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Abstract 

The central goal of thi thesis i s  to produce electrical ly  conductive 

nanoc mpo ite made out of carbon black obtained from waste tires as fil ler into a 

polJmeric matrix .  Wa te tires are di carded in sub tantial number on a dai ly ba i . 

po ing a igni ficant nvironmental concern. B weight. about 25-35% of a tire is 

carbon black. Pyrolysi i s  a convenient and en ironmental ly friendly process to 

produce carbon black from tire . Due to carbon black's low den i ty, high electrical 

conductivity and economical feasibil i ty, this thesis investigates the electrical 

conductivity of nanocomposites that uti l izes carbon black particles as fi l lers . As a 

resul t  of it modified and control lable properties, composites with fi l lers present a 

radical alternative to conventional pol mers and their blends. The small size of the 

fi l lers leads to e. cept ional ly large interfac ial area in the composites. The interface 

controls  the degree of the interaction betv.:een the fi l ler and the polymer thus 

contro l ling the propert ies. 

The effect of almealing temperature ( 550°C- 1 250°C ) on the electrical 

properties of carbon black obtained from tires was investigated. Generally. the DC 

electrical conductivity improved when the anneal ing temperature increased. The 

modulation of the electrical conductivity as a function of annealing temperatures was 

explored using Raman spectroscopy. Energy dispersi e X-ray, Scanning electron 

microscopy. X-Ray diffraction and thenno-gravimetric analysis. Annealed carbon 

black was used as fi l ler in a polymeric matrix. The annealed waste carbon black was 

blended i nto epoxy at d ifferent wt. % to investigate the electrical conducti ity. 

Furthermore, annealed carbon black was used as fi l ler in a Carbon Fiber Reinforced 
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Polymer (CFRP) and then the effect of different percentage of waste carbon black 

wa studied. fier that, through plane electrical conductivit . surface electrical 

condu tivity. through plane thermal conducti\'ity and fl x ural strength \yere 

examined. 

The result howed that the electrical conductivity for the annealed carbon 

black at 1 250°C was improved to a a1ue 40 a/cm . Furthermore. impregnating a high 

amount of annealed carbon black (40 wt. %) in a polymeric matrix resulted in a low 

electrical conductivity of 0 .0034 a/cm. 

Blending annealed carbon black into carbon fiber reinforced polymer (CFRP)  

resulted in altemating the electrical conducti ity of  the composite material . The 

surface conductivity of carbon fiber polymer \ as 2.5 a (per square) .  However, the 

urface conductivity of impregnating 2 wt. % of annealed waste carbon black into 

CFRP was 1 3  a ( per quare) .  The results also showed that addition of 5 wt. % of 

waste carbon black noticeably decreased the area specific resistance of CFRP from 

1 99 to 98 mQ.cm2. The through-plane thermal conductivity of CFRP increased as 

carbon black wt. % increased. The through plane-thermal conductivity increased by 

78% when the waste carbon black loading reached 1 6  wt. %. However. loading the 

composite with waste carbon black resulted in decreasing the flexural strength. 

It is recommended to blend 5 wt. % of waste carbon black annealed at 1 250°C 

into CFRP to provide enhancement in both the through-plane and surface electrical 

conductivity. The surface conductivity was enhanced by 80% when blending 5 wt. % 

of waste carbon black. The through p lane resistivity reduced 5 1  % by adding 5 wt. % 
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of waste carbon black .  However. the flexural strength \vas negati\'ely affected with a 

reduction of 8% onl, by blending 5 \\1 . % of waste carbon black. 

Ke) , o rd : onductive polymer compo ite. Waste carbon black. through plane 

electrical conductivit . urface electrical conductivity. and carbon fiber reinforced 

compo ite. 
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CHAPTER ONE 

INTRODUCTION 

Electrical ly conductive polymer are sought for a number of industrial 

application . This chapter out l ines the difference between the intrinsical ly conducti e 

pol) mer and electrically conducti e composites. The aim of this thesis is to produce 

an electrical ly conductive polymer composite that uti l izes a byproduct of tires 

rec)' l ing as a fi l ler. The electrical conductivity of the composite is modulated by the 

percentage of the fil ler in a polymeric matrix .  

1. 1  Oven'iew 

A good number of research results have recently surfaced in the l iterature to 

signify the different approaches in producing highly electrical and thermal conductive 

polymer composite material to replace metal l i c  components. Researchers are focusing 

on conductive polymers for appl ications such as; bipolar plate used in Proton 

Exchange Membrane Fuel Cel l ( PEMFC). ant istatic material .  conductive films and 

electromagnetic shielding material . Many factors contribute to the performance of 

conductive composites. such as the electrical conductivity of fil lers. diameter and 

structure of fi l lers. state of di spersion, process type, and most importantly the 

concentration of fi l lers. Carbon black is used as conductive fil ler to produce electrical 

conductive polymer composite. 

Conductive composites are achieved by impregnating fil lers into the matrix .  

In  order to enhance the electrical conductivity of composite material , high fi l ler 

loadings are necessary to generate network of conductive channels .  The bulk majority 



of l iterature report have been focu ing on carbon based polymer composites. The 

growing intere t in carbon fil lers is related to the fact that they have low density and 

can be produc d in different particle ize and morphology. Different carbon ba e 

materials are commercial ly avai lable such a carbon nanotubes CCNT), expanded 

graphite and carbon black (CB)  in which they are electrical l  conductive fil ler. 

However. the production of highl e lectrical and thermal conducti e carbon based 

composite ha been achieved but is not yet economical ly feasible due to the fol lowing 

reason : 

• The qual i ty of dispersion is an important factor that affects the generation of 

conductive channel in  the compo ite and the dispersion of conductive fi l ler is 

not uniform if  conventional industrial plastic manufacturing techn iques are 

used. 

• Extra rich polymer layer is  generated on the top surface of composite material 

which results in blocking the electrical conductive network generated by the 

fil ler. 

• High loading of conductive fil ler results lD decreasing the mechanical 

properties of the composite. 

The main focus of this research is  to develop electrical ly conductive material 

made out of  polymer composite. The objective is  to develop a material that is easy to 

manufacture by uti l izing carbon-based material from waste t ires as a conductive fil ler. 

The research work is  divided into three parts as is  shown in F igure 1 - 1 .  The 

first part includes the preparation and the characterization of CB obtained from waste 
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t ire b. a pyrol) i proce s. Firstly. in order to enhance its electrical conductivity .  the 

B \vas annealed under different temperatures from 550°C to 1 250°C . Then. 

morphology and the electrical conduct ivity were investigated. Later, the DC 

electrical conducti"ity wa improved by increa ing the anneal ing temperature. The 

re ulting electrical conductivity was correlated to Raman spectroscopy. Energy 

disper ive X-ray, scaIll1 ing electron micro cop , X-ra diffraction and theml0-

gravimetric analy is .  

econdly. carbon black with the highest electrical conducti ity was mixed 

with epoxy re in to investigate the feasibil ity of using CB in polymer binder and 

generate a "aluable solid composite materia l .  D ifferent percentages of waste CB were 

mixed with epoxy re in .  After that the mixture was casted into molds to in estigate 

the electrical conductivity as a function of wa te CB Wt. %. 

In  the third part. the highest anneal ing condition of waste CB was used as a 

fi l ler i n  the preparat ion and characterization of composite material that was made of 

carbon fiber reinforced with epoxy resin (CFRP) .  The effect of different percentages 

of waste CB is also investigated. I n-plane electrical conductivity. through plane 

electrical conductivity, flexural strength and thermal properties were investigated. 

The attention was focused on the possibi l i ty of increasing the electrical conductivity 

as a function of the waste carbon black weight percentage in the composite laminate . 

The composite was manufactured by incorporating the waste CB into the epoxy resin .  

The composite is  fabricated by hand lay-up fol lowed by hot pressing. 
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Carbon fiber 
reinforced pol)TI1er 

composite " .. ith 
waste carbon black 

General ly, the conductive polymeric materials are c lassified into two parts, 

intrin ical ly conducting polymers ( ICPs) and conductive polymeric composites 

(CPCs) .  The intrinsical ly conducting polymers are organic polymer semiconductors. 

nfortw1ately. the cost of it production is relatively high and its appl icabi l ity is  

l imited a a result of poor productivity (Gurunathan et  aL 1 999). 

On the other hand, conductive polymeric composites possess large-scale variat ion in 

electrical conductivity. However, its mechanical performance is l imited (Taheri an et 

a l . .  20 1 3 ) .  

1 .2 . 1  I n trinsic c o n d u ctive polym ers 

I ntrinsic conductive pol mers are typical ly  conj ugated hydrocarbon and 

aromatic heterocyc l ic polymers. Some examples of intrinsic conductive polymers that 

have been in estigated include: polyacetylene (PA).  poly(p-phenylene) (PPP), poly( p-

phenylene vinylene) (PPV ), poly(p-phenylene sulfide) ( PPS).  polyan i l ine ( PAN I ), 

polypyrrole  (PPy) and polythiophene (PT) (Gurunathan et a I . ,  1 999) .  These polymers 

suffer from their inabi l i ty to resist harsh industrial operational conditions, l ike acidic 

environment high temperature and high humidity. In addit ion to being infusible and 

i nsol uble, the processabi l i ty of most conductive polymers is very poor. Also. 
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manipulating conductive polymers into desired shape is  quite difficult . The dopants 

u ed in manufacturing the polymers make them highly reactive and chemical ly 

un table. They are al 0 costly and yet prone to them1al degradation. tructural ly. 

conductive intrinsic polymers are general ly rigid and britt le. These features are also 

detrimental to the mechanical properties of the polymer. Research has been conducted 

to deteID1ine the best combination for conductive polymers . 

low conductivit was reported for doped PANI/poly (meth I methacr late) 

( PM 1A)  blend that wa developed and tested b (Minto et a l . ,  1 996). The reported 

conducti"it at 20wtO,o of PA l was less than 1 0  fcm,  which is extremely low. 

Al o. Banerjee and Mandai ( 1 995 )  de eloped and tested a pol anil ine (P ANI )  

nanoparticle that was fi l led with poly (vinyl alcohol )  (PV A)  composites. The 

percolation threshold concentration used in the development was just 9 wt% of P ANI ,  

\vhi le a low electrical conductivity o f  1 S/cm was obtained. Other polymers that can 

be used as matrix include: poly-vinyl-chloride ( PVC),  polystyrene ( PS) ,  poly-methyl

methacrylate (PMMA), and poly-vinyl-acetate ( PVAc).  Cho (2004) prepared nano

sized polyan i l ine ( PA J) particles dispersed in aqueous solution. The polymeric 

stabi l izers used in the development were poly-vinyl-alcohol ( PV A) and poly-styrene

sulfonic acid  ( PSSA) .  A ery low conductivity that is less than 0 . 1 S/cm was 

reported. An improved pol ethylene/polyani l ine ( PEIP ANI )  was developed by 

Annala and LOfgren ( 2006). The mechanical properties of the blend was greatly 

boosted by plasticized P ANIIcamphorsulfonic acid (CSA) complexes and -OH 

functional ized polyethylene (PE) .  However, the reported electrical conductivity was 

less than 1 S/cm. 



1 . 2 .2  ond uctive poly m e r  compo ife  
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onductive pol mer composites offer more rel iable electrical conductivity 

and better mechanical properties than intrin ic conductive polymeric materials. This 

i sign i ficant e peciaI Jy  where good mechanical propertie are important to replace 

the metal l ic  part . The e pol mers are obtained by incorporating the conductive fi l ler 

into the structural design of the polymer matrix .  The fi l lers are usual ly in the form of 

powder. flake . fibers, or la ered forms and are mostly carbon-based material . The 

incorporat ion process is obtained tlu'ough melting or solution mixing. The di spersed 

material are then molded to d ifferent parts by using readi ly a ai lable processing 

metl10d . uch a injection molding, compression molding or extrusion. etc. 

During the molding process. it is possible to manipulate the mechanical and 

electrical propertie of the final products by integrating different types. grades and 

quantitie of conductive fi l lers. The main materials used as conductive fi l lers include 

graphite. nanotube, carbon fiber, carbon black, etc . The advantages of conductive 

compo ites oyer intrinsic conductive pol mers have encouraged research, which has 

consequently  led to the production of different conductive composites. 

This c las of polymer composite has been widely investigated by a number of 

researchers. Spec ific studies aimed at understanding the appl icabi l i ty of carbon-based 

composite with both thermoplastic and them10setting resins, have been extensively 

carried out. 

Carbon-based polymer composites were studied in  both polymer types, 

thermosetting and thermoplastic resins. The thermoplastic resins that are general ly 

used include l iquid crystal l ine polymers, polypropylene CPP),  polyether suI phone 
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ePE  ), polyeth) lene e PE) .  poly-arylene-di ulfide. pol -\' inylidene-fluoride ( PVDF), 

PET /P DF blend, poly-phen l -sulphone (PP ), n Ion 6 ( PA6) and pol ethylene 

ter phthalate ( P  T) ,  whi le them10setting resin include epoxy resin. vinyl-ester. 

cyanate e ter and polyester. Commonl , the electrical conductivity of these polymers 

can b increa ed by uti l izing conducti e fi l lers such as expanded graphite. natural 

graphite, ynthetic graphite, carbon black, carbon nanotubes and nanofibers (Antunes 

et aL 20 1 1 ) . 

Different manufacturing techniques are adopted in the production of 

conductive compo ites. Compo ites with them10plastic resin are restricted to the 

technique of extrusion and injection molding. However. composites with 

them10 etting resin use different techniques such as wet layup, resin transfer mold, 

vacuum infusion. autoclave and l ight resin transfer mold. The qual ity of fi l ler 

dispersion i highly dependent on the proper manufacturing process. 

In the fol lowing section; some examples of conductive polymer composites 

include both thermoplastic and thermosetting polymers that have been developed are 

discussed. 

Dweiri and Sahari (2007) determined the electrical conductivity of 

P P/graphite/CB composite, which are manufactured by compression molding process. 

The value obtained at a graphite loading that is below 80 wt.%, is found to be 7S/cm.  

I n  other research. Yin (2007)  discovered that an electrical conductivity of 1 00S/cm 

can be obtained by very high loading of 85 wt. % graphite powder. 

The electrical conductivity value of carbon-based polymer composite that is 

fi l Jed with carbon black, carbon fiber, unexpanded graphite or their combination 
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range b tween 1 0-3 and 300 fcm.  There i an urgent need for future re earch to 

investigate alternati e conductive fi l ler or fi l ler combination . One of the best 

choice i expanded graphite as uggested b Du (2008) .  

Liao ( 2008 ) reported the bulk conductivity of PPfgraphite composite mixed 

v" ith multiwal l carbon nanotubes, that is manufactured by melt compounding and 

ompre ion molding proce se . The alue obtained at a graphite loading that is 

below 80 \\1. %, was found to be above 1 00 fcm.  

Leu (20 ] 2)  used the selective laser sintering method to develop conductive 

compo ite plates that are made up of different graphite materials. When compared to 

conventional methods l ike compression molding and injection molding. the selective 

laser sintering is found to be less expensi e and more convenient for developing 

conductive plate . The d ifferent graphite materials that were used and compared are 

atural Graphite G) ,  Synthetic Graphite ( SG) ,  Carbon Fiber (CF)  and Carbon 

Black (CB) .  The conductive plates were fabricated using the selective laser sintering 

process with the material composition of 45vol% natural graphite, 1 0vol% carbon 

fiber, 1 0  01% synthetic graphite and 35vol% binder. The results showed an increased 

electrical conducti ity with natural graphite and i ncreased flexural strength \ ith 

carbon fi ber. 

On the other hand a negative result was obtained when the nano-sized carbon blacks -

which cover the surface of natural graphite pru1ic1es - were used . In this case, the 

values of both the electrical conductivity and flexural strength dropped (Alayaval l i  

and Bourel l ,  20 1 0) .  
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Leu ( 20 1 2 ) al 0 recorded a reduction in electrical conductivity with synthetic 

graphite and an in igni ficant negative effect on flexural strength. Whi le the methods 

emplo) ed in manufacturing the conductive plates had no significant effect on the 

electrical and mechanical properties. Thu . the result obtained by Leu ( 20 1 2 ) are sti l l  

imi lar to  what j obtainable with graphite composite fabricated using injection 

molding and compre sion molding methods. For instance, in an experiment to 

detemline the effect of graphite nanofibers on poly (meth I methacrylate) 

nanocompo ites for conductive plates, Park ( 2009) di scovered improvement in the 

electricaL themlaL and mechanical properties of the poly (methyl methacrylate ) 

(PMMA )  polymer. The results show that the desirable propeliies of graphite can be 

improved through the use of graphite nanofibers. The electrical and mechanical 

properties are all improved by these components. 

1 .2 .3 E lectrical c o n d u ct ive carbon fiber rei n forced com posite 

Carbon fiber reinforced composites are idely used for l ightweight structure 

because of the high trength to weight ratio and good cOlTosion resistance. Moreover, 

carbon fiber is h ighl e lectrical l y  conductive although the polymer matrix is not 

conductive. 

