Required tension is applied to the PAN nanofiber
bundles to opposite direction of shrinkage. Various stabilization recipes are exerted
for realizing the effect of stabilization conditions. Stabilization is carried out in air
atmosphere because oxygen is very important gas to initiate the reactions, which
make nanofiber web durable during carbonization process. In order to examine effect
of temperature, holding time and heat rate, new recipies (table 4.3) are designed as

follow:

Table 4.3 : Stabilization recipes for electrospun PAN nanofiber bundles (*heat rate
is examined for 1,2,3,4,5 °C/min at 250 °C and 30 minutes pending time)

+
+ + + +

200 °C +
220 °C +
230 °C + + +

250 °C + +* + +

Effect of heat rate is also examined between 1 and 5 *C/min at 250 °C for 0,5 hours
to oriented electrospun PAN nanofiber bundles. The oxidized samples should be
characterized with different methods, such as Scanning Electron Microscopy (SEM),
Fourier transform infrared spectroscopy (FT-IR) and Energy-disperse X-ray
spectroscopy (EDX) to conceive whether the nanoweb is properly stabilized or not.

The results of analyses will be shown in characterization part.

4.1.3 Carbonization

Final step of carbon nanofiber production is carbonization. Carbonization process is
carried out in TEMAG ITU. Carbolite Eurotherm 2132 (Figure 4.8) is employed for
this process. In order to prevent undesirable reactions during carbonization, an inert
atmosphere is created by using argon gas. Argon is fed to the tube with 0.8 I/h flow
rate. Oxidized samples are put in alumina boat to prevent the samples flit. Then the
boat is located at the center of the tube of the carbonization furnace. No tension is
applied during carbonization process. Carbonization is performed at different
ultimate temperatures between 900 — 1500 °C. Stabilized samples heat up from room

temperature to 200 °C with 10 °C/min of heat rate. Then 5 *C/min heat rate is applied
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until 600 °C and samples are heated up to ultimate temperature with 3 °C/min. After

ultimate temperature, it is cooled with 10 *C/min heat rate to room temperature. One

of the examples of carbonization recipes performed 1500 °C ultimate carbonization

temperature is illustrated at figure 4.3.

Figure 4.8 : Carbolite Eurotherm 2132
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Figure 4.9 : One of the example of carbonizaiton recipe

Various ultimate carbonization temperatures that are 1000, 1100, 1200, 1300, 1400

and 1500 °C are performed for realizing effect of temperature on fiber properties.

Dimensional and color changes are detected resulting from stabilization and

carbonization. Color of electrospun PAN nanofibers turn into brown and black.
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Figure 4.10 : Color conversion of (a) oriented and (b) unoriented PAN nanofibers
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5. RESULTS AND DISCUSSION

Effects of electrospinning, especially stabilization and carbonization parameters on
physical and chemical properties of nanofiber webs are the issues of this thesis.
Collector type and surface speed are eletrospinning parameters. Heat rate, ultimate
temperature, pending time and tension mechanism are variable for stabilization.
Ultimate temperature is also versatile during carbonization prosess. SEM, FT-IR,
EDX and mechanical analyses, are the methods to characterize the samples on each
required steps of production. Using SEM is very useful method to understand change
of nano scale diameter of nanofibers during the carbon nanofibers production.
Characterization method such as FT-IR and EDX are useful to realize the conversion
of PAN nanofibers into carbon nanofibers. Furthermore, mechanical properties are
determined to investigate the suitability of carbon nanofibers webs for different

applications.

5.1 Scanning Electron Microscope (SEM)

Figure 5.1 : Carl Zeiss EVO/MA10 Scannning Electron Microscopy
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Scanning Electron Microscope (SEM) is a type of electron microscope, which
images the sample surface by scanning it with a high-energy beam of electrons in a
raster scan pattern. The electrons interact with the atoms that make the sample
producing signals. The signals can give information about the morphology and the
composition of the material [2]. Carl Zeiss EVO 10 (Figure 5.1) is used for SEM
analysis.

Figure 5.2 : Cressington Sputter Coater 108 Auto

The samples were first sputtered with gold (Cressington sputter coater 108 Auto,
Cressington Scientific Instruments Ltd, England) in Argon for 20 sec. before
analyzing them under high voltage (20kV) during scanning. The SEM produces
images by hitting the samples with a high-energy electron beam. The electrons
interact with the atoms in the sample giving information about surface topography

and other properties [3].