Many studies demonstrated that it i s  feasible to produce highly electrical ly conductive 

material made from polymer composite to replace the meta l l ic  paI1 . Those studies can 

be used, for example in fuel cel ls  stacks appl ication, to avoid cOlTosion phenomena 

while maintain ing good electrical conductivity .  Moreover. the carbon fiber reinforced 

composite used in aerospace structures must be electrical ly conductive to avoid build 

up charge generated due to air friction and l ightning strikes ( Pozegic et aI . ,  20 1 4 ) .  



1 0  

The uniquenes o f  thi electrical ly conducti e composites depend on the amount of 

graphite \\ eight percentage in which they are produced through different techniques 

with different electrical and mechanical propert ies. Many t pes of electric al l 

conductive compo ite are commercial ized but the are not economical . 

1 .2 .4  I m p rovement o n  electrical cond uctivity of carbon-ba ed pol  mer 

any studies have demon trated that increasing the electrical. mechanical and 

thermal propertie of the compo ite can be achie ed by reinforcing the polymer with 

carbon ba ed fi l ler uch as carbon black and carbon nanotubes. HO\ ever. the top and 

bottom urface of the conductive carbon-based composite suffer from the growing 

extra rich layer of polymer. which prevents the electrical conductive carbon network 

generated from the carbon-based fi l ler this consequently leads to a drop in electrical 

conducti vity. 

sual ly.  the techniques of improving the electrical surface conductivity are classified 

into two categories: 

1 .  Rectification of conductive composite surface 

Rectification of the surface of a composite polymer strongly depends on the 

composite fabrication technique. An extra rich layer of polymer is generated on the 

part that is produced by injection molding for thermoplastic polymer. Moreover. 

thermosetting polymers also generate an extra rich layer of polymer for the part 

produced by wet layup. As a result. an extra operation is needed in order to remove 

this extra rich polymer l ayer. Kim et a1 . (20 1 2) and Kim et aL (20 1 3 ) demonstrated 

that treat ing the surface of composite can be done by different techniques, ei ther by 
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flaming or coating the surface with graphite through which it can increase the urface 

conductivity or u ing a 1 20-grit si l icon carbide in removing the extra rich polymer 

layer. lthough these technique 01 e the problem they wi l l  however increase the 

co t of compo ite pr parat ion. On the other hand. producing conductive polymer 

composite from compre sion molding did not suffer from this extra rich layer of 

polymer that blocks the electrical network channel and hence surface rectification was 

not need d ( Du. 2008).  

') The u e of a conductive-tie layer (CTL) .  

I t  has been rep011ed by Besmann (2000), ( Kumar et  a1 . .  2003 ). ( Pozio et  a l . .  2008)  

( Antunes et  al . .  _0 1 1 ) . and (Kim et  a I . ,  20 1 2 ) that the interfacial contact resistance 

benveen the conductive composite material contributes more than the bulk resistance 

of the material especial ly at low compression pressure. The contact resistance 

depends on d ifferent factors; the roughness of the surface. compression pressure and 

the flatness of the part. To reduce the contact resi stance, a highly conductive tie is 

placed on the surface to mit igate the previously mentioned factors. 

1 .3 T h esis scope 

The purpose of this work is to produce electrical ly conductive composite 

material made out of carbon based polymer by uti l izing the carbon black recovered 

from waste tires. Mainly, the recovered waste carbon undergoes a post heat treatment 

to enhance the electrical conductivity. Hence, the effect of post heat treatment 

condition on the waste carbon black was studied. Then a carbon fiber/epoxy 

composite reinforced with CB obtained from waste tire is prepared using different 
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v" eight percentage . fier that. the influence of the weight percentage of the waste 

CB on the electrical properties, flexural strength, and thermal conductivity was 

InV tigated. 

The electrical ly conducti e composite can be used widely in the appl ication 

of conductive materials uch as fuel cel l electrodes, antistatic material ,  sen ors. 

batterie and electromagnetic interference shielding materia l .  The motivation of this 

the is i s  to produce a sol id conducti e composite that can be produced in any desired 

geometry \\ith thickne s appro imately 2nun . Therefore, the uti l izing of waste carbon 

black wil l  be investigated. 



CHAPTER TWO 

CARBON BASE D CON DUCTIVE M ATERIAL 

A this  tudy focu es on uti l izing carbon black from waste tires. different 

1} pes of carbon based conducti e fi l lers uch as graphite. carbon black and carbon 

nanotub are pre ented in thi chapter. In add ition. the production technique of 

carbon black are pres nted. 

2 . 1  Carbon ba ed con d u ct ive  fi l ler  

Diverse kinds of carbon based conductive fil lers are commercial ly available 

uch as e. panded graphite. carbon nanotubes and carbon black. Carbon is known for 

being the l ightest element within the group I V  and the sixth element in  the periodic 

table. Moreo er. carbon has four electrons in  its valence shel l .  The configuration of 

the electrons is  1 S2 2S2 2p2 , this energy shel l  can share up to four different atoms. Sp2 

is  the ground state phase of carbon cal led bonded graphite. At higher temperature and 

pressure. Sp3 is  the stable form of bonded cubic dian10nd (Bandaru. 2007) .  

Carbon can be found natural ly i n  three al lotropic forms, amorphous carbon. graphite 

and diamond. Recently,  researchers have focused on the graphite and its derivat ives 

which have a potential use in semiconductor and electronics applications ( Bandaru. 

2007) .  

A lthough metal l ic  partic les have higher electrical conductivity than carbon base 

conductive fi l lers. they have higher density and suffer from corrosion especial ly in  

appl ications that require exposure to high acidic environments such as fuel  cel ls .  
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Diffu ion of acidic o lution into conductive part re ults in corro ion of metal l ic  

fi l lers in which the lectrical conductivity and mechanical properties drop. 

2.1.1 G rap hite 

Figure 2 - 1  how that atomic structure of  graphite consists of  graphene layers 

arranged in hexagonal l inked carbon atoms. The intermolecular forces betv\'een the 

parallel graphene layers are Van Der Waals forces. The interatomic di stance v,:ithin 

the layer (a) i s  1 .42 where the interlayer di tance (d)  between planes is 3 .3 5  A. The 

covalent bonding is generated between three carbon atoms and the fourth alence ( IT  

electron) re onates between the valence bond structures. A strong chemical bonding 

force exists within the graphene plane. However. the bonding force between the 

graphene plane i the Van Der Waals force in which this force is  only around three 

percent of the bonding force within the la er. The graphene layers are stacked in 

ABAB sequence ( Inaba. 2009) .  

The overlap of IT orbitals on adjacent atoms in a given plane provides the 

electron bond network responsible for the high mobi l ity of graphite. Van Der Waals 

is a \ eak force and it i s  a result of dipole moments, which does not contribute 

significantly  to the h igh mobil ity ( Bandaru, 2007) .  
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A 

l3 

A 

Figure 2- 1 :  The cr stal struchlre of graphite ( Inaba. 2009) 

2.1 .2 C a rbon N anotube 

Carbon nanotubes (C  T )  consist of graphene sheets rol led in cylindrical 

shape with hemispheres of fullerenes at both ends. Since the discovery of ful lerenes 

by Kroto et al in 1 985 (Cal l ister et aL 2008) and carbon nanotube in 1 99 1  ( Popov et 

al . .  2006). many researchers have focused on smal l  carbon c lusters. The name is 

derived from the long and hol low structure of the graphene sheet . The most stable 

fom1 of CNT is C60. Different structures of the produced CNT due to different growth 

conditions are shown in Figure 2-2.  The sheets of graphene layers are rol led with 

spec ific angles and radius that determine the nanotube properties. anotubes are 

c lassified as single wal led nanotubes (SWNTs) and multiwal l  nanotubes (MWNTs) 

(Bandaru, 2007) .  

S WN Ts have a diameter c lose to 1 nanometer with length to diameter ratio reaching 

to mi l l ions. SWNTs are shaped into seamless cyl inders by wrapping a single layer of 
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graphene. The v;rapping parameter are characterized by indice (n, m) v,hich donate 

the number of unit vector of carbon arrangement within the flat single sheet of 

graphene layer. Th indice arrangement \'v·i l l  change the properties of WNT as the 

�TappIng parameters wi l l  change. Figure 2-2 show that different wrapping 

parameter generate different type of C T namely, armchair. zigzag. and chiral . 

For exampl , if m=O this mean that WNT is zigzag and if n=m then thi means that 

the nanotube is armchair. s a re ult. WNTs have different arrangements that wi l l  

change the properties of nanotubes based on the indices (n,  m ) . SWNT is one of 

candidates in electronics appl ication and electrical wires as they are excel lent 

conductors ( Bandaru. 2007) .  

(a)  (b)  (c )  

F igure 2-2 : Models for (a)  armchair (b)  zigzag (c)  chiral single-wal l carbon nanotubes 

(Bandaru, 2007) 
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The econd c la ification of carbon nanotubes is  the multiwalled nanotubes 

(MWNT).  WNT consi ts of mUltiple graphene layers (concentric tubes) \;\,Tapped 

into a c l indrical shape. Two different models can de cribe M WNTs; one of them is 

v,,'here the sheets of graphene are arranged into concentric cylinders, whi le. in the 

other de cription. one ingle heet of graphene is rol led around itself. The interlayer 

di tance in M WNT i c lose to the interlayer distance between graphene layers in 

graphite and i approximatel 3 .4 ( Bandaru, 2007). 

2 . 1 .3 Ca rbon fi ber  

Carbon fiber i widely u ed in  manufacturing of structures and sport 

equipment. For instance, Airbus Co. produces passenger airplanes with 20% of the 

tructure made of carbon fiber reinforced polymer (CFRP) (MangalgirL 2008) .  The 

new tructure is 25% stronger and 20% l ighter than aluminum structure. This is 

expected to reduce fuel consumption and also to decrease the environmental impact 

even though irs  sti l l  e pensive to produce as compared to aluminum airframe 

( Hoa. l 980; Hahn,2009) .  

Carbon fiber is  a type of graphite related material .  The fiber is made into fine 

thread. and woven fiber of different d irectional . chopped short cloths and braids. This 

type of fiber measures 5- 1 0  micrometers in diameter and is  mainly composed of 

carbon atoms. It i s  known as graphite fiber and its chemical structure consists of 

carbon atoms which are bonded together in  crystal along the axis  of fiber. In  thi s type 

of fiber the longitudinal strength is higher than the transverse strength. In addition, it 

is made of thousands of carbon filanlents. The atomic structure of carbon fiber is 

s imi lar to graphite which is  made of graphene sheets arranged in a hexagonal pattem 
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connected v. ith an intermolecular force. the Van D r Waals forces imi lar to tho e in  

graphite ( Inaba. 2009) .  

Depending on  the precur or  to  make the fiber. carbon fiber may be 

turbo tratic. graphitic .  or have a hybrid tructur with both graphitic and turbostratic 

part pre ent ( Mal l ick. 2008) .  In turbo tratic carbon fiber. the sheets of carbon atoms 

are haphazardly  folded and crumpled together. Usual ly ,  carbon fibers derived from 

polyacry lonitri le ( PA ) are turbostratic whereas carbon fibers derived from 

me opha e pitch after heat treatment at temperatures exceeding 2200 DC are graphitic. 

Turbo tratic carbon fibers tend to have high tensi le strength whereas heat-treated 

me opha e-pitch-deri\'ed carbon fibers have high Young's modulus ( i .e . .  high 

sti ffne s or resistance to e 'tension under load) and high thermal conduct ivity (Hoa, 

_009: Mal l ick,2008) .  

Below the advantages and disadvantages of carbon fiber are briefly l isted. 

1 .  Advantages of carbon fiber: 

• H ighly electrical conductivity 

• H igh strength to volume ratio 

• High chemical resistance 

• Low thermal expansion 

• V ibration damping ( Mal l ick, 2008) 

2. Disadvantages of carbon fiber: 

• High cost 

• Low impact resistance ( Mall ick 2008) 
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2.1 04 Carbon black 

arbon black (CB)  is a [Olm of di sordered carbon that i widel u ed in 

indu try a di per ed fi l ler to modify the mechanical. electrical and optical properties 

of materials .  It i an amorphou carbon and that is referred to the nongraphitic. CB is 

compo ed of pure carbon in aciniform ( cluster l ike grapes) .  Each entity of aciniform 

con i ts of spheroidal particles fu ed together in a c luster branched with irregular 

hape cal led aggregate . 

X-ray inve tigation d monstrated that the carbon structure of CB contains some 

random distorted graphene layers within the layer planes which are cal led 

turbostrat ic .  CB can be heat treated to become graphite at temperatures between 1 700 

to 3000°C as it shO\\ln in F igure 2-3 . The process of heat treatment c lassifies the 

carbon into two categorie , graphitizing and nongraphitizing. The differences are in 

the apparent stack height (higher in graphitizing), average number of l ayers per stack 

( less for nongraphitizing) and the long range order of graphene layers stacking for 

graphitizing. Moreover, the interlayer spacing and crystal l ite size also are affected by 

the heat treatment. The interlayer spacing decreases as heat treatment temperature 

increases ( Arai. 1 993) .  
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Figure 2-3 : Microstructural change from mesophase to graphite under heat treatment 

An enhanced type of graphite cal led expanded graphite (EO)  is more effective than 

carbon black especial ly in producing electrical ly conductive polymer composites. EO 

can be produced by using intercalation agents l ike sulphur or nitrogen compounds to 

introduce atom or small molecules of carbon between the carbon layers ( Du. 2008) .  

2 . 1 .5 C a rbon black from waste t i re 

A number of industrial processes have been util ized to produce carbon blacks. 

For example, thennal decomposition of natural gas produces thennal blacks, partial 

combustion of oil produces furnace blacks, and exothennic decomposition of 

acetylene produces acetylene blacks. The chemical and physical propeliies for the 

carbon blacks vary with the synthesis route. A number of studies. namely (Celzard, 

2002 : Undria et aI . ,  20 l 3 ; Pantea et a l .  2003 ; Dannstadta et al . ,  2000; 

DanielMartJ 'nez et aL 20 l 3 ; Betancur et al . ,  2009; Mis-Fernandez et al . .  2008) have 

shown the possibi l ity of synthesis of carbon black from waste tires. The tires are 
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ubjected to a p roly j proces that yields carbon black among other carbon 

product . 1 .4 mi l l ion tires are produced worldwide every year. Despite an increase of 

tire durabi l i ty and increase of recycl ing. the volume of scrap tires is st i l l  increasing 

becaus of the increa ing number of vehicles and traffic worldwide (European Tyre 

and Rubber Manufacturers' ociation. 20 1 0) .  

Tire are made of rubber (60-65 wt.%), carbon black (CB )  (25-3 5 'Y'.1.%) and 

the rest consists of accelerators and fil lers ( l ike sulphur, zinc oxide and others ) 

depending on the spec ific trademark and on the specific use of the t ire. The 

accelerators are u ual ly  added toward the end of the mixing cyc le when the 

temperature of the mi l l  or internal mixer fal l s  ( DanielMart l 'nez et a 1 . .  20 1 3 ) .  

Pyrolysis i s  a con enient e n  ironmental ly-friendly process to convert the 

scrap tires into valuable products. Different studies were calTied out to optimize the 

proces of pyrolysis by modifying the process condition parameters ( such as pyrolysis 

temperature and heating rate) to obtain more wt. % yield of char and l iquids. but 

without significant impro ement in the CB grade ( Betancur et a ! . .  2009). The 

economics of this process depends on the qual ity and value of extracted products 

(European Tyre and Rubber Manufacturers' Association, 20 1 0 ' DanielMartl 'nez et a1 . .  

20 1 3 � Pantea et a! . .  2003 ) .  

The commercial CB is  an amorphous carbon of quasi-graphitic structure. The 

XRD studies on CB indicated smal l  graphite- l ike layers in which the carbon atoms 

had the sanle atomic positions and short range order as in graphite. CB obtained from 

pyrolysis d iffers from the commercial CB since it contains amounts of inorganic 
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components uch a ZnO and . The carbonaceous is  formed by polymerizing the 

hydrocarbon generated from the decompo ing elastomer during the pyrolysis proce s 

( Darm tadta et aI . ,  2000) .  Thu . the CB obtained from the pyrolysi s process contain 

ome amolmt of carbonaceous material deposited on the surface of CB.  

( Pantea e t  a I . ,  2003)  tudied the effect of heat treatment of CB obtained from 

pyroly i and found out that this can improve the polyaromatic character of the CB 

surface b)  de orbing ome amount of carbonaceous deposition. Thus, heat treatment 

of the CB from p J 
rolysis can improve the chemical properties and hence increase the 

economic value of crap tires. 