5.1.1 Electrospinning

Mutlu A. determined optimum production procedure in order to fabricate PAN based
nanofibers that has 140 nm of average fiber diameter. According to his work, 1 ml/h
of flow rate, 13 cm of distance, 20 kV of voltage are chosen as appropriate

conditions [80]. In this study, collector types and their effects examined to improve
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nanofiber alignment for electrospinning. Alignment is very important specialty for
textile applications. Many physical specialties such as mechanical, electrical, opaque

etc. depend on fiber alignment.

Nanofibers fabricated by drum type collector with 3.2 m/sec surface speed were not
fully-parallelized as shown figure 5.3A. As increasing rotational speed by using disc
type collector, which has 24 m/sec surface speed, improves fiber alignment as shown
figure 5.3b. Improving alignment on nanofibers provide effective and controlled

tension possible during stabilization.

| Vrotatonal = 24 misec |

%:D:

©

28 cm

Figure 5.3 : Effect of rotational speed on nanofiber aligment A) PAN nanofibers
(15.00 kX) produced with using drum type collector B) PAN nanofibers
(10.00 kX) produced with using disc type collector

5.1.2 Stabilization

Effect of stabilization ultimate temperatures, holding times and heat rates on
nanofiber diameters are evaluated for both oriented and unoriented nanofibers. By
the help of SEM images, average fiber diameters are calculated by measurement at
least 50 different points. Firstly, stabilization is achieved for oriented nanofibers with
and without stretching at 200, 210, 220, 230, 240 and 250 °C ultimate oxidation
temperature and for 0.25, 0.5, 2, 4, 6 and 8 hours holding time. In order to understand
effect of temperature, samples oxidized for 0.5 hours at different temperatures. On
the other hand, samples are heated up to 250 °C for different holding time to realize

effect of holding times.
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Figure 5.4 : A)Precursor nanofibers, B) 220 “C-30 min, no stretching, C)220 °C-30
min, with stretching, D)220 "C-60 min, no stretching, E) 220 °C-60
min, with stretching, F)220 °C-120 min, no stretching, G)220 °C-120
min with stretching

Figure 5.5 : A)Precursor nanofiber, B) 250 °C-30 min, no stretching, C)250 °C-30
min, with stretching, D)250 °C-60 min, no stretching, E) 250 °C-60 min,
with stretching, F)250 °C-120 min, no stretching, G)250 °C-120 min with
stretching

Average fiber diameter of no stretching applied oriented samples oxidized at
different ultimate temperatures is calculated as 238, 227, 220, 209, 193 and 185 nm
respectively. Effect of ultimate temperatures is measured as 195, 191, 183, 180, 181
and 185 nm for stretching applied oxidized nanofibers. Moreover as increase of

temperature and holding time, oxidized nanofiber diameters reduce.

Unoriented nanofibers are also oxidized at 220, 230, 240, 250 °C and for 2, 4, 6, 8,
10 hours. Because unoriented nanofibers have spider web non-woven structure,

stretching could not performed efficiently.

Average fiber diameters are detected 196, 182, 179, 178 and 174 nm respectively at
200, 220, 230, 240, 250 °C with 1 *C/min. for 2 hours. Figure 5.7 shows SEM images
of oxidized PAN nanofibers manufactured in order to evaluate the effect of

temperature on average fiber diameter. Heat rate is also important parameter in
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stabilization process. Samples were oxidized with at 250 °C for 2 hours as they

heated to this temperature from room temperature by 1, 2, 3, 4, 5 °C/min heat rates.

According to SEM images increment of average fiber diameter is noticed and
measured 152, 163, 165, 170 and 204 nm respectively for 1, 2, 3, 4, 5 °C/min heat

rates.
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Figure 5.6 : Comparison of average fiber diameters of stretching applied and no
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Figure 5.7 :

Oxidized unoriented PAN nanofibers at different ultimmate temperature
(@)200 °C — 2 hours, (b)220 °C — 2 hours , (¢)230 °C — 2 hours ,(d)240
°C — 2 hours ,(e)250 °C — 2 hours, and (f)250 °C — 4 hours
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Figure 5.8 : Effect of ultimate stabilization temperature, heat rate and holding time
on average fiber diameter

Holding time is defined as the time which PAN nanofibers are continued to
stabilization process at their ultimate temperature. Besides ultimate temperature and
heat rate, holding time also affects average fiber diameters. 181, 183, 164, 157 and
144 nm average fiber diameters are measured for 2, 4, 6, 8 and 10 hours of holding
time at 250 °C and with 1 °C/min of heat rate.

Figure 5.9 : Oxidized PAN nanofibers for different pending time (a)250 °C — 2
hours, (b)250 °C — 4 hours, (¢)250 °C — 6 hours, (d)250 °C — 8 hours, (e)
250 °C — 10 hours
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5.1.3 Carbonization

Figure 5.10 : SEM images of samples to observe the temperature and orientation
effects (a)1100 °C unoriented, (b)1100 °C oriented, (c)1200 °C
unoriented, (d)1200 °C oriented, (e) 1300 °C unoriented, (f)1300 "C
oriented, (g) 1400 °C unoriented, (h) 1400 °C oriented, (j) 1500 °C
unoriented, (k) 1500 °C oriented
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Carbonization is the last step of carbon nanofiber production. In order to examine
effect of carbonization temperature and stabilization methods on carbon nanofiber
properties, the samples are produced at 1100, 1200, 1300, 1400 and 1500 °C.
Different carbonization temperatures are applied to the samples oxidized at 250 °C,
for 0,5 hours and by 1 “C/min. Furthermore, carbonization is performed for both
oriented and unoriented nanofibers. Parallelization of nanofibers is detected as shown
in figure 5.10. Average fiber diameters of carbon nanofibers are also measured as
illustrated at figure 5.11. Decrease of average fiber diameters is apparently realized
after carbonization process. As increase of process temperature, nanofiber diameter

decreases unsurprisingly.

130 T T T

—— Unaoriented
—— Oriented

Average Fiber Diameter (nm)

0
1100 1200 1300 1400 1500
Temperature (*C)

Figure 5.11 : Effect of carbonization temperature on average fiber dimaters

Average fiber diameters of unoriented carbon nanofibers are measered as 128, 117,
104, 96, 84 and 68 nm by increase of carbonization temperature. 114, 105, 91, 74 and
61 nm of average fiber diameters are calculated by increase of carbonization
temperature for oriented carbon nanofibers. It is clearly understood from SEM
images that the applications, which parallelize nanofibers during electrospinning and
stabilization, results decrease in average fiber diameters after carbonization. In
addition, average fiber diameters expectedly reduce by increment of process

temperature.
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5.2 Energy — Dispersive X-Ray Spectroscopy (EDX)

In order to find chemical composition of a material, Energy—dispersive X-ray
spectroscopy (EDX) is one of the useful methods. An energy—dispersive (EDX)
detector is used to separate the characteristic x-rays of different elements into an
energy spectrum, and EDX system software is used to analyze the energy spectrum
in order to determine the abundance of specific elements. Energy peaks correspond

to the various elements in the sample [4].

Figure 5.12 : EDX detector

EDX detectors are usually integrated to scanning electron microscopy. In this work,
oxygen content is calculated to optimize stabilization step. Moreover, effect of

carbonization temperature is realized by carbon content measurements.

5.2.1 Stabilization

In order to oxidize PAN based fiber appropriately, oxygen content of sample must be
between 5 — 15 % wt. More than 15 % wt. of oxygen content results with reduced
carbon fiber properties. If the samples have a oxygen content value less than 5 % wit.,

it results with reduced yield of carbonized fiber [6].
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Figure 5.13 : EDX analysis for Oxydized PAN nanofiber web at 250 °C for 0,5
hours

PAN nanofibers are stabilized between 220 — 250 °C for 0,5, 2 and 4 hours and
oxygen content is measured by EDX at 5 different points for each sample. Oxygen
contents are 5.96, 8.51, 9.53, 10.10, 16.46 and 17.81 wt. % at 220, 230, 240 and 250
°C for 0.5, 2 and 4 hours, respectively.

Table 5.1 : EDX analysis for stabilizaiton

Tei;:;';iitrlz?ec) Holding Time (hours) Heat Rate ( "C/min) Oxyg(c\a:t'c;?tent
220 0,5 1 5,96
230 0,5 1 8,51
240 0,5 1 9,53
. 2s0 05 1 1010
250 2 1 15,46
250 4 1 17,81

Although oxygen content has appropriate value at 220 °C for 0.5 hours; as can be
seen by help of SEM images from figure 5.14 nanofiber formation could not
implement after carbonization at 1200 °C. Furthermore, there are powder-like
discontinues residue by using the stabilization recipe of at 250 °C for 4 hours which
has 17.81 wt.% oxygen content after carbonization at 1200 °C. All in all it is decided
to apply stabilization process at 250 °C for 0,5 hours in order to have 10 wt. % which

is the optimum point for oxidation.
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Figure 5.14 : SEM image of carbonized (at 1200 °"C) nanofibers which have 5,96 wt.
% of oxygen content after stabilization

5.2.2 Carbonization

Carbon content of carbon nanofibers are also examined by using EDX detector.
According to measurements, 80.89, 90.15, 89,90, 90.24, 91.17, 91.78 and 93.08 wt.%
are detected for 900, 1000, 1100, 1200, 1300, 1400 and 1500 °C, unsurprisingly. It is
expectedly observed as increase of carbonization temperatures, carbon content also

accrues.