2 . 1 .6 The effect of the a m o u n t  of carbon-based fi l ler on the electrical  

conduct iv ity 

The amount of conductive fil ler immersed in composite material is 

characterized by the percolation threshold. The conductivity of material depends on 

and increases as a function of the amount of fi l ler. At a certain amount of fi l ler. the 

conductivity value start to be almost constant and only sl ightly increases as the fi l ler 

\\'eight increases. This phenomenon is  cal led the percolation threshold. Many studies 

recommended preparing conducti e composite material within the percolation 

threshold region because large fil ler contents dramatical ly  reduce the mechanical 

properties of the conductive material . Hence, the amount of fi l ler must be optimized 

and wel l  dispersed in the polymer matrix to achieve high electrical conductivity 

without significant reduction in  the mechanical properties. As the fil ler concentration 

increases, global networks of conductive particles are generated to form electron 

conductive paths. These two requirements are i l l ustrated in Figure 2-4, which shows 



that good electrical conducti\'it) and high mechanical properties are conflicting with 

each other. Therefore. the amount of conductive fi l ler must be within the percolation 

thre hold concentration ( Du. 2008) .  

0 0 0 0 0  
0 0 0  

0 0 0 0 0  

trong Mechanical Prope11ies I -E(�--)� [ High Electrical Conductivity 

Figure 2--+: Conflicting Scenarios in Achieving Good E lectrical Conductivity and 
Mechanical Properties 

2 . 1 . 7 Percolat ion t h reshold con cen t rat ion 

The percolation theory describes the behavior of the connected c lusters in  a 

random pattern. The percolation threshold represents a quantification of the 

percolation theory. It describes the creation of a long range order of conductivities in  

a system. Below th is  threshold. the connected components do not exist .  I n  a carbon-

based polymer. the electrons percolate in the connecting path of conducti e carbon 

particles. At the percolation threshold, the electrical conductivity increases by many 

orders of magnitude. Therefore.  the material undergoes a transition from insulator to 

conductor. It is also noted that the polymer can be loaded with a l imited amount of 

carbon based fi l ler in which the polymer can bind to the particles. In this case the 
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material i at  the CPY condition. It i also noted that the material become more 

britt le and porou at levels that approach or pas the CPYC ( Du, 2008 ). 

2.2 Thermo ett ing  compo ite m a n u facturing tech n i q u e  

Manufacturing of carbon based polymer compo ites can be achieved by 

different techniques. The technique of manufacturing depends on the t pe of polymer 

(binder) a shov.n in Figure 2-5 .  Different manufacturing techniques were adopted in 

the production of conductive composites. The manufacturing proces es of composites 

\\"ith them10pla tic binders are different from those of composites with thermosetting 

binder . Compo ites ",,;th thermoplastic resin are l imited to the techniques of 

extrusion and injection molding. Whereas composites with thermosetting resin are 

produced by variou techniques such as wet layup. resin transfer mold. vacuum 

infusion. autoclave and l ight resin transfer mold. On the other hand. the qual it of 

fi l ler di  persion is  highly dependent on the proper manufacturing process. 

Conducti e Polymer 

/� 
Conductive 

Intrinsic Polymer 
Composite Polymer 

/� 
Thermosetting Thelmoplast ic 

F igure 2-5 : Classification of polymers used as a binder in 
producing composite material 



I n  thi stud '. a thenno etting compo i te was adopted. Thermosetting resins 

include epoxy resin, vin I -ester, c anate ester and polyester. Epo is the most 

common thermoset resin that is widely used in industry such as composite matrix.  

structural adhe i es and coatings because of the low cost corrosion resistance. low 

hrinkage after curing and excel lent mechanical properties compared to other 

thermo ening resins (Rane et a I . ,  20 1 4) .  It is a low molecular weight organic l iquid 

containing a number of epoxide groups shov,Il1 in Figure 2-6. which are three member 

rings of one oxygen and two carbon atoms (Mal l ick, 2008) .  

/0" 
- c  c -

I I 
Figure 2-6 :  Epoxide Structure ( Mal l ick ,  2008 ) 

The common starting material for epoxy is  diglycidyl ether of bisphenol A 

(DGEBA),  which contains two groups of epoxide groups (Mal l ick, 2008) .  The curing 

reaction to transform the l iquid resin to a sol id  state is  done by adding a small  amount 

of a reactive curing agent (cal led catalyst) j ust before impregnating the fiber into the 

l iquid mix .  One of the simple catalysts is diethylene triamine (DETA). The hydrogen 

atoms in amine N H2 group of DET A molecule react with the epoxide groups of 

DGEBA molecules to form cross l inkages with each other and a three dimensional 

network structure is formed. Final ly the result is a sol id  epoxy polymer. (Mall ick, 

2008) .  The strained three-membered epoxide groups are quite reactive towards 

various catalysts and cross l inking agents. The glycidyl groups in an aromatic epoxy 



re In  are flexible egments that reduce the re In  viscosity and enhance the 

proce sabi l ity. The l inkage in glycidyl group are the source of thermal degradation 

of cured epo. y .  

Moreover. the amount and type of catal t trongly  affects the properties of 

the final sol id polym r. It al 0 affects the speed of curing and the chemistry of 

polymerization. The polymerization takes place b three steps; init iation, propagation 

and tem1ination. Organic base (Le  is base ) are uitable for curing of epox such as 

tertiary amines. The ratio of catalyst to resin is also an important factor in the speed 

of curing and final material performance (Mal l ick, 2008) .  

election of composite materials in  the design stage provides design flexibi l i ty 

gi\en that the geometry can be easi ly copied into complex shaped molds. Further, 

production of composite panel with specific mechanical properties is achie able 

since the composite is  made of a sandwich of layers, foam cores and fil lers. 

Consequently .  the composite material can be designed to meet specific requirements 

or specifications (Mal l ick, 2008 ) .  

Many manufacturing processes for composite panels are widely used. Selection of  

any of them depends on  d ifferent requirements including the fol lowing: 

1 .  umber of panels needed to be produced 

2. Configuration of the panel 

3 .  Type of  fiber and resin 

4 .  Geometrical and dimensional tolerances 

5 .  Volume fraction between the fiber and resin 

6. Surface finish ( Mal l ick, 2008). 



hand lay -up proce technique was adopted. The hand lay-up is  the imple t and 

cheape t proce s for low production. 

1 .  The advantages of using hand-layup: 

1 . 1  Any type of fibers and resin can be used in this technique 

1 .2 Lov, cost of tool ing 

1 . 3 daptation of mold modification to produce different configurations 

, Disadvantage of using hand-layup: 

2 . 1 Poor quality in geometry and thickness of the panel due to lack of 

compaction control and the entrapment of air during lamination process 

2 .2 Only one urface can be control led so it cannot provide uniform 

thickness along the panel 

2 .3  Ver difficult to  control the ratio between fiber and resin 

2 .4 High probabi l i ty of generation of some voids and air traps that influence 

the structure prope11ies and the quality. Therefore, the qual ity of the 

panel depends on the ski l ls of the labor ( Mal l ick, 2008) .  

However. the disadvantages of hand-layup wi l l  be el iminated by usmg a 

second operation which is hot pressing. Hot pressing is used to el iminate any voids 

and air traps within the laminates and provide high qual i ty flat surfaces on both sides 

of the produced samples. Furthemlore, hot pressing wi l l  squeeze the laminated 

composite and remove the extra amount of resin.  Thus. the volume fraction of fiber to 

resin wi l l  be contro l led. 



CHAPTER THR E E  

CHARACTER l ZA TIONS AND R E SU LT O F  WASTE 

CARB ON B LAC K 

Thi chapter i l l ustrates the adopted techniques to lD estigate the effect of 

annealing 'Aa t carbon black on electrical conductivity at different anneal ing 

temperature . The effect on electrical conductivity is  also cOlTelated with other tests 

such a Raman pectroscop) . X-ray diffraction and thermo-gravimetric anal sis . The 

re ult of each technique is reported .  

3 . 1  Preparat ion o f  waste  ca rbon black 

CB vvas produced using a pyrolysis process of waste tires USlllg simi lar 

procedure a reported in (Undria et al . ,  20 1 3 ; DanielMartl 'nez et a l . .  20 1 3 ; Betancur 

et a l . .  2009: M is-Fernandez et al . .  2008; Pantea et aL 2003 ) .  Briefly, 20 tires, 7 kg 

each were placed in  a pyrolysis reactor. Oi l ,  CB and tire steels were extracted. After 

that. the CB obtained from the p rolysis process was annealed under different 

temperatures. This was performed by fi l l ing a steel container with roughly 20 grams 

of CB .  Then. the container was placed in the furnace that has a maximun1 operation 

temperature of 1 400°C ( RH F 1 600. Carbol ite, UK) w1der ambient pressure. The 

heating rate and anneal ing duration were fixed for a l l  the samples at 50 °C per 

minutes and 1 hour respectively. The prepared samples were labeled according to the 

temperature of heat treatment which are HT500. HT750, HT I 000 and HT1 250. 

3.2 E lectrica l cond uctiv ity of w aste ca rbon black 

I n  this section, the technique and the result of electrical conductivity of waste 

carbon black powder under different annealing are reported. 



3.2. 1 E lectrical  conduct iv ity of carbon black mea u ring tech n iq ue 

fixtur \ as customized to measure the DC electrical conducti it)' of the 

\vast B a descri bed in  Figure 3 - l .  amp I holder disk made of electrical 

in ulated material ( Teflon ) was prepared . Moreover. a bore with 1 0  mm in diameter 

\va dri l led into the center of the Teflon disk to create the sample cavity. Then. nvo 

copper electrode with 30  rnrn length and 9.95 mm diameter were made. One of the 

prepared copper electrodes \ a fitted in  one side to hold the CB powder sample. 30 

mg of waste CB powder wa poured into the disk cavity . The weight of the fil led CB 

powder \vas constant for al l  the sample and under each measurement in  order to 

maintain a unifom1 distribution of the pre ure and hence increase the rel iabi l ity of 

the y tem. After fi l l ing the sample. the second copper electrode was fitted on the 

other side of the ample holder cavity. The powder was pressed between two copper 

electrodes of 1 0rnrn diameter each. the pressing was perfoffi1ed in a hydraulic press at 

2 M Pa to obtain the same packing factor for al l the samples. Fol lowing applying the 

pressure on the copper electrodes, the total height was measured by a Vernier caliper. 

The height of the nvo electrodes was subtracted from the total height of the fi l led 

cyl inder to determine the height ( l )  of the compressed powder. The DC power source 

was switched on to start taking the reading of the oltage drop across the sample and 

the passing current . 
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Figure 3 - 1 :  F ixture diagram for measuring the electrical conductivity of waste carbon 

black 

The ource of DC power was PowerFlex CPX200 ( from Thurlby Thander 

Instruments TTi, United Kingdom). The voltage drop across the CB powder and 

current through the circuit were measured using DDMM240 (from Multimetrix,  

France) and 34405A ( Agi lent technologies, U A),  respectivel 

The conducti ity of the measured samples is  given by: 

\\'here: 

R is  the electrical resistance in n. 

A is  the cross sectional area of the copper electrode 

1 is the height of the compressed CB powder in the cavity. 

The e lectrical resistance of the measured samples was detem1ined by Ohm' s  law: 
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I (2 )  
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I n  order to detennine the electrical conductivity using equation ( 1  . at lea t 

five diff! rent electrical vol tage ources were appl ied by alternating the voltage source 

to the entire circuit. resi tance with 2200 Q (as i l l ustrated in Figure 3- 1 )  was 

connected in erie with the power source to avoid a hort circuit in case the material 

i highly conductive. The resi tance also help to reduce the current passing through 

the circuit to a oid the heat ing factor that might affect the resistance alue of the 

compre ed CB.  The results showed that the maximum value of the current did not 

exceed 1 an1p. The voltage drop acro s the san1ple and the current passing were 

plotted according to equation ( 2 )  to obtain the electrical resistance of the tested 

ample. 

Before fi l l ing the insulated disk with powder. the resistance of the empty disk 

under compression of the two electrodes was measured. The reading of the empty 

insulated disk resistance was then subtracted from the reading of the fil led disk to 

obtain the reading of the compressed CB resistance. 

Before fi l l ing another sample, the surfaces of both copper electrodes which 

are exposed to the powder were pol ished to remove any contaminations or impurities 

that may affect the reading of electrical resistance. 

3.2.2  E lectrical conductivity of c a rbon black resu lt 

This section i l lustrates an example describing the summary of the previous 

mentioned process ( section 3 .2. 1 )  for calculating the electrical conductivity of waste 



B po\\ der. Furthermore. the electrical conductivity of waste CB at different 

annealing temperature i reported. 

The te t was perfonned b measuring the resistance of the powder cel l  before fi l l ing 

the wa te B and after fi l l ing the waste CB respect ively. The te t was repeated three 

time b) fi l l ing new sample in th powder cel l .  

For exan1pJe. the re istance of the empty ample holder was extracted from the plot of 

vs. I a hown in F igure 3-2 .  The figure shows the plot of V vs. I for al l the three 

runs. It \\ a noticed that the current reading was stable (without fluctuation) for the 

entire reading of voltage drop across the sample. The slope of each san1ple gave a 

value with R-squared value=0 .999 which reveals good ohmic contact between the CB 

powder and the electrodes. 

For sample no. 1 .  the resi stance is 0 . 1 1 8  n. 

0.0 1 4  Example of empty powder cel l resistance 
,--.., .::: 
-3 '-" 0.0 1 2  y = 0. I 1 79x 
Q) y = 0. I 229x 0. R2 = 0 .9996 
E 0 .0 1  R2  = 0 .9997 CI:l CIl 

+ sample 1 Q) 
-5 0.008 -; 

CIl Y = 0. 1 074x . sample 2 CIl 0 t> 0.006 "' R2 = 0.9999 s a m p l e  3 CI:l 
0.. l 2 0.004 '"0 
C) CIJ � 0.002 

1 -3 
0 

0 0.05 0 . 1 
Current reading (Amp) 

F igure 3-2 :  Measuring the electrical resistance of empty ce l l  
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After fi l l ing the powder cel l with the powder, the resistance of the fil led powder cel l 

wa extracted from V \ . I a demon trated in Figure 3-3 and the resistance is 0._32 

n. 

0 .025 � ,..-... -' 
-J '--' 
� 0.02 -< 0. 
E 
(Ij Ul 

. sam ple 1 
� 0.0 1 5 ., -' 

Ul 
+ sample 2 

Ul 

j 
2 
u 

0 .0 1  sample 3 (Ij 
0. 0 ..... "'0 
V l � 0 .005 -' 
-J I 0 

0 

Example of empty 
pov. der ce l l  res istance � �--------------� 

y = 0.2394x 
R2 = 1 

= O . 1 928x 
R2 = 1 

= 0.2324x 
R2 = 0.9994 

0.05 0 . 1 
Current reading (Amp) 

F igure 3 - 3 :  Measuring the electrical resistance of waste CB powder annealed at 

The two readings are subtracted from each other to obtain the pure resistance of the 

waste CB powder. 

R\.\a5le cs=0.232-0. 1 1 8=0. 1 1 4 n 

Then. the conductivity can be calculated by equation ( 1 ) . The cross sectional area of 

the copper electrode= � (0.995) 2 
= 0 .778 cm2 

4 

The height l=0 . 2 1 7cm 



0 . 2 1 7  S 
a = 0 . 1 1 4 * 0 . 7 78 = 2 .447 

em 
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The above calculation was perforn1ed for al l  the prepared samples under different 

ann al ing t mperatures. 

Figure 3 -4 demon trate the conductivit of the annealed samples as a 

function of the annealing temperature. The conducti ity measurement tests were 

conducted three t imes for each anneal ing condition by repeat ing the procedure 

described in sect ion ( 3 .2 . 1 ) . The DC conducti i ty showed that as the anneal ing 

temperature incr a e , the electrical conductivity of CB increases . The increase in  the 

conductivity as a function of am1eal ing temperature is best fitted with an exponential 

fit function in which the electrical conductivity reaches to an a erage value 40 a/cm 

at anneal ing temperature 1 250°C. 

50 ] �
45 E � 
40 l $ 3 5 1 

:� 30 � t) -g 
25 l 

(3 

20 

1 C\l 15 . �  t5 10 
I!) 

W 5 

o ��--�--.---
500 750 1000 

Heat treatment temeratrue (CO) 

1250 

Figure 3-4: E lectrical conductivity of post heat treated CB powder vs. the temperature 
of furnace 



A described previou I m ( section 2 . 1 .4) .  CB contains some random 

di tort d graphene la er within the layer plane which are cal led turbostratic . CB can 

be heat treated to become graphite at temperature between 1 700 to 3000°C . It i s  

known that th lectrical conducti ity of the graphite can reach up to 1 000 fcm. As 

the heat treatment temperature increases. the CB wil l  start graphitizing and enhance 

the ordering of the graphene plane, moreo er. it wil l  increase the long range orders of 

the tructuring. 

It i anticipated that the electrical conductivity wi l l  increase with temperatures 

beyond what is reported in this study. howe er due to the furnace l imitation the 

reported values are indicative of the increase. The result of increasing electrical 

conductivity of waste CB as the heat treatment temperature increases is also 

correlated with the Raman spectrum result and X-ray diffraction. 