Table 5.2 : EDX analysis for carbonization

Carbonizaiton Carbon Contents
Temperatures (°C) (wt. %)
900 80,89
1000 90,15
1100 89,90
1200 90,24
1300 91,17
1400 91,78
1500 93,08

5.3 Mechanical Analyses

E (Elastic modulus) is the slope of the line in this region where stress (o) is
proportional to strain (¢) and is called the "Modulus of Elasticity" or "Young's
Modulus". The modulus of elasticity is a measure of the stiffness of the material, but

it only applies in the linear region of the curve. If a specimen is loaded within this

o1


http://www.instron.us/wa/resourcecenter/glossaryterm.aspx?ID=99
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linear region, the material will return to its exact same condition if the load is

removed.

a=i

Figure 5.15 : Stress — strain curve [13]

5.3.1 Effect of orientation to mechanical properties of stabilized PAN nanofibers

DMA and instron were utilized in order to prove the alignment of nanofibers after
stabilization. Stabilizaiton is applied at 250 °C for 0.5 hours and with 1 °C/min.
Samples were prepared parallel and perpendicular to nanofiber collection directons
(figure 5.17). As can be seen from figure 5.18. sample of the parallel to the collection
direction has higher Young’s modulus value while sample of the perpendicular to the

collection direction.

Figure 5.16 : (A) nanofibers are strong when they are pulled in the finer direction,
(B) They are weak at right angles to the nanofiber direction
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Figure 5.17 : Sample preparation for anayzing effect of orientation

Young’s modulus of the sample, perpendicular to the collection direction, is 0,90
GPa while the Young’s modulus of the sample, parallel to the collection direction, is
1.36 GPa. The samples produced for evaluating effect of orientataion on Young’s

modulus are stabilized at 220 °C for 0,5 hours.

257
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Figure 5.18 : DMA analysis with 0° and 90°to collector direction
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5.3.2 Effect of stretching on Young’s modulus of stabilized PAN nanofibers

Figure 5.19 : Strecthing set up for different tension amount

In order to realize effects of stretching on Young’s Modulus of stabilized PAN
nanofibers, stretching mechanisms were prepared (figure 5.19) at different tension
amount. 16 cm of PAN nanofiber bundle placed into 13.5 cm gap in a loose form
while 7 cm of PAN nanofiber bundle layered into 7 cm gap tightly. Metal rods are
fixed in order to prevent mobilization. After the stabilization, Young’s modulus were

determined.

Table 5.3 : Young’s Modulus of Stabilized Nanofibers

Samples Young's Modulus [Gpa]
0° 0,95
90° 1,31
placed loosely 1,71
placed tightly 3,90

Young’s modulus measured for tightly placed nanofibers approximently 2.3 times
higher than loosely placed naofibers. It means that amount of stretching during heat

treatment is very important to designate mechanical properties of carbon nanofibers.

5.4 Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared (FT-IR) spectroscopy is a measurement technique for
collecting infrared spectra. Instead of recording the amount of energy absorbed when
the frequency of the infrared light is varied (monochromatic), the infrared light is
through an interferometer. After passing through the sample, the measured signal is
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the interferogram. Performing a Fourier diagram on this signal data results in a
spectrum identical to that from dispersive infrared spectroscopy [6]
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Figure 5.20 : Characteristic IR absorption frequencies of functional groups

The infrared spectrum of a sample is collected by passing a beam of infrared light
through the sample. Examination of the transmitted light reveals how much energy
was absorbed at each wavelength. A transmittance or absorbance spectrum can be
produced, showing at which IR wavelengths the sample absorbs. Analysis of these

absorption characteristics reveals details about the molecular structure of the sample

[7].