3.3 Raman Spect rum 

Raman spectrum has been obtained USll1g Raman spectrometer mode l :  

XpioRA ( from HORIBA Scientific) .  The electrical conductivity of the carbon 

material can be related to their structural modification which can be investigated by 

Ran1aJ.1 spectroscopy. Raman scattering provides information on the amount of 

ordering and degree of bonding. 

3.3. 1 R a m a n  Spectroscopy Overv iew 

Raman spectroscopy is a technique based on inelastic scattering of 

monochromatic l ight from a laser source. I nelastic scattering means that the 

frequency of photons generated by the monochromatic l ight changes upon interaction 

with a sample. The frequency of these photons is shifted up or down in comparison 
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v. ith the ource frequency which i cal led a Raman shift. Raman hift provide 

information about vibrational and rotational modes of the s stem. Raman cattering 

al 0 provide information on the amount of ordering and degree of bonding. Raman 

hift provide al 0 th finger print of the tested material . The models structures of 

carbon material have propeliie based on the constructed carbon bond such as single 

bond (C-C).  double bond ( C=C) and triple bond (C==C). These bonds have different 

vibrational frequencies depending on the bond length and bond order. Example :  at 

Ranlan band 1 575cm- I , it wa ob erved that in the ingle crystals of graphite a doubly 

degenerate defomlation vibration of the hexagonal rings of graphite (Nakamizo. 

1 973 ) .  

3.3.2 Raman pectrum res u lt 

I n  the first-order Raman spectra, the D band ranges from 1 330 to 1 360 cm- 1 is 

a igned to defect and amorphous carbon.  It i s  nomlally strong in  disordered graphitic 

material . The G peak is  around 1 575 cm- l i s  assigned to the stretching mode in  the 

graphite sheet ( L i  at al . .  2007 ). 

The result from Raman spectra ( Figure 3 -5 )  shows that the D peak appears for 

the annealed CB powder at HT500 and HT750.  However, the D peak disappeared at 

heat treatment temperature 1 000°C and abo e. S imultaneously, the G peak did not 

appear for heat treatment temperature below 750°C . This peak starts to show for heat 

treatment temperature at 1 000°C and above. It is also clearly shown in the Ranlan 

spectra that a wide region of Raman l ines lay between 1 000- 1 300 em- I . This  is related 

to the chemical structure of C - 0, C = 0, C - 0 - C a nd C = C bond described in  

reference ( Saleha et  al . ,  20 1 4) .  
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F igure 3-5 : Raman spectra for waste CB under different heat treatment temperatures 

3.4 Thermo-gra y i m etric  a n a lysis (TGA) 

Thermal analysis consists of different techniques III hich an investigated 

sample is examined under heat and tin1e at speci fied atmosphere. Such 

commercial ized machines perfonn different methods of thermal analysis that al low 

the chemical reactions associated with heating or cooling. The chemical reactions 

include decomposition, pyrolysis, ignition, phase changes, calorimetry, etc. Thermal 

analysis can be performed on smal l  amounts samples. There are two types of thermal 

analysis machines: horizontal and vertical balance. Thermo-gravimetric analysis 

( TGA) can be performed using the vertical balance in which the specimen pan is 
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hanged from the balance. Till type of  machine i calibrated to  compensate th 

buoyanc) effect due to the ariation in the density of the purge gas with temperature. 

Thi machine does not have a reference pan and is not capable to perfoml D C 

mea urements. 

3.4 . 1  Thermo-grav i m etric  A n a lysis ( TG A )  working principle 

TG is the ba ic and the imple t them10 analytical method. TGA is used for 

routine quantitative analytical work . It is a technique in which the mass of a substance 

i monitored with relation to a function of temperature as the sample specimen is 

subjected to a control led temperature program in a control led atmosphere. 

TGA is perfomled in oxidati e atmosphere (air or oxygen and inert gas 

mixture) with a l inear temperature gradient. In the particular case of carbon material, 

the sample is  fir t heated in  nitrogen gas in order to dry i t  and to expel any volati les. 

and then the atmosphere is switched to oxygen and the carbon content i s  burnt to 

CO2 . Final ly, the residual weight and oxidation temperature are obtained. The weight 

loss in an atmosphere is typical ly due to carbon dioxide and the weight gain due to 

oxidation of residual metal catalyst into sol id oxides. The residual weight is obtained 

assuming that al l chemical reactions are completed. The maximwn temperature is 

selected by the user so that the sample weight is stable at the end of the experiment. 

Finally. the output from data acquisition can extract the needed information for 

residual weight and oxidation superposition of the weight loss due to the oxidation of 

carbon (F igure 3 -6) .  
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The oxidation temperature (To) is defined as the maximum in the weight loss. 

Thi can be obtained by taking the first derivative of the TGA graph (dmldTma, ) .  

F igure 3 -6 shows yet another definition which is  the temperature when oxidation 

tarts and the weight loss starts to increase sharply which is called Tonset . 

To=dmldT ma, is preferred for two reasons. Tonsel cannot be detem1ined precisely due 

to the init ial gradual transition. A sample such as carbon based material contains 

some amount of impurities uch as carbonaceous that may oxidize at a temperature 

lower than the base material . Second. the increase in weight due to catalyst oxidation 

at low temperature wi l l  overlap the weight loss due to oxidation. This wi l l  result in 

upward fluctuation of the TGA graph prior to the bulk weight loss which wi l l  lead to 

more difficulty i n  obtaining Tonset - Hence, To=dm/dTma, is relatively precise and was 

adopted in this study_ 



-+0 

3.4.2 T h e rm o-gra v i m etric ana ly is ( TG A )  re ul t  

A TG test wa performed u ing a TA QSO ( from TA instruments. A) .  The 

balance v, a fi l led with approximately 1 0  mg of carbon black . Then, the sample wa 

heat d from ambi nt temperature up to 800°C with heating rate 5°C/min. 

Thermo-gravimetric anal)' i vv a performed on the prepared samples at different 

anneal ing temperatures ( 500, 750. 1 000 and 1 2S0°C ). One sample for each heat 

treatm nt condition wa tested for each anneal ing case. Figure 3-7 shows that as the 

anneal ing temperature increase . the 0 idation temperature increases in a l inear fit 

function. 
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F igure 3 -7 :  Oxidation temperature obtained from TGA for different annealing 

temperatures 

Furthermore. F igure 3-8 shows that as the amount of residual mass sl ightly decreases, 

as the annealing temperature increases up to 1 000°e. This can be contributed to the 

reduction of the amount of carbonaceous deposits on the surface of CB.  One sample 

was tested for each annealing case. However, three different samples were tested for 
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the annealed wa te B at 1 250°C . It is also reported in the EDX result ( ection 3 .6  

that th amount of additives decrea es at anJ1eal ing temperature 750°C and above. 

M reover, at annealing temperature 1 250°C, it ha been noticed that the amount of 

r idual mass decrea e dramatical ly for anneal ing at 1 250°. Thi can be due to the 

restructuring of cry stal l in Zn from the powder which is reported in XRD result 

taking into account the reduction of carbonaceous material . The them10gravimetric 

graphs of each anneal ing case are l isted in Appendix A. 

General ly, TG results demonstrated that the higher the temperature of the 

heat treatment the more thennal ly stable is the CB obtained from waste tire. In  

addition reduction of the residual mass wi l l  increase the contact surfaces between the 

CB particles. This is due to the reduction of the carbonaceous deposition on the 

urface of CB particles and because of the reduction of the additives. Hence, 

increa ing the chances of creating electron turu1el and provide the abi l ity of electrons 

to jump between closely paced carbon aggregates. 
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Figure 3 -8 :  Amount of residual mas (wt.  %) obtained from TGA for different 

aru1eal ing temperatures 

3.5 X- ray d i ffraction tec h n i q u e  ( X R D )  

The o l id  material can be  c lassified into two categories, amorphous and 

crysta l l ine. The atoms in amorphou material are ananged in a random way and short 

range orders. Vlhi le in crystal l ine material . the atoms are ananged in long range order 

of repeated unit cel ls .  The unit cel l is the smallest volume element by repetition in 

three dimensions. X-ray diffraction teclmique provides information about the bulk 

structure and the finger print of the crysta l l ine material (Cal l ister et aI, 2008) .  

3.5. 1 X-ray d i ffract ion pr inc ip le  

The sample was mounted in  the center of a rotary counter and is exposed to a 

source of X-rays. The source of X-rays is  used as the wavelength size is  comparable 

with the atoms. The counter is rotating with constant angular velocity and plots the 

diffraction beam intensity as a function of diffraction angles (28) that is received by 

the detector. The h igh intensity at specific diffraction angle means that the material 
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contain a pecific cry tallographic plane within the crystal structure. In  mo t of the 

ca e . the cr tal l ine material wi l l  contain different intensities at different diffraction 

angles that de cribe the crystal tructure of the material ( Cal l ister et al. 2008 ) .  

3.5 .2  X-ray diffra ction ana ly i 

X-ra ' d iffraction analy i wa performed using XRD 6 1 00. Shimadzu. An 

aluminum ample holder was fil led ith the powder sample and was pressed properly 

\\ith wax paper to prevent any voids. Then. the diffraction patterns of the powders 

were perform d u ing Cu Ka radiation. The scan range was from 28=20° to 28=80° 

with step 28=0.02° and a can speed of 2 degree/minute. One sample was tested for 

each annealing ca e .  

The X-ray d iffraction ( XRD) results in Figure 3-9 show a peak at 28=25 .2° 

which i a sociated with amorphous carbon which is  present in  al l  the annealing 

ca es. This peak is  a confirmation that the material contains a large amount of 

disordered material in  the form of amorphous carbon. This peak is  present in al l  the 

d ifferent anneal ing conditions with the same intensity except for annealing condition 

at 1 250°C . In this case the peak is  shifted backward with 0.2° difference with 

increasing the intensity as is shown in F igure 3 - 1 5  . 
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Furthem10re. the re ult hows that the cry tal l ine compositions mainly con i t 

of zinc ul fide and zinc 0 ide. Although the intensity of the peaks general ly differ as 

the heat treatm I1t temperature changes. the main difference is found to be as fol lows: 

For HT500. the re ult in Figure 3 - 1 0  i l l ustrated that the main crystall ine composition 

con i t of zinc 0 ide. The characteri stic peak for zinc oxide ZnO) were obtained 

from ndria et a1. ( 20 1 3 ) .  The were also compared with the obtained peaks. 

compari on are l isted in Table 3 - 1 . The peak obtained are approximatel matching 

",,;th the reference values. On the other hand. the result demonstrated that the small  

characteri tic peaks related to ZnS are also presented in HT500 a shown in 

F igure 3 - 1 1 .  The characteristic peaks intensity for zinc sulfide (ZnS)  were obtained 

from Undria et a1 . ( 20 l 3 ) and they were also compared with the peaks that v ere 

obtained experimental l  . The comparison is l i sted in  Table 3-2 .  

Table 3 - 1 :  ZnO XRD peaks compari son between the reference and the peaks obtained 

Peaks l i sted in Ref. Andrea Peaks obtained by this study 
3 1 . 85  3 1 . 5 
34 .55  34 .2  
36 .36 36.02 

47 .7  47 .32  
56 .75  56.26 

63 .09 62. 7  

68 . 1 7  67 .9 
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Figure 3 - 1 0 : XRD peaks related to ZnO for waste CB aJUlealed at 500°C 

Table 3 -_ :  Zn X RD peak compari sion between the reference and the peaks 
obtained 
Peaks l isted in Ref. Andrea Peaks obtained by this study 

26. 8 1  26 .7  

28 .4 1 28 .3  

30.42 30 

39.47 39.06 

47 .36 47 .32 

5 1 . 5 8  5 1 .56 

56. 1 6  56.26 

57 .33  57 .3  
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Figure 3 - 1 1 :  XRD peaks related to ZnS for waste CB annealed at 500°C 

For HT750. the characteristic peaks related to ZnO decreased. Meanwhile, the 

characteri tic peaks for ZnS increases as is shown in Figure 3 - 1 2 .  
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Figure 3- 1 2 : XRD peaks related to ZnS for waste CB annealed at 750°C 



-+8 

For HT 1 000, the p ak related to Zn are pre ent c learly in the diffractogram. 

Meam\ hi le. the peak related to ZnO almost di appeared suggesting that the ZnO 

react \\ ith u lfur and produce a cr tal l ine composition of Zn . 
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Figure 3 - 1 3 :  XRD peaks related to ZnS for waste CB annealed at 1 000°C 
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However, the diffractogram of post heat treatment CB powder at 1 250°C 

pointed out that the characteri stic peaks for both ZnO and ZnS are not present. 

Moreover, Undria et a l .  (20 1 3 ) noted that the peak at 25 . 1 is related to amorphous 

carbon. 

The diffraction pattern for HT 1 250 highlighted the presence of a characteristic 

peak related to graphite l ike structures (crystal l ine carbon) at 28=25° (002) with extra 

growth in the intensity. An extra peak at 28=43° ( 1 00)  also shows an extra growth of 

i ntensity compared to the lower anneal ing cases. At HT1 250, a new peak was present 

at 28=44.9° (0 1 0) which is associated with turbostratic carbon, that is also associated 

with the peak at 28=44° ( Xu et aI . ,  2009). 
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The previou peaks suggest that the crystall ites in  HT 1 250 have intem1ediate 

structures between graphite and the amorphous state cal led turbostratic structure or 

random layer lattice structure. Turbostratic carbon consists of disordered graphene 

l ayers with d ifferent stacking di stances and stacking ordering degrees ( Manoj et aI . ,  

_0 1 2 ) .  

It is also noticed that the intensity of the peak 28=25 .2° is  higher at annealing 

temperature 1 250°C. This peak is  also s l ightly shifted backward 0.2° as shown in 

Figure 3- 1 5 . Tins slnft and intensity change are originated due to the re-anangement 

of the graphene stacking structure (Xu et aL 2009: Man oj , 20 1 2 ; Li et a l . .  2007 ). 
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As  the heat treatment temperature of CB powder increases up  to  1 000°C, the 

characteristic peak intensities for zinc oxide (ZnO) starts to decrese. At the same 

time, the characteristic peaks for zinc sulfide (ZnS) increase. It is worth mentioning 

that the characteri stic peak (002) at 25 .2° was present in all the anneal ing cases with 

the same intensity. This peak is sl ightly shifted backward with 0.2° and higher 

intensity. Moreover, extra growth of the peak ( 1 00) and the new peak ( 0 1 0) are 

pre ent for aImeal ing condition at 1 250°C . As a result, the disordered graphene layers 

in the turbostratic structure enhanced this annealing temperature. 

3.6 Scan ning  electron m icroscope a n d  E D X  

SEM and EDX were performed on waste CB powder using JSM-5600 ( from 

JEOL, Japan) to in estigate the morphology of the powder. A sufficient amount of 

the carbon black was placed on the sample stub to be scanned under the SEM.  The 

i nvestigation was performed at 1 5  kV using electro probe microanalyzer. Then. 

digital micrographs are captured and stored on the computer. The attached EDX 
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y tern i s  u ed to obtain the analytical elemental analysis of the prepared waste CB 

for different anneal ing  temperature . 

Energ, dispersive X-ray wa perfOlmed on the \ aste CB samples for different 

annealing temp ratures ( 500, 750. 1 000 and 1 250 °C). The results in Table (3-3)  

i l l u  trate that the concentration of carbon for 500°C is  93 .5  v.rt. %. However. at 

anneal ing temperature 750°C. the concentration increases to 97 .5 v.rt .  % with sl ight 

reduction in the amount of additives remaining from the pyrolysis proce s. Also. the 

re ult show that there i no ignificant change in the carbon concentration and other 

additiye under the effect of increasing the anneal ing temperature above 750°C . The 

presence of other metal l i c  and nonmetal l ic elements in the CB powder obtained from 

waste tires can be contributed to the additives added during tire production. 

Table 3-3 : Energy dispersive X-ray for different post heat treatment temperature. 

E lemental Percentage ( v.rt .  %) 
Temperature ( CO )  C Al  S i  S Mn Fe Cu Zn Sn 

500 93 . 38  0 . 1 1 .9 2 .85  0 0. 1 3  0 .54 2 .6 1  -0.29 

750 97 .52 0.06 0 .34 0 .79 0 0. 1 0 .66 0 .53 0 

1 000 97 .46 0. 1 1 . 1 4 0 .93 0 0.08 0 .02 0 0.6 

1 250 96.76 0.26 0.4 0.62 0 . 1 8  0 0.45 0.2 1 0.25 

Moreover. Table 3-3 demonstrates the presence of high concentrations of Cu 

and Zn elements with respect to other additives that are present in the waste CB. This 

can be rooted to the presence of brass al loy during the production of the tire. This is 

usual ly used to increase the adhesion property between the elastomeric polymer and 



the reinforcement metal l ic  wires. Iso. i and are present III large amounts with 

re pect to other additives. i can be present in the form of si l icates but they are in 

amorphou condition a they are not evidenced in XRD result .  While. sulfur is 

pre ent b cau e it is added during vulcanization process w·hich is performed during 

tire production to incr ase the durabi l ity of tire production. XRD result in section 

3 . 5 . 2  reported that the Zn i present in the form of ZnO and starts to react with S to 

form Zn . The Zn in the form of ZnO and Zn di sappeared at annealing temperature 

1 roDe . ote that they may be absent as the are in the amorphous form . But from 

EDX analysi . the re ult shows that the concentration of Zn and S is lowered at 

anneal ing temperature 750° and above. Another issue which can be reported is that 

ome minor elements (AI ,  Mn and Sn) are evidenced by EDX (Undria et a 1 . .  20 1 3 ) .  

Undria et  aI . ,  ( 20 1 3 )  also reported some differences in the presence of different minor 

additive such a (CL Mg, Co and Cr) in  which they are not evidenced in trus paper. 

This can be contributed to the different elements and additives added during tire 

production and wi l l  mainly depend on the usage of different tire brands. 

SEM Images for different aImealing conditions are shown m 

F igures 3 - 1 6. 3 - 1 7, 3 - 1 8  aIld 3 - 1 9 . The deposition of carbonaceous on the waste CB 

particles i s  c learly visible in  the SEM images. No significant morphological changes 

occur at d ifferent anneal i ng temperatures. The CB aggregate size ranges between 50 

to 1 00 micrometers. Moreover. the macrospore structure of waste CB cannot be 

observed because of carbonaceous deposition and because of the additives that might 

be related to organic orland inorganic compounds. When the anneal ing temperature of 

waste CB increases to 750°C and above, the amount of additive deposited with CB 



particle decrea es or the)- react with each other to fonn amorphou compound that 

cannot b ob erved in XRD. It was also observed in al l  the EM image with 

magnification x 1 5000 that the amount of carbonaceous deposition was ignificantly 

reduced at annealing temperature 1 250°C . 

The additi\ e deposited with Carbonaceous deposition on 

F igure 3 - 1 6 : SEM images for HT500 

Carbonaceous deposition on 

the surface of waste CB 

Figure 3 - 1 7 :  SEM images for HT750 



Carbonaceous depo ition on 

the surface of aste CB 

Carbonaceous deposition on the 

surface of waste CB was reduced 

Figure 3 - 1 9 : SEM images for HT 1 250 
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CHAPTER FOUR 

CHARA CTERI ZATIONS RESU LT OF CARBON B LACK 

W I TH EPOXY RES I N  

Thi chapter describes the work done in  producing sol id conductive pol mer 

compo i te by uti l izing the \va te CB annealed at 1 250°C . Annealed waste CB at 1 250 

°C was added to epoxy re in with lov and different wt. percentages (0%, 3%, 6%. 

and 90 0) to inve tigate the pos ibi l ity of producing conductive pol mer composite. 

Preparation and characterizations result of DSC, TGA, nano-indentat ion and FTIR are 

al 0 reported in  this chapter. Electrical conductivity was measured indirect ly using 

et\ ork Analyzer. Then. DC electrical conductivity of high loading of waste CB 

( 30% and 40%) that reaches to critical pigment volume concentration (CPVC) was 

inve t igated.  

4. 1 Preparat ion of com posite made o f  epoxy loaded w ith low w t. % of waste CB 

The epoxy resin used was from type ARALDITE® AY 1 05 IN form 

HUNT MAN ( see table (4- 1 )  for material specification) .  Furthermore, the hardener 

was AradurK 42 fonn HUNTSMAN which is basical ly  polyanline. The cross l inking 

reaction is  based on the primary amine groups in polyamine that are converted to 

secondary and tertiary amines ikol ic et aI . ,  20 1 0) .  

Waste carbon black was produced by pyrolysis process fol lowed by post heat 

treatment at 1 250°C to improve the electrical conductivity of the waste carbon black 

as described in the previous chapter. 



Table 4 - 1 : Technical data of RALDITE® Y I 05 
H T MAN) 

Epoxy index ( ISO 300 1 ) 
Epoxy equivalent ( I SO 300 1 )  
Visco ity at 25°C (Fal l ing-bal l ,  ISO 1 2058- 1 )  
Vapour pres ure at 20 C (balance) 
Density at 25 C ( ISO 1 675 )  

56  

epoxy resin (according to 

5 .30-5 .45 [eq/kg] 
1 83 - 1 89 [g/eq] 
1 0000- 1 2000 [ mPas] 
�0.0 1  [Pa] 
1 .  1 3  [gi cm3] 

ixty grams of epo y resin \ as fi l led in a container. The container was placed 

on magnetic stirrer supported ith heater. The temperature was raised up to 80°C to 

reduce the viscosity of the epoxy and faci l itate the stirring which consequently 

provide unifoffil di  tribution of waste carbon particles in  the resin .  After that Waste 

carbon black \\'ith the target weight was added to the epoxy .  The mixture \ as kept 

under stirring for one hour. Then. the hardener was added to the final mixture with 

resin to hardener ratio equal to 4: 1 .  Afterward, the final mixture with hardener was 

stirred manual ly for 1 5  minutes. Final ly. the mixture was casted in a waxed plastic 

container (mold). The sample was cured at room temperature for at least 6 hours. 

Different samples with d ifferent Wt. % of waste carbon were prepared and l isted in  

the table (4-2)  below. 

Table 4-2 : D ifferent weight % of waste CB loaded in  epoxy resin 

Sample o. CB wt. % 

1 0% 

2 3% 

3 6% 

4 9% 
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4.2 Thermal  p ro pe rtie 

4.2. 1 T h e rm o-grav i m etric ana ly i ( TG A )  

Th  nno-gra\ imetric analy i ( TO ) was u ed t o  investigate the them1al 

dec mposition of the cured epoxy compo ite. Thennal stabi l i ty of conductive 

pol) mer ompo ite is nece sary in the appl ication where the material is exposed to 

heat generat ion in electronic appl ication. 

The TGA test wa perfom1ed in an instrument Q50 (T A instrument. U ) to 

detennine the thennal decomposition temperature and the residual \\<1 . %. The balance 

wa fi l led with approximately 1 0  mg of the prepared composite sample. The san1ple 

was heated from ambient temperature up to 800°C with heating rate 1 0° C/min 

(U .O .Rane. A .  A.  Sabni . and V .  V .  Shertukde-20 1 4) .  The TGA thenno-grams for 

various waste CB \\1. % are shown in  F igure 4- 1 .  One sample for each specific wt. % 

of waste C B  was tested. Al l  the other graphs are l i sted in Appendix B� The rate of 

weight loss is  the same for al l the conditions. 

I�O 

100 '"' 
IO �  

t 
<> .. 
� 

40 

�- ==----

600 800 1000 
Tempera",e , Ct 

Figure 4- 1 : TGA thenno-gram epoxy mixed with different wt. % of waste CB 
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Figure 4-2 i l lu  trate the thermal decompo ition temperature a s  a ful1ction of 

wa te B \\-1. �o. It was al 0 noticed that the thermal decomposition temperature of 

the cured epoxy i s l ightly decrea ed as the Vv1. % of waste CB increase up to 9%. 

The decompo ition temperature for neat epox is  362°C. Howe er. the decomposition 

temperature for poxy with 9% of CB is 359.5°C . By this, it can be revealed that 

wa te CB sl ight ly negativel affected the thermal stabil it of epoxy resin with 

reduct ion of onl) 1 %. 

----
o 

365 

'-:' 360 -I 
0.. 

E � 355 -
c: 

:� 3 50 i Vl o 0-
E 345 -; 
o 
u 

..g 340 � 
ca 

• • • 

� 335 ] 
330 +---------,-------�--------r_------_.------_, 

0.00 0 2.00 0 4 .0�0 6.0% 

Waste C B  wt. % 

8.0% 1 O.O�O 

Figure 4-2 :  Thermal decomposition as a function of waste CB Wt. % 

I n  Figure 4-3 , it is shown that the amount of residual weight increases as the loading 

wt. % of waste CB increases. The residual weight % loss for neat epoxy is 6 .8%. 

How'ever, the residual weight % loss for epoxy with 9% of CB is 1 1 . 8%. The increase 

in residual wt. % is due to the increasing of the amount for waste CB additive. 
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Figure 4-3 : Re idual Wt. % v . Waste CB Wt. % 

4.2.2 Differen t ia l  canning calorim etry ( nSC) 

Differential sCalming calorimetry C DSC) tec1mique is also used to detennine 

the material re i tance to thennal degradation of the polymers. DSC is used to 

detennine the glass tran ition temperature of the tested material .  At glass transition 

temperature. the mechanical behavior of the material changes from britt le  to rubbery 

and soft. The principal of D C is based on monitoring the heat effects caused by 

phase transitions and chemical reactions as a function of l inearly increasing the 

temperature. The temperature increased at a constant rate defined by the user. DSC 

analysis can be perfonned using the horizontal balance machines that contain two 

pans (one for the examined srunple alld the other for the reference). 

The glass transition temperature of the composite was obtained by differential 

scanning calorimetry ( DSC)  model : Q200 ( from T A instruments, US) .  The test was 

perfonned for different wt. % of waste CB in epoxy resin. The sample was put into all 

aluminum pan with known mass. Another empty pan was placed near the fi l led pan. 
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Then. both pan v,ere xpo ed to the same temperature effect . The difference in heat 

flo\\ bet\veen the fi l led pan and the empty pan wa recorded as a function of 

temperature. The heating rate was ] O°C/min under nitrogen flow of 50rnl/min. 1 0  mg 

of each ample was compre sed inside the aluminum pan C Rane et aL 20 ] 4 ) .  

Figure 4-4 how the D C graphs for epoxy mixed with different \vt. % of 

B .  The g la  s tran ition temperature is  located between 7 1 .8°C and 75 .4°C for a l l  the 

ample . 
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Figure 4-4: 0 C graphs for epoxy mixed with different wt. % of waste CB 

Figure 4 -5  demonstrates that the glass transition temperature is  around 75 .4°C 

for neat epoxy. This means that this epoxy can be used in  appl ications exposed to an 

en i ronment below this temperature. However, the graphs for the epoxy mixed with 

C B  in Figures:  4-6, 4-7, 4-8 and 4-9 show a sl ight decrease in  glass transition 

temperature. The decrease reaches to approximately 72.6°C. The reduction in  the 
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glass tran it ion temperature is due t o  the blending o f  \vaste C B .  A possible chemical 

reaction bem:een the carbon black with the amine group from the hardener occurred . 

Thus, the cr sl inking of the epoxide groups wi l l  be reduced. Figure 4-9 shows the 

glas tran ition temperature as a function of waste CB Wt. % blended in epoxy resin. 

O � 5.-------------------------------------------�----. 

75 ),[ C 
il'l(O.\'" 

I Tg= 
7 5 . 3 5 °

C I 

� +O--------�--1�OO----------�20�J--------����------�--�400 

Tempera1vr€ rC) 

Figure 4-
5

: Detennination of Tg for neat epoxy 
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Figure 4-7 : Detemlination of Tg for epoxy m ixed with 6 wt. % of CB 
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F igure 4-8 :  Determination of Tg for epoxy mixed with 9 wt . % of CB 
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F igure 4-9: Glass transition temperature as a function of waste CB Wt. % 
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4.3 Fou rier t ra n  form i n fra red pect ru m ( ( FT I R) 

FTI R was used to investigate the presence of spec ific and important chemical 

group in the materia l .  Ther fore, it wi l l  in estigate the possibi l i ty of the formation of 

carbon bond V\ ith the matrix .  FTlR was performed using IR Prestige-2 1  FTlR 

pectrophotometer upport by anenuated total reflection (ATR) ( from HIMADZU. 

orth America) .  1 1  the spectrum graphs are l i sted in Appendix C.  

Figure 4- 1 0  demon trates the FTIR spectra for samples consisting of epoxy 

mix d with d ifferent percentage of wa te CB.  Al l  the major peaks related to the 

epoxide groups were observed. The common absorpt ion peaks that are related to the 

epoxide group are: -825 cm- ' , -9 1 0  em" . � 1 250 cm" which are l isted in Table 4-3 . 

Table 4-"" : Epoxide group FTIR peaks 

Waste CB wt. % Peak No. 1 Peak No. 2 Peak No. 3 
0% 825 .5  em" 9 1 0.4 em" 1 242.2 em'l 

3 ""t. % 825 . 5  em'l Not shown 1 244. 1 cm' l 

6 wt. % 825 .5 em'l 906.6  em'! 1 236.4 cm' l 

Overlap due to o erlap due to 1 259.6 cm" 9 wt . % generation of new 
generation of new peak 

peak 
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Figure 4- 1 0 : FTI R  spectra for epoxy mixed with different wt. % of waste CB 

Moreover, an  absorption peak at around 1 5 1 0  cm' ! was observed in  a l l  the 

samples with different wt. % of waste CB and it was related to the stretching of 

-C-O-C-. A smal l  absorption peak at 1 63 1 . 8 cm- ! was observed for most of the 

san1ples and it was rel ated to the stretching mode of cured resultants. The hydroxyl 

group -O-H- band does not show in any of the spectra ( Rane et ai . ,  20 1 4) .  
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\ ibrational band \Va ob erved for neat epoxy and epoxy mixed v,ith CB.  

Thi  peak i around 2920 cm- ! and i related to the C-H tretching. By adding waste 

CB to epoxy. a new ibrat ional peak \vas observed around 2 1 3 3 cm- ! and it i s  

attributed to -C-O group (Ahamad et  a 1 . .  20 1 4) .  Also, a new ibrational peak was 

ob erved arow1d 2853 cm- ! \\ hich are also related to also the C-H stretching 

( Mohant)' et a I . ,  20 1 3 ) .  

ne sharp and high intensity peak was observed for epoxy with 9 wt. % of 

CB at 798 .53 cm- ! and at 1 0 1 6 . 5  em" . This  might be related to the stretching of the 

C-O group. This  uggests a possible interaction between the carbon and the epoxy 

matrix .  s mentioned previously. a possible chemical reaction between the carbon 

black with the amine group occulTed ( Mohsin et aL 20 1 1 ;  Nikolic et a l . .  20 1 0) . 

.. 1.4 Nano-indentat ion of epoxy and waste carbon black 

ano indentation is  a tool for measuring the mechanical properties at small  

scale. ano indentation was performed by Nano Test Materials Test ing Platform Two 

( Micro Materials. Wrexham. UK) .  The platform is equipped with a three-sided 

pyramid Berkovich type diamond indenter tip. The sample is fixed on the top of an 

aluminum fixture to enable the indentation. 

The nano-indentation loading-unloading curves of epoxy loaded with different 

\\1. % of waste CB are shown in F igures 4- 1 L 4- 1 2. 4- 1 3  and 4- 1 4 . The Hardness was 

extracted from the curves it is a measure of material strength. 
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Figure 4- 1 1 :  Loading-unloading curve for neat epoxy 
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Figure 4- 1 2 : Loading-unloading curve for epoxy mixed with 3 wt.% of waste CB 
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Figure 4- 1 3 : Loading-unloading cur e for epoxy mixed with 6 wt. % of waste CB 
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Figure 4- 1 4 : Loading-unloading curve for epoxy mixed with 9 wt. % of waste CB 

The result of the hardness is  l i sted in  Table 4-4. It i s  noted that the hardness 

sl ightly increases when the epoxy is loaded with 3 wt. % of waste CB.  As the waste 

C B  wt. % increases, the hardness s l ight ly decreases. 
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Table 4-4 :  The re ult of nano-indentation of epoxy loaded \>,'ith different \>,1 .% of 
\Va te B 

Wa te CB ( v.i. % )  Hardne CGPa)  

0% 0 .3263 

3% 0 .3623 

6% 0 .3543 

9% 0 .3098 

4.5 E lectrical conductivity 

69 

Electrical conductivity was investigated by using DC Source Measure Unit 

KETH LEY 236 ( from KETHLEY, US) .  The measurement was done on smal l  sample 

ize because the expected result i s  a high resistance value. Unfortunately, the 

unloaded and loaded epoxy with 3%. 6% and 9% did not pass any DC current through 

the sample with voltage d ifferences reaching to ± l OOvolt between the top and the 

bottom surfaces. As a result. the sample was considered an insulator. Then, the 

e lectrical conductivity was measured indirectly by a network analyzer. Moreover. 

new epoxy samples with highly loaded waste CB reaching 30 and 40 wt. % was 

prepared and investigated again b the DC Source Measure Unit .  

4.5. 1 E lectrical conductivity using netw o rk analyzer 

Vector etwork Analyzer ( from ROHDE & SCHWARZ, Germany) was used 

to measure i ndirectly the electrical conductivity of epoxy mixed with different/low 

",'eight percentage of waste CB .  
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The principal i to tran mit electromagnetic wave with variable frequencie 

into the sample ( range : 9kHz to 1 4  GHz) .  Different epox samples with different 

wa te CB \\1. % \vere prepared in cyl inder geometry. The diameter was 1 inch and the 

length was elected to be 4 inch to provide semi-infinite geometr to ensure the 

tran 111 i sion and reflection only through the sample. The preparation was achieved by 

D l lowing the procedures described in section 4 . 1 .  

dielectric assistance kit probe 3 . 5 ( DAK Coaxial probe) with 1 inch 

diameter wa u ed to tran mit and receive the reflected electromagnetic waves though 

th ample. Based on the radiation coefficient ( S I I), the DAC software wi l l  pro ide 

the permittivity of the samples in real and imaginary values and the conductivity as a 

function of electromagnetic frequency. The real value of pem1ittivity ( E ' IS a 

mea ure of ho\ much energy is  stored in a material from the electromagnetic field. 