5.4.1 Stabilizaiton
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Figure 5.21 : FT-IR analysis of conversion of bands after stabilization at 250 °C for
different holding times
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Conversion of chemical structure after stabilization was observed by using FT-IR
and success of the processes was questionized. According to FT-IR analysis,
vibrations of C=N bonds give peaks at 2243 cm™. A reduce of the intensity at this
wave number after stabilization means that C=N groups have started to disappear.
Moreover, intensity of aliphatic C—H groups, which give peaks at 1453 cm™ and
2932 cm-1 wave number, decrease unsurprisingly during stabilization. On the other
hand, the sharp peak, which appear after stabilization at 1588 cm™ wave number,
shows a mix of C=N, C=C and N=H groups. These bonds are the result of
cyclization, crass linking and dehydrogenation during stabilization. As can be seen in
figure 5.21 and 5.22 intensity of C=N and C—H bonds are reducing as increment of
holding time and temperature. On the other hand peaks of C=N, C=C and N=H

groups are increasing as expectedly.

29250 22430 17360 16650 \‘ 13730 10410
f /

PAN ‘ ’ [

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 630.0
cm-1

Figure 5.22 : FT-IR analysis of conversion of bands after stabilization for 30
minutes at different temperatures

5.5 Weight Loss

In order to prove existing pyrolysis reaction during stabilization, average weight loss
is also determined. Weight of PAN nanofibers are measured before and after
stabilization. Three piece of PAN nanofiber webs are taken for each experiment.

After heat treatment, average weight loss wt. percentage is calculated for each
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recipes figured out on table 5.4. As unsurprisingly, 8.22, 15.05, 17.94, 18.37 wt. % of

average weight loss are calculated at 220, 230, 240, 250 °C, for 0,5 hours. Therefore,

increase in stabilization temperature results increase in average weight loss.

Table 5.4 : Effect of temperature on average weight loss for stabilization

Teimtzzlrl:titrl:r(LC) Holding Time (hours) Average gjlght Loss
220 0,5 8,22
230 0,5 15,05
240 0,5 17,94
250 0,5 18,37
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6. CONCLUSIONS AND RECOMMENDATIONS

In this study, unoriented and partially aligned, oriented PAN nanofibers were
electrospun from PAN/DMF solution for producing carbon nanofibers. Alignment of
PAN nanofibers are improved by increase of collector surface speed up to 24 m/sec.
Aligned nanofiber bundles were stabilized between 200 — 250 °C under stress by
preventing dimensional shrinkage. On the other hand, unoriented PAN nanofibers
were fabricated by drum type collector with 3,2 m/sec. surface speed. Stabilization
was carried out on a glassy plate between 200 -250 °C. Then they were carbonized

between 900 — 1500 °C under argon gas for creating inert atmosphere.

Surface speed of collector was the variable for electrospinning. Ultimate
temperature, pending time, heat rate, stretching mechanisms were the paremeters to
evaluate effect of stabilization on carbon nanofibers. Carbonization temperature was

an important factor on carbonization process.

Samples were characterized by SEM, EDX, FT-IR. Moreover, mechanical properties
and weight loss percentage were determined.

According to SEM images, increasing of rotational collector surface speed improves
nanofiber alignment. Preventing shrinkage during stabilization also improves
parallelization of nanofibers. It is clearly understood that increase in ultimate
temperature and pending time and applying tension results decrease in avarage fiber
diameter. Increase in heat rate from 1 to 5 “C/min results increase in average fiber
diameter. Compared to electrospun and stabilized nanofibers, carbon nanofibers have
significantly thinner fiber diameters. It is also observed that icrease in carbonization

temperature slightly decrease average fiber diameter.

Refer to EDX analysis by evaluating amount of oxygen after stabilizaiton, the
optimum process condition is decided as at 250 “C and for 0,5 hours. It is obviously
understood that increase in carbonization temperature results increase amount of

carbon in structure.
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Conversion of bonds after stabilization was as it was expected with respect of FT-IR.
Intensities of C=N and aliphatic C-H bonds have decreased while that of C=N and

C=C have increased by increase in temperature and pending time.

According to mechanical analysis, it was experimentally observed that Young’s
Modulus of stabilized nanofibers on alignment direction was higher than
perpendicular to alignment direction. Furthermore, as increase of stretching rate, in

stabilization, improves young’s modulus.

In addition, weight loss was more when ultimate temperature of process is higher

after stabilization.

The tension applied nanofiber nanofiber bundles can be used as a promising
precursor for production high performance carbon nanofiber composite. According
to all the analyses, it has been undersood that stabilization is the most decisive and
the key process for carbon nanofiber production. The mechanical properties can be
developed by studying on electrospinning conditions and tension mechanism. Refer
to this study, further academic studies and applications of carbon nanofibers and

enhancing the properties would be done.
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