The imaginary value of pem1itt ivity ( E" ) is a measure of how lossy is the material to 

electromagnetic field. F igure 4- 1 4  shows the result of electrical conductivity as a 

function of electromagnetic frequency for epoxy mixed with different wt. % of waste 

CB (0%, 2%, 5% and 1 0%) .  I t  is noted that the conductivity does not change 

significantly by adding 2wt .  % and 5 wt. % of waste CB.  However, epoxy with 1 O�rt.  

% of waste CB shows a higher trend of electrical conductivity . This suggests a 

percolation threshold occunence within this loading level of waste CB .  The 

dielectric constant vs. frequency graphs are attached in Appendix D. Also, reflection 

coefficient S l l  vs. frequency graphs are attached in  Appendix D. It is also noted that 

the conductivity of epoxy with low loading of waste CB (2 wt. %, 5 wt. % and 1 0  wt. 

% of waste CB)  is dependent on the frequency and the dielectric constant . This 
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reveals that epoxy loaded not more than 1 0  wt. % of waste CB is not suitable for DC 

conduction. Th conduct ivity of the medium ubjected to electromagnetic radiation is  

given by quation ( 4 ) . 

( 4 )  

where Ec  is the complex pem1irtivit 

. 
E E '  ·E" mce c = - } 

and E "=  E 

then, E '  '=0/ W 

X 1 0.3 1 4 ��--�------,-----.------,------.------,----� 
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I 0 8  0-
'" '" :::J 
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Figure 4- 1 5 : Conductivity as a function of electromagnatic frequency for epoxy with 
different waste CB wt.% 



4.5.2 Electrical conduct iv i ty of h igh ly loaded epoxy ' i th wa te CB 

lectrical conductivity of the epox mixed with high v.i. % of wa te CB \Va 

im e tigated a a function of wt. % of CB in the epo matrix .  The test was perfomled 

u ing DC ource easur nit KETHLEY 236 ( from KETHLEY. U ). The 

mea urement v. a done on smal l ample size because the expected result is a high 

re i tance value of the material . The dimensions of the measured samples are 

1 5x 1 5x3 mrn3. The sample was sandv.'iched between two electrodes connected to the 

ource mea ure uni t as i hO\\,11 in F igure 4- 1 5 . 

F igure 4- 1 6 : P lacing epoxy/CB sample between electrodes 

Therefore, it was decided to increase the waste CB wt. % to be above 30%. 

However. the mixing will be manual ly  by hand as the mixture before cur ing will be 

h ighly viscous. At h igh CB loading. the amount of epoxy starts to be fully engaged 

with the CB particles in which the stirring wil l  not be possible by magnet stirrer. The 

sample preparation steps are as fol low: 

1 .  60 grams of epoxy was fi l led into glass container. 
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2 .  The required V.1 . % of the wa te  CB wa added to the epoxy (40 grams for -+0 

wt. % CB and 25 . 7  gram for 30 wt. % CB) .  

3 .  30ml o f  acetone \ as added a a 0 1  ent and to faci l itate the tirring. 

4. t irring was performed b hand for 1 0  minutes. 

5 .  The mixture was heated for 30 minutes at 80aC to evaporate the acetone. 

6. The hardener was added with ratio 4 to 1 fol lowed by hand stirring for 20 

minutes unti l  the mi ture became very iscous in order to ensure the waste 

CB \\"i l l  not sett le . 

7 . The mixture was casted into plastic disk ca i ty .  

8 .  amples were cured at room temperature for not less than 6 hours . 

F igure 4- 1 2  hows the cross sectional area comparison for different loading of 

wa te CB. While F igure 4- 1 2  (a) demonstrates the epoxy sample with 9 wt. % of CB 

that was prepared in the pre ious investigation section 4 . l .  F igure 4- 1 2  (b) i l lustrates 

the epoxy sample \',;ith 30 wt. % of CB .  Figure 4- 1 2  ( c )  shows the epoxy sample with 

40 W1. % of CB .  It was clearly  shown in the highly waste CB loading, that the waste 

CB particles are more compact and hence the chance of creating electron network 

channels  is higher. It was observed during the sample preparation that the 40 wt. % of 

CB approximately reaches the critical pigment volume concentration (CPVC).  This 

means that above this percentage, there wi l l  not be enough epoxy to bind the rest of 

\vaste CB powder. However, an extra rich layer of polymer around 0. 1 mm in 

thickness on the top and the bottom surfaces was observed even in  the case of CPvc. 

This layer was removed by using sandpaper. 
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F igure 4- 1 7 : Cross section area of the prepared epoxy/CB samples 

An investigation on the electrical conductivity of epoxy sample that is highly 

loaded with waste CB (30% and 40%) was conducted with the same setup that was 

described in F igure 4- 1 1 .  It was observed that the samples can pass DC current source 

that reaches to 0 .00 1 Amp. by applying voltage range - 1 0  to + 1 0  volts. Figure 4- 1 3  



how the plot of 1 - for 30 \>,,1 .  % sample and Figure 4- 1 4  represents the plot of I -V 

for 40 wt. % ample. The re i tance was extracted from I-V plots to determine the 

electrical conduct ivity. The val ues are summarized in Table 4-4. 
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Table 4-5 : Conductivity measurement for epo y loaded with high % of waste CB 
Wa te CB R Thickness Area Re isti ity Conductiyity 

wt. % (Ohms) (cm) (cm2) (Ohm. em) (a/cm)  
30% 5000 0 .34 0.072 1 058 .8  0.0009 
40% 1 250 0.3 1 0.072 290 .3  0.0034 

F igure 4- 1 9  shows the electrical conductivity of epoxy with high loading of 

CB .  The el  ctri cal conducti ity of 40% of waste CB is 0.0034 a/cm. This value is 

very small compared to the other work done on producing conductive polymer 

composite u ing epo y Du (2008) obtained 1 S/cm for epoxy mixed with 40% of 

syntl1etic graphit.e. Moreover. Du (2008) produced epoxy mixed with 40% of 

expanded graphite \ ith conducti it value reaching 1 00 a/cm.  
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F igure 4-20: Result of electrical conductivity of epoxy/CB 

From these i nvestigations, epoxy mixed with annealed waste CB at 1 250°C 

does not have a potential as conductive polymer composite. The electrical 

conductivity is  very low compared to the other work done by using graphite source. 

This composite is  ery brittle, hence, extra investigation in  mechanical prope11ies was 

not perfoID1ed due to breakage of the sample during the de-molding. The mechanical 
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properties using a carbon fiber ha proven to be enhanced in comparison with the 

pol )  mer. the fol lowing study. presented in chapter five. investigate the effect of 

impregnating carbon black a a fil ler with carbon reinforced polymer composite and 

the ef� ct on the electrical conductivity and mechanical properties. 



CHAPTER FIVE 

CAR BON B LAC K MEDIA TED CARBON FIBER 

R EINFORCE D EPOX Y CONDUCTI VE POLY MER 

COMPOSITE 

78 

This chapter present the al teration of properties as a result of loading waste 

carbon black into carbon fiber reinforced composite with epoxy resin (CFRP) .  The 

prop rtie ha\e been inve tigated at d ifferent loading capacities based on weight 

percentage from the total weight . The urface and through plane electrical 

conducti i t)' were investigated. Furthermore. the through-plane thermal conductivity 

and flexural properties were detem1ined . 

5. 1 P reparation o f  polymer matrix  loaded w ith  waste carbon black 

Wa te carbon black as produced by a pyrolysis process fol lowed by post 

heat treatment at 1 250°C to improve the electri cal conductivity of the waste carbon 

black. The reinforcement of CFRP by waste carbon black powder was done by 

mixing this powder with the epoxy resin;  1 00 grams of epoxy resin mixed with 

ariable weights of waste carbon black. The mixture was heated at 80°C to reduce the 

epox viscosity. Then, the mixture was uniformly mixed on a magnetic stirrer whi le 

keeping the temperature of the mixture at  80°C for three hours to faci l itate a unifom1 

dispersion. Then, the hardener was added to the resin mixture with epoxy to hardener 

ratio 4: 1 .  The epoxy resin type was ARA LDITE® A Y l  05 IN form HUNTSMAN 

(see table (4- 1 )  for material spec ification) .  While. the hardener is ARADUR:[ 42 

which is a polyamine.  The crosslinking reaction is based on the primary amine group 
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in pol) amine. Polyamine i converted to econdary and tertiary amines to create cro s 

l inkage and curing ikolic et al . .  20 1 0) .  

5.2 Fabricat ion of fi ber reinforced pol mer 

The carbon fiber u ed i 1 0. 9  ozJ q yd,  0 .024" thick, 6K; 5H weave 

con truction ( ee Table 5- 1 for material peci fication according to the suppl ier ) .  

Different weight percentage of, the post heat-treated. \ aste carbon black powder of 

the carbon fiber compo ite ha e been prepared. The fiber is cut into square pieces 

20x20 cm. Where the number of carbon fiber is 4 layers with zero degree orientation 

for al l the la 'ers. 

Table 5 - 1 : Technical data of 6K. 5HS  Weave Carbon Fiber (according to Fiber Glast 
Development Corporation) 

Warp Raw Material 6K -Multifilament Continuous Tow 
F i l l ing Raw Material 6K -Multifi lament Continuous Tow 
Weave Pattem 5 H S  

Fabric Areal Weight 1 0 .8- 1 1 .5 ozJyds2 
Nominal Thickness .024 inches 

Tensi le Strength 6 1 0-700 KSI  

Tensi l e  Modulus 33-34 .9 MS I  

E longation 1 .4- 1 .95% 

The lamination was perfonned on waxed with low roughness stainless steel 

plate. The mixture of epoxy and waste CB was unifom1ly di stributed on the carbon 

fiber c loth by using a Vv1per to e l iminate the extra epoxy mixture between the carbon 

fiber layer and the stainless steel plate. After lamination, the composite was covered 

by another waxed stainless plate and placed in hot press machine (F igure 5 - 1 ) with 

parameters l i sted in Table 5-3 . 
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Table 5-2 :  Hot press machine pressing parameters 

Parameter Value 
Platen temperature 350K 

Load 8000 lbf 

Total urface area of prepared composite 62 inl 

Pressing time 1 5  minutes 

Figure 5 - 1 : Hot press machine (CARVER 3 893 ,  USA) 

I n  order to detem1ine the weight percentage of resin and waste CB from the 

final laminate, the weight of 4 carbon fiber layers was measured before lamination. 

After hot pressing (curing), the total weight was measured to obtain the weight of 

resin and waste CB in the laminate. I t  was difficult to control the wt.% of the waste 

CB and resin m ixture with respect to fiber for al l samples using the hand 

laminationlhot press technique. This problem was noticed by weighing the san1ples 

after pressing and curing. Also, the thickness of the final laminate increased as the 

resin weight fraction increased as i t  is shown in Figure 5 -2, for the sample that 
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contain v .. aste CB at 1 6  \\'t. %. Thi can also be contributed to the fact that the high \\"t . 

% \va te B in the epo y matrix cannot be fully inm1ersed between the fibers and 

hence. \1<, i I I  settle on top of the laminate which wi I I  have a negative effect on the 

propertie of the prepared composite material :  especial ly the electrical conductivity 

value for the higher \\1 . % of CB.  

Table 5-3 : Detennination of waste CB weight% after curing 

CB v"i . Carbon fiber Final weight Resin CB wt. % 
% rat io total weight of after hot press + CB ratio of  total 
to re in  layer (gran1s) (grams) wt .% composite 

0 .0% 66 92 28 .3% 0.0% 

5 .4°'0 63 94.5  33 ,3% 2% 

1 4 .6% 65 94,5 3 1 ,2% 5% 

22.2% 67 1 02 34 .3% 8% 

30 .0% 66 1 39 52,5% 1 6% 

Thickness 
of laminate 

(mm) 
1 . 3 7  

1 .47 

1 .45 

1 .6 

2 .6 

I t  has been noticed that the thickness of the prepared composite material was 

stable with waste CB loading from 0% to 8%. The thickness at these loadings was 

approximately l . 5mm. On the other hand. at high waste CB loading ( 1 6%), the 

thickness of the composite laminate reaches to 2 .6mm . It means that there was an 

extra built up polymer l . 1  mm in thickness at loading equal to 1 6  wt. % of waste CB .  
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Figure 5-2 :  Waste CB wt. % vs. sample thickness 

F igure 5-3 shows that the amount of weight % of resin from the total 

composite weight was stable at waste CB loadings equallbelow 8%. The resin weight 

percentages for these loading are between 28% and 34%. However. the resin mixture 

weight percentage from the total reached to a rugh value. The value reaches to 52% 

for the waste C B  loading of 1 6%. This also confirmed that the rich interlayer 

generated between the carbon fiber pl ies. These interlayers consi st of epoxy mixed 

with waste CB. 
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5.3 T h rough plane conductivity of sol id material  

5.3. 1 T h rough plane conductiv ity of sol id material  
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The through plane conductivity was measured using an expelimental setup 

sho�n in  F igure 5 -4 .  The etup has been built according to the Department of Energy 

( DOE) speci fications. This is because the setup has been used in evaluating the 

through plane conductivity of the composite polymer that can be used as a bipolar 

plate in  PEMFC . A compression pressure of 1 . 5 MPa was applied on the sample and 

the setup is  as specified in DOE target ( Kim et al .  20 1 2 ; Kim et al . ,  20 1 4; Antunes, 

20 1 1 :  Alayaval l i  et a l . ,  20 1 0� Du, 2008� Kumar, 2003 ) .  

Testing the through plane electrical conductivity of carbon fiber reinforced 

composite fi l led with different percentages of waste carbon black was performed by 

using a D .C power source at room temperature by fol lowing the procedure in Kim et 

al . ( 20 1 2 ) .  F igure 5-4 shows the electrical conductivity setup. The sample was 
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andv. iched between two carbon cloths u d as a ga diffuser layers in  fuel cell 

upplied from PRE DE BERG to lower the interfacial contact resistance benveen 

the copper electrode and the composite ample. The 2 inche electrode in diameter is 

gold coated. The source of DC power is Pov;erFlex CPX200. The reading of the 

micro-\ oJ tage drop acro s the ample and the reading of the pa s current through the 

circuit were mea ured u ing MuIt imetrix DDMM240 and Agilent 34405A. 

re p cti\ J y .  

Go l d  c o a t ed c o  r e l e c t ro d e s  

P r e s s u r e 

Hi  I 
Gold  coated  co  e r  elec t rodes 

P r e s s u r e 

Figure 5-4 :  Through plane electrical conductivity measuring setup 

The conductivity of the sol id  samples is measured using the calculation 

procedure described in  section 3 .2 . 1  and is  given by equation ( 1 )  page 30 :  
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\\ here R i the electrical resi tance in o. i the urface area of the compo ite 

ample. The re i tance of the measured ample wa determined by Ohm' law. 

For each run. R is mea ured by taking the slope of Y vs. 1 .  

1 0  different voltage readings were appl ied to the system with maXImum 

curr nt of 1 Amp to avoid the heating that rna affect the resistance value of the 

ample. Al l  the amples show slopes with R-squared alue=O.999 which reveals good 

ohmic c ntact bel\veen the ample and the entire carbon papers. 

Before in taI l ing the ample in the testing fixture. the system resistance inc ludes the 

resistance of two copper electrodes. the two conductive carbon papers and the contact 

re i tance between them (F igure 5-4 )  is measured without i nstal l ing the sample in  

order to subtract the resistance generated through the circuit .  Then. the resistance of 

the entire etup including the composite sample was measured . Final ly .  the resistance 

of the setup without the sample was subtracted from the resistance of the entire setup 

( setup + sample) .  This resistance was used to calculate the conductivity of the sample. 

A 1 . 5 M Pa compre sion pressure was appl ied on the sandwich. 

5.3.2 D.C re ult of t h ro u gh-plane electrical conductivity of com posite 

sam ple 

The through plane electrical conductivity of the prepared composite showed 

that a the weight percentage of the waste carbon black i ncreases, the electrical 

conductivity increases up to an optimum point that equal to 5%. Then. the electrical 

conducti ity for the composite material started to decrease as the loading of waste CB 

increased above tlus value. It was also noticed that the electrical conductivity for 

waste CB was lower than the carbon fiber electrical conductivity .  Furthermore, the 
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extra fil Jer mixed with the re tn 'was di persed on the top of each layer \\'hich 

generates e. tra thin layer between the fiber laminates \\'ith electrical conductivity 

lower than the laminate conductivity .  This  was confirmed with the thicknes of the 

ample ection 5 . 1 .  For higher loading (at 1 6  wt. % of wa te carbon black). there was 

a generation of epoxy/wa te carbon black layers betv,een the carbon fiber laminates 

that \\ i l l  have bui lt up extra resi tance between the carbon fiber laminates. 

The percolation threshold cannot be predicted in through plane conductivity 

because the compo ite material is already loaded with carbon fiber that makes the 

through plane electrical conductivity above the percolation threshold .  
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I t  i s  ad  ised by  Kim e t  a ! .  (20 1 2) and Kim e t  a ! .  (20 1 3 ) ,  to  compare the result 

of through plane conductivity of the composite material with the area specific 

resistance. The area specific resistance (ASR) is  defined as : 
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R= R x  

\\ h re R j the resistance of the entire y tern including the bulk resistance of the 

sample and interfacial contact re istance between the sample and the carbon papers 

(GDL ). The re ult ho\\ s that the minimum R was obtained at 5% loading of waste 

carbon black . 
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Figure 5-6 :  Area specific resistance (ASR) of carbon fiber composite at different 

waste carbon black loadings 

5.4 I n-plane electrical conductivity of sol id m aterial  

The surface conductivity (or in-plane conductivity) was studied to investigate 

the effect of adding waste CB in the carbon based polymer composite. The objective 

is  to increase the surface electrical conductivity as the Wt . % of waste CB increases . 



SA. l u rface electrical  conduct iv ity of o l id  material  mea u ring 

tech n i q u e  
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The in-plane electrical conductivity ha  been performed using A TM 4496 for 

moderat Iy conductive, which suit the fiber reinforced polymer composite with four 

point probe technique.  The tandard A TM 4496 is used to detem1ine the electrical 

re i t ivity for material that are general ly moderate conductive and are neither good 

in ulator nor good electrical conductors. The test was performed on rectangular flat 

ample with width equal to 1 5mm. 

The init ial attempt \vas to use four electrode channels (non-guarded electrodes) that 

were produced by gold deposition on the surface of each san1ple with knovm 

dimen ion as i ShO'W11 in  F igure 5-7 .  Then, electrical wires were fixed on the top of 

the gold channels by i lver conductive paint. The second attempt was more successful 

than the previous attempt. I n  this case 4 strips of copper electrodes were stacked on 

the surface of the san1ple as shov.11 in F igure 5-8 .  The sample and the electrodes were 

exposed to a compression load equal to 40 MPa by uti l izing the knovm mass used in 

weight balance. 
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Probes 

o ld electrodes 

s ample 

Figure 5 -7 :  urface electrical conductivity ( four points' probes . )  setup using 

conductive paste 

5 5 5 

F igure 5-8 :  Surface electrical conductivity (surface conductivity) using copper strips 
as electrodes under compression load 
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Measuring of the urface re istance \ a performed by the procedure described 

Il1 ction 3 .2 . 1 .  Vol tage readings were taken in the range betv.:een 0 to 0. 1 V with 

pa ing current lower than 1 amp to avoid the influence of heating on the sample 

r i lance. Voltage . current sl pe was obtained to find the resistance of the 

mea ured ample. Electrical conducti ity wa calculated by nom1al izing the 

resi lance with ample dimen ion according to the fol lowing equation. 

v Rs = I ( 3 )  

where Rs i s  the urface res] tance, n. 

The urface re i t ivity i given by: 

w R * s L 
(4)  

L is  the length between the two voltage measuring electrodes. 

W is the width of the mea uring sample. L and W must have the same unit of 

measurement. 

The source of DC power is PowerFlex CPX200. The reading of voltage drop 

along the sample and the reading of the pass current through the circuit are measured 

u ing Multimetrix DDMM240 and Agi lent 34405A, respectively. 

5.4.2 D.C su rface electrical conductivity of com posite sample res ult  

The approach was to make four gold electrodes connected with electrical 

wires using si lver conductive paste. S i lver conductive paste was purchased from RS 

electronics. The gold electrodes were produced by vacuum deposition of gold on the 
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urface o f  the ample. metal l ic  ma k containing multiple slots v.rith 3mrn width was 

tacked on the ample in order to deposit the gold on the sample through the slots and 

hence produce the gold electrodes. The electrodes width is 3mm. The distance 

between each electrod i al 0 3mm. Finally, the si lver paint was careful ly appl ied on 

the gold electrode. 

The circuit wa bui lt based on the four points probe technique. The two 

middl wires were connected to a micro- oltmeter to read the voltage drop across the 

di tance between the two electrodes (equal to 3mm) .  The sides of electrodes are 

connected to the PO\ er source circuit which is connected with a digital multi-meter to 

read the current passed through the entire system. 

F igure 5-9 :  Four point connections using si lver conductive paste for in-plane 

conductivity test 
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Ho\\ e\ er. the re ult u mg the i lver conductive paint \vas not stable for 

majorit) of the sample and the effect of increasing the Wt. % of waste CB on the 

urface ele trical conductivity wa not achieved by u ing the sil er paint connection 

method . The rea on for thi \\'a because the paint might contain solvent that are 

ab orbable by the material under test. Thu , it wi l l  affect the conductance 

perfonnance of the sample in an in-eversible manner. 

nother approach in Figure 5- 1 0  was used to el iminate the si lver paste b 

u ing a removable copper electrode ,>"ith 3mm wide strips. The di stance between each 

two electrodes i 5mm. The result i more stable once we appl ied same load on each 

ample. 

Figure 5- 1 0 : Four point connections using copper electrodes for surface conductivity 

test 

The measurement of electrical conductivity was perfomled by fol lowing the 

procedure mentioned in sect ion 3 .2 . l .  Each Wt. % of waste CB was measured with 

three different samples that were randomly selected from the prepared samples. 

However. the samples with contamination or moisture were replaced by other 

samples. Moreover, the measurement setup was repeated three times, for which the 
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re ult are I i  ted in Table 5-5. It hows that the urface electrical conducti \-ity of the 

ample \\ ithout adding a te CB is equal 2 .5  a (p r quare) .  The trend of surface 

conducti\ it a a function of waste CB loading is hovm in Figure 5 - 1 1 .  Loading the 

composite material with 2 Wt. % of waste CB results in increasing the surface 

conductivit that reached an a erage value equal to 1 3 .2  a ( per square). This value is 

5 t imes greater than that of the sample without waste CB.  After that, the urface 

electrical conductivity became stable with no significant fluctuation at loading levels 

above the :2 %. Adding wa te CB to the resin resulted in creating a conductive carbon 

netvv ork and hence decreased the effect of the extra rich polymer layer on the surface 

of the compo ite. The average surface conductivity at 2% and above was equal to 1 3  

:l: 3 .9  a (per square) .  

Table 5-4 :  The result of surface conductivity 

Conductivi ty Conducti it C onducti vi ty Average surface 
Standard CB \v1:. 

% 
a ( per a (per a (per conductivity 

Deviation 
square) square) square) a (per square) 

0% 1 . 85 3 .66 1 . 87  2 .46 1 .04 

2% 8 .73  1 4 .06 1 6 .34 1 3 .04 3 .9 1 

5% 1 4 .52 1 0 . 76 1 0 .76 1 2 . 0 1  2 . 1 7  

8% 1 0 .2  1 0 .6 1 1 .25 1 0.68 0 .53 

1 6% 9 .59 9 .59 1 2 .09 1 0 .43 1 .45 

I t  i s  observed that the three different readings of surface conductivity contain 

some reading variation due to the fol lowing measurement errors : 

1 .  on uniform distribution of waste CB in the epoxy resin. 

2 .  Difficultly in  control l ing the volume fraction between carbon fiber and epoxy 

resll1 . 
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3 .  The re i tance of the entire ystem ensiti \'e especial ly at the \\"lre 

connections. Moreover, the re istance of the samples are smal l due to 10\\' 

\ ol tage drop aero the amples in which the readings are in micro volt. The 

low \ alues make the measurement system very sensitive to any external 

ource of electri cal re i tance. 

4 .  The roughnes and geometrical flatness of the amples. 

5. Misal ignment of the ample on the copper electrodes due to ani sotropic 

propel1ies of the material . 
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Figure 5- 1 1 :  Surface electrical conductivity (J (per square) vs. waste CB \¥t. % 

5.5 T h rough plane thermal  cond uctivity 

Thermal conductivity is  a property of a material which is  defined as the abi l i ty to 

conduct heat and is cal led the thermal conductivity coefficient. I t  is an important 
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propert) in material c ience. re earch and electronic especial ly for the parts exposed 

to high operation temperatures. High energy generation within any machine requires a 

material e lection \\ ith high thermal conductivity ,  e .g . ,  highly conductive material 

l i ke copper i u ed in heat xchangers and material with low thermal conductivity can 

be us d for in ulation purpo es. 

The themlal conductance is defined as the qual ity of heat t. Q transmitted 

during time t.t through a thickness L in a direction nonnal to a surface of area A due 

to a t mperature gradient ithin t. T as is sho�n in equation ( 5 ) :  

Q = k A dT 
dx ( 5 )  

The unit measurement o f  thermal conductivity is  � m K  

where A is  the cros sectional area of the aluminum section 

k is  the thermal conductivity of the sanlple 

dT i the temperature difference between the top and bottom surface of the sample 

dx  is  the thickness of the samples. 

Testing of through plane  thennal conductivity of the prepared composites was 

perfonned to i nvestigate if there is an enhancement in the themlal conductivity by 

adding waste CB .  Famler and Covert ( 1 996), Han et al . (2008 ), Sweeting and Liu 

(2004) stated that the in-plane thelma I conductivi ty of carbon fiber reinforced 

composite is high enough to al low the heat spreading along the surface of the 

laminate. However. carbon fiber reinforced composite reports low through plane 
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thermal conducti\ it) ' . Figure 5- 1 2  hows the difference between through-plane and 

in-plane direction . 

In-plane direction r 

Through-plane direction 

.. - - ./ 
� -

Figure 5- L :  chematic i l lustration o f  through-plane and in-plane directions 

Both in-plane and through plane tbennal conducti ity of carbon fiber laminate are 

effective for beat di ipation. Han et a l . ,  ( 2008) demonstrated that that the through 

plane thermal conductivity of carbon fiber laminates can be increased by interlaminar 

i nterface nanosturcturing. The generated polymer rich region interface between the 

carbon fiber lamina is contributing an impoltant role in increasing the thermal 

resistance of the carbon fiber lan1inate (Han et al . ,  2008) .  

5.5. 1 T h rough pla ne thermal  conductiv ity measuring techniq u e  

A heat conduction unit from Annfield (UK) shown in F igure 5- 1 3  was used to 

determine the through-plane thennal conductivity of the CFRP composite samples. 

The through plane thennal conductivity was investigated with di fferent Wt. % 

of waste carbon black added to the CFRP .  In  a practical situation, the heat conduction 

occurs in three dimensions but requires a complex analysis to obtain. The adopted 
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apparatu i capable of investigating the one-dimen iona! heat through plane flow rate 

with respect to the temperature gradient and perpendicular area. 

The heat conduction apparatus con i ts of two cylindrical metal bars arranged 

for one dimen ional conduction experiments equipped with an array of temperature 

en or . One of the cyl indrical bar is the heating bar connected with an electrical 

heater. The heater is connected to a control lable electrical power source as shown in 

F igure 5- 1 3 . The econd metal bar i the cool ing element in which the water is 

uppl ied from a laboratory tap with a constant flow rate to maintain a stead state 

condition (equi l ibrium). 

The conduction unit provides the capabi l ity of changing the power suppl ied to 

the heating element. Thermocouples connected to data acquisition to provide real 

t ime monitoring of the temperature gradient to allow the user to detect the steady state 

condition and hence record the temperature values across the bar. The apparatus is  

designed to c lamp 48mm sol id  specimen between the heating and cool ing elements. 

However. the in contact surface with working bars is 25 .4mm ( l  inch) in diameter. 

Te m p e rat u r .  ( T )  Watt m e t e r  

( Q )  

rr-: ............... O-f---r--I CJ-+-r I --..", 
... � l� . , \.!:!.{. 

power contro l 

_Te m p e rA t u r e  s e l e c to r  

s w i t c h  

C oo l e r  

C I � m p  

Cooling 
water 

Figure 5 - 1 3 :  Thermal conductivity apparatus ( Experimental operating and 

maintenance manual) 
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Thermal conductivity i obtained from the mentioned Fourier's law equation 

( 5  tated above. The temp rature thermocouples are placed with 1 0mm intervals 

along the l inear apparatu bar. The heater power is displayed on a digital readout 

Wattmeter \-".-ith an auto tran former power output varying from 0 to 1 00 Watts as 

hO\\l1 in Figure 5 - 1 3 . 

Four thermocouples are instal led with specific intervals along the working 

ection to measure the temperature at four different locations namely (T l .T2.T3 and 

T.j) .  The location of the thermocouples and the distance between them are described 

in F igure 5- 1 4 . ote that the contact thermal resistance was neglected, this i s  because 

the difference in them1al contact conductance of metal l ic bar is much higher than the 

total through plane them1al conductivity of the CFRP samples. 

The temperatures at the four locations are taken after 30 minutes in  order to al low the 

heat fl ow to reach to equi l ibrium state. Equi l ibrium state must satisfy the fol lowing 

equation : 

(6 )  
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5 m m  

1 0 m m  

M e t a l i c  bloc k 
c o n n e c t e d  t o  
hea t e r  

M e t a l i c  b l o c k  cooled 
by r u n n i n g  wat e r  
f low� ng t h r o g u h  t h e  
b l o c k  

T 1  T2 T3 T4 
T h i c k n e s s  ( t )  

Figure 5- ] 4 :  etup and location of thennocouples 

To measure the them1al conductivity using equation ( 5 ) .  the plot of the temperature 

profi le at steady state must be detennined along the thickness t, T .  t, x  

where: 

/::,. T :  i s  the temperature difference between the top and the bottom surfaces of the 

sample. 

/::,.x :  is  the thickness of the sample. 

Hov,;ever, the them10couples T2 and T3 were placed 5mm from the surface of the 

sample. Hence. the temperatures of the top and bottom surfaces wi l l  be detennined 

using a l i near interpolation as described below in equations ( 7) and ( 8 )  below. 

The temperature of the top of the sample TA can be detennined by the fol lowing 

equation : 

( 7 )  
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\\ here: 

dA i the distance between T1 and T2 ( l Omm). 

dB is the distance between the location of T2 and the top surface of the sample 

(5mrn ) .  

The temperature of the bottom wface T D can be determined by the fol lowing 

equation : 

( 8 )  

\\- here: 

dA i the di tance ben een T3 and T4 (l Onm1) .  

dB  i s  the distance between the top surface of the sample (50ID1 ) and the location of  

T3 · 

Final ly _  the through plane thermal conductivity is  given by : 

(6 )  

5.5.2 T h rough plane t h e r m a l  conductivity resu lt 

The temperature distri bution along the working bar was recorded where the 

sample was in contact between them. The records are l isted in Table 5-6 .  
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Table 5-5 : Temperature di tribution along the \vorking bar 

C B  Wt. % Heating rate (W)  T l  T2 T3 T4 1'. 1  1'. 2  
0% 1 9. 35  1 53 .9 1 49 .5 29 .8 25 .6 4 .4 4 .2 

2% 20.3 1 60 .3 1 55 .2  3 1  27 5 . 1  -+ 

5% 20.3 1 5 8 .5  1 55 29.9 26.9 3 . 5  3 

8% 20.3 1 5 7 .25 1 52 .5  29.6 24.4 4 .8 5 .2  

1 6°'0 1 9. 3  1 6 1 1 5 7 .8  30 27 3 .2 3 

It \-vas noticed during the experimental work that the temperatures at the four 

locations did not change at a certain level after 30 minutes. This gives an indication 

that the equi l ibrium condition was reached. The difference between Tl and T2 is  

approximately equal to the difference between T4 and T3. This  i s  because the 

thennocouples are misal igned and not wel l  placed veliical ly  in the working bar. This 

v .. i l l  re ult in  taking a temperature reading at a place different from the required place. 

Then. the top (T A) and the bottom temperature (To) of the sample were detennined 

from the four temperature readings using equations ( 7 )  and (8 ) .  The alues are l i sted 

in Table 5-7 .  Moreover, the plot of temperature distribution along the working bar is  

shown in  F igure 5- 1 5 .  

Table 5-6:  Detennination of T A and T B 

C B  Wt. % Heating rate T 1  T2 T3 T4 TA TD 

(W) 

0% 1 9 . 35  1 53 . 9 1 49 .5  29.8 25 .6  1 47 .3  3 1 .9 

2% 20.3 1 60 .3 1 55 .2  3 1  27 1 52 .65 33  

5% 20.3 1 58 .5  1 55 29.9 26.9 1 53 .25 3 1 .4 

8% 20.3 1 57 . 3  1 52 .5  29 .6 24.4 1 50. 1 32 . 1 

1 6% 1 9. 3  1 6 1 1 5 7 .8  30 27 1 56 .2 3 1 . 5 
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F igure 5 - 1 5 :  Temperature distribution along apparatus bar for a l l  the prepared carbon 

fiber reinforced samples. 

After determination of surface temperatures, the conductivity was calculated using 

equation ( 5) and the results are l isted in Table 5-8 .  

Table 5-7 :  Result of thermal conductivity for different Wt.  % of waste CB 
CB (Wt.  %) Heating bx ( m) TA (CQ)  To (CQ )  Thennal Condo 

rate (W)  ( WIK .m)  
0% 1 9 . 35  0 .00 1 3 7  1 47 .3  3 l .9 0.47 
2% 20.3 0 .00 1 47 1 52.65 33  0 .5 1 
5% 20.3 0 .00 1 45 1 53 .25 3 1 .4 0.49 
8% 20.3 0 .00 1 6  1 50.095 32 . 1 3  0 .56 
1 6% 1 9 .3  0 .0026 1 56 .2 3 1 . 5 0 .82 

F igure 5- 1 6  shows the result of thermal conductivity for different Wt.  % of 

waste CB. The resul t  shows that the thermal conductivity increases as the wt. % of 
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the wa te B in the CFRP compo ite increase . The measured through plane thermal 

conductivity of carbon fiber reinforced epoxy composite without adding wa te CB 

wa equal to 0.46 �. The thermal conducti i ty increased as the Wt . % of CB K.m 

reached up to 1 6%. The enhancement on them1al conducti ity by adding 8% of waste 

CB wa 24%. It is anticipated that immersing waste CB particles in the carbon fiber 

reinforced composite wi l l  increase the thennal conduct ivity of the composite. 

o � 1 
0.8 ., • 

0.7 l 
0.6 1 • 

• • 

0.3 -1 

0.2 1 0. 1 1 
o TI----------�--------_.----------�--------_, 

0° 0 5° 0 1 0° 0  1 5% 20° 0 

Waste C B  wt.% from the total weight of laminate 

Figure 5- 1 6 : Thennal conductivity of the laminate vs. wt. % of waste CB 

The buildup of extra rich layers of polymer between the carbon fiber pl ies did 

not affect the thennal conductivity perfom1ance. This is also confirmed by the 

equation of total thennal resistance connected in series. 

Below is  an example of the resistance of two materials connected in series: 

R Tolal 

A :  is the cross sectional area. 



L :  i the depth . 

k :  i the thermal conductivity of the material . 

R -
L l carbon fiber pl� - -k A l '  1 

R L2 rich pol)mer la)er = 
-k A 2 ' 2 

R Total = R carbon fiber pi} + R rich )101) mer la)er 

ince Lz « <L , 

] 04 

The effect of extra rich layer of polymer on the total thennal conductivity wi l l  

be  small compared to  the effect of carbon fiber ply. 

5.6 Mech a n ical  p ro pert ies 

The mechanical perfonnance of the material was investigated by studying its 

flexural strength. The mode of fai l ure of this type of composite is a relatively 

complex process. Generally, the properties of the final composite laminate wi l l  

depend on the fol lowing: 

1 .  The properties of the fiber and the resin. 

2 .  The orientation of the fiber and the stacking angles. 

3 .  The nature of the interfacial bond between the fiber and the resin (Cal l i ster 

et al . ,  2008) .  
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5.6. 1 Flex u ra l  t rel1gth 

In  this tudy. tl1 effect of loading wa te CB into CFRP on the mechanical 

propertie was in\'e tigated. The effect of adding different Wt. % of waste CB wa 

examined by the tudying the flexmal strength. Flexural trength was tested by u ing 

three point bending test .fol lowing the standard te t method D790. 

The test i p rformed using a simple beam supported at two points and loaded 

at the midpoint . The maximum flexmal stress takes place in the middle of the outer 

urface of the te ted beam. The stress is computed from the thickness of the sample. 

the bending moment and the moment of inertia of the cross section. Whi le, the 

maximum tensi le stress occms at the bottom specimen surface below the loading 

point. The flexural stress can be determined b using the fol lowing equation: 

3PL  

(J f  = 2 bd2 

where : 

(9) 

C5f= stress in  the outer fibers at midpoint .  MPa 

P= load at a given point on the load-deflection cm e. N .  

L= support span, mm, 

b=width of beam tested. mm, 

d=depth of beam tested, mm 

The modul us of elastic ity was determined and is  defined as the ratio within the elastic 

l imi t. of stress to corresponding strain. It is calculated using the fol lowing equation: 
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( 1 0) 

\.\ her : 

Es- modulu of elasticity in bending (MPa). 

L= upport pan (mm). 

b= width of te ted beam ( mm ). 

d= depth of te ted beam ( mm) .  

m=  lope of the tangent t o  the initial traight- l ine portion of the load-deflection curve, 

1 l11ml of deflection. 

The three points bending test v,'as perfomled using an MTS Universal test 

machine with testing speed 2 nmllmin.  The span length = 40 x sample thickness. This 

i s  required to induce tensi le fai lure in  the outer fiber of beam along its lower surface 

as it is recommended by the test standard D790 for a highly anisotropic composite 

laminate . The span to depth ratio  must be high to ensure the fai l ure wi l l  occur in the 

outer fibers of the sample and is due to the bending moment . (ASTM-20 1 4 )  

5.6.2 Flexura l  Strength Res u l t  

The test was performed for CFRP composite san1ples consisting of 4 woven 

carbon layers mixed with epoxy resin at d ifferent percentage of waste carbon black. 

Each percentage was tested with 3 specimens. The stacking of all the carbon fiber 

pl ies are fixed with 0° ordination. In this study, the stiffness of the carbon fiber 
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laminat wa the arne for al l  the prepared samples. Thu . the only variable i the 

effect of different Wt. % of wa te CB in each ample. 

The result of flexural strength from three points bending test are l isted in 

Table 5-8. The te t \Va performed on 3 pecimens for each Wt. % of CB.  The load 

vs. deflections curve for all the samples are recorded in Appendix E .  

Table 5 -8 :  Flexural strength result obtained from three points bending test 

Waste CB Flexural strength (MPa) Average Standard 
( Wt .  0 0) Sample 1 Sample 2 San1ple 3 (MPa) De iation 

0% 654. 1 63 l .6 69 l . 8 659.2 30.4 
2% 589. 1 697 590. 7 625 .6 6 l . 8 
50 0 555  632 . 5  632 .5 606. 7  44.7 
8% 477.4 5 1 1 .3 457  48 l .9 27.4 
1 6% 252 .5  266 .7 263 . 1  260.8 7.4 

As shovm, the deviation range bet\\Oeen the three samples is acceptable. The 

result obtained provides an indication on the effect of loading the waste CB into the 

carbon fiber composite laminate . F igure 5- 1 7  describes the flexural strength trend as a 

function of waste CB Wt. %. The average flexural strength of laminate which 

consists of 4 layers of carbon fiber reinforced epoxy without adding waste CB was 

659 M Pa. Whereas, at 2% of loading waste CB into CFRP, the average flexural 

strength decreased to a alue of 626 MPa. The reduction in  flexural strength was 

approximatel 5%. I n  the main, loading waste carbon black into CFRP was 

negatively affecting the flexural strength . The drop in  flexural strength reached to 26 1 

MPa at loading 1 6% of waste CB which means that the negati e impact on flexural 

strength reached to 60% reduction. 
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F igure 5- 1 7 : F lexural strength obtained from three points bending test 

It was al 0 noted that the flexural strength sl ightl decreased for waste CB 

loading between 2% and 8% due to the reduct ion of adhesion between the carbon 

fiber pl ies. For the CFRP sample with 1 6  wt. % waste CB. the flexural strength was 

dran1atical ly decreased .  ote that at this loading percentage, extra rich layers of CB 

mixed with epoxy are generated between the fiber pl ies. These layers wi l l  be a 

bonding barrier between the carbon fiber plies that wi l l  reduce the interlaminar 

structure between the pl ies. Thus, the negative effect on the flexural strength for 

wa te CB loading with 1 6  wt. % was due to the reduction of bonding adhesion along 

with the effect of extra polymer layers generation between the carbon fiber pl ies. 

The modulus of e lasticity was calculated based on equation ( 10) .  The result in 

Figure 5 - 1 7 shows that as the wt. % of waste CB increases, the modulus of elastic ity 

decreases. The modulus of elasticity is sensitive to the ply stacking sequence. Even 

though. the span length to depth ratio was increased to reduce the effect of shear 
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deflection. hear deflection can reduce the modulus of higb anisotropic compo ite in 

ca e the pan length to depth rat io is smal l .  (A T , 20 1 4 ) 

Table 5-9 :  Modulu of eJa ticity from three points b nding te t 

Wa te CB Modulus of  E lasticity (MPa) 
( t. �'o) Sample 1 

0% 5 1 02 1  
2% 4225 7 
5% 46483 
8% 4 1 979 
1 60 0 3 0 1 78 

.� 60000 � 
� 50000 
'-' 
>-. .-;:: 40000 -; • 
() 

Sample 2 Sam ple 3 
49604 48599 
42249 4 1 800 
46429 48790 
3945 1 42759 
30844 32684 

A erage 
(MPa) 

4974 1 
42 1 02 
47234 
4 1 397 
3 1 235  

Standard 
Deviation 

1 2 1 7  
262 
1 348 
1 729 
1 298 

Ui I � 30000 I • 
'-� 20000 1 

::l -g 1 0000 -; 
2 

o +I--------�--------,---------,--------. 
0% 5% 1 0% 1 5% 

Waste Carbon Black ( vv'!. %) 

20% 

Figure 5- 1 8 : Modulus of elastic ity obtained from three points bending test 

It was noticed that the resin properties has a major contribution to the final 

properties of the composite material .  However, the l imitation of an epoxy resin is its 

brittleness. Also, the bonding with fiber and manufacturing defects are major reasons 

for the fai lure modes that generate cracks and propagate through the composite 

laminate. and this is cal led delamination. Delamination can be avoided by enhancing 

the interlaminar properties through enhancing the properties of the epoxy resin 



1 1 0 

(binder) .  Figure 5- 1 8  shows that the fracture in the sample without \\'a te CB occurred 

mainl; due to the fiber breakage in the middle of the outer surface of the composite 

laminate . bove thi �1. %. the fracture is initiated by fiber breakage along with the 

effect of delamination through the interla er. Figure 5 - 1 9. 5-20. 5-2 1 show examples 

of the fracture due to fiber breakage and due to delamination. The increase of waste 

C B  in the CFRP wi l l  result in reduction of interlaminar properties and decrease the 

flexural properties of the final composite laminate. 

F igure 5 - 1 9 : Fracture for sample with 0% of waste CB 
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Figure 5-20:  Fracture for sample with 2% of waste CB 

Delamination 

Figure 5-2 1 : Fracture for sample with 8% of waste CB 
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Delamination 

Fiber breakage 

Figure 5-22 :  Fracture for ample with 1 6% of waste CB 



CHAPTER SIX 

SUM M ARY AND CONC LUSION 

1 1  ,., 

W have found that the electrical conductivity of post heat treated carbon 

black Increase a the temperature of heat treatment increa es. XRD results 

demonstrated the exi tence of cr stal l ine compo ition of ZnO and Zn in the waste 

CB pO\\ der. Also, a the anneal ing temperature increases up to 1 000 °C, the 

characteri t ic peaks of ZnO decrea es, ho\ ever, Zn characteri stic peaks increases. 

For heat treatment at 1 250 0c, both ZnO and Zn characteristic peaks was not present 

with re pect to the growth of new characteristic peaks related to amorphous carbon 

and init iation of graphite tructure ( 1 00). Moreover, the intensity of peak at 28=25° 

inc rea e with l ight shifting backward. It was also noted from TGA analysis that the 

oxidation temperature increases and the residual weight percentage decreases as the 

anneal ing temperature increases. This contributes to the reduction of carbonaceous 

weight percentage as the temperature of annealing increases. Raman spectrum 

demonstrated the G peak for anneal ing temperature above 1 OOO°C . 

The results showed that the electrical conductivity for the aImealed carbon 

black at I _50°C was improved to a value 40 alem. Furthermore, impregnating a high 

amount of annealed carbon black (40 wt . %) in a polymeric matrix resulted in a low 

electrical conductivity of 0 .0034 a/cm. Adding CB resulted in decreasing the 

decomposition temperature sl ightly. 

The electrical conductivity measurement of carbon fiber/epoxy laminates 

showed that as the wt. % of waste carbon black increases up to 2%, the in-plane 
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conductivity increase due to creation of carbon neh\'ork in the extra polymer rich 

region generated on the urface of the compo ite .  However. loading waste carbon 

black \-\ ith more than 2% \-\-1 1 1  not affect the surface conducti ity significantly. 

Through plane electrical conductivity was increasing up to a specific point then the 

value tarted to drop dO\-\-TI due to generat ion of extra layer between the carbon fiber 

laminas. Al 0, the re ult of thellnal conductivity showed that the value of thennal 

conductivity wa increa ing as the wt . % of waste CB increased in the composite. 

Ho\yever. the generat ion of an extra rich layer between the fiber laminas wi l l  not 

affect negatively on the thennal conducti ity. 

evertheless. adding waste CB to the carbon fiber laminate resulted in 

decreasing the flexural strength of the composite as it has been revealed from the 

three point bending te t. Enhancing the electrical conductivity b uti l izing waste tire 

wa achieved . Thermal conducti ity of the prepared sample increased as the loading 

of waste carbon black increased. Achie ing high flexural strength with respect to 

i ncreasing the electrical and them1al conductivities are conflicting scenarios. The 

fi l ler loading was a mam important factor to increase the electricallthennal 

conductivity. Reduction of flexural strength can be mitigated by enhancing the 

dispersion of the loaded fi l ler and the aggregate particle size. 

It is recommended to blend 5 wt. % of waste carbon black annealed at 1 250°C 

into CFRP to provide enhancement in the both through-plane and surface electrical 

conducti ity. The surface conductivity was enhanced 80% by blending 5 wt. % of 

waste carbon black. The through plane resistivity reduced 5 1  % by adding 5 wt. % of 
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\\ a te carbon black . However. the flexural trength was negatively affected with 

reduction of 8% only by blending 5 wt. % of \ a te carbon black. 

Further studie can be done by enhancing the heat treatment of waste carbon 

black . Higher heat treatment temperature that reaches to 3000°C is required to 

graphite the waste carbon black . Waste carbon ha the potential to convert to graphite 

by graphitization process and hence the electrical conductivity wi l l  be enhanced. 

I o. more researches can be conducted to investigate the possibi l ity of uti l izing 

wa te carbon black in modern manufacturing processes such as Selective Laser 

intering ( LS)  to produce valuable conductive, made of carbon based polymer 

composite. 
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Appendix A :  TG A graphs for waste carbon black 
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Figure A-2: TGA for waste C B  annealed at 750°C 
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Figure - 3 :  TGA for waste CB annealed at l OOO°C 
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Figure A-4: TGA for waste CB annealed at 1 250°C ( sample 1 )  
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Figure A-5 : TGA for wa te C B  annealed at 1 250°C ( ample 2)  
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Figure A-6:  TGA for waste CB annealed at 1 250°C (sample 3 )  
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Ap pendix B :  TG A gra p hs for waste carbon black blended 

In epoxy 
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Figure B- 1 :  TGA for eat Epox 
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Figure B-3 : TG for Epoxy with 6 \\'t. % of waste CB 
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Figure B-4 : TGA for Epoxy with 9 wt. % of waste CB 
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Ap pendix C :  FTIR S pectrums for waste carbon black 

blended in epoxy 
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Appendix C-2:  FTIR for Epox mixed with 3 wt. % of waste C B  
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ppendix C-3 : FTI R for Epoxy mixed with 6 wt. % of v.:a te CB 
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Appendix C-4: FTIR for Epoxy mixed with 9 wt. % of waste CB 
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Ap pendix D:  Permittivity and Reflection coefficient 

obtained from vector network analyzer 

pp ndi ' D- l :  Permittivity of eat Epoxy 
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ppendix D-3 : Permini ity of Epoxy \\;th 5 wt. % of wa te carbon black 
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Appendix D- : Reflection coefficient 1 1  of eat Epoxy 
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Appendix D-6: Reflection coefficient J 1 of Epoxy with 2 wt. % of waste 

carbon black 
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ppendix D-6: Reflection coefficient I I  of Epoxy with 5 \\1 . % of waste 

carbon black 
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Appendix D-7:  Reflection coefficient S l j  of Epoxy with 1 0  wt. % of waste 

carbon black 
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Ap pendix E :  Load vs. deflection curves from three points 

bending test. 

Appendix E- l : Load v . Deflection cur e for CFRP without waste carbon black 
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ppendix E-2:  Load v . Deflection curve for CFRP with 2 \\1 . % of waste carbon 

black 
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Appendix E-3 : Load \'s. Deflection curve for CFRP with 5 wt. % of waste carbon 
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ppendix E-4: Load \" . DeDection CUfve fOf CFRP with 8 \\1. <l;o of waste carbon 
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Appendix E-5 : Load vs. Deflection curve for CFRP with 1 6  wt. % of waste carbon 

black 
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