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Chemical nature of the functional groups formed on the carbon fibres surface after 

the treatment was studied through Fourier Transform Infrared (FTIR) 

spectroscopy and atomic percent was quantified through X-Ray Photoelectron 

Spectroscopy (XPS). Raman spectroscopy was carried out to study the structural 

changes in the carbon fibres. Wettability test was carried out to study the 

interaction of the surface functional groups with epoxy matrix. Tensile strength of 

the CFs was determined after the plasma treatment to ensure optimum mechanical 

performances of the treated fibres in the subsequent composites. In order to ensure 

the effectiveness of the plasma treatment the same samples were studied after six 

months of storage in ambient conditions. On the basis of the obtained results from 

the activities above, optimum plasma treatment parameters such as treatment time, 

plasma power, oxygen flow rate, plasma chamber pressure were singled out and 

applied on the lignin based carbon fibres. The lignin based CFs were plasma 

treated for 5 minutes at 100 W and 200W at a flow rate of 250 SCCM and 53 Pa 

plasma chamber pressure. Surface morphology was studied through FESEM. 

Plasma treated fibres showed canals and pits on the surface. The fibre started to 

damage at a plasma power of 200W. Also the oxygen pickup reduced at this 

treatment power as depicted by the XPS analysis. The 200 W, 5 minutes treatment 

was identified as an upper limit for the treatment parameter. The treated fibres 

were shredded finely and dispersed in epoxy resin using an overhead mixer to 

produce composites. Mechanical and tribological analysis was carried out and 

compared with the neat epoxy and untreated CFs composites. The plasma treated 

carbon fibre composites outperformed their counterparts. Based on the 

observations we recommended low pressure oxygen plasma treatment for the 

surface modification of the lignin based carbon fibres intended for commercial 

use.  

To further support our recommendations we produced carbon fibers from 

waste cotton clothes in Polito and applied the same treatment to them. The 

temperature profile for the thermal treatment was deduced from 
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thermogravimetric analysis of cotton fibres in argon environment. XPS and FTIR 

analysis was carried out to ensure the absence of any impurity in the cotton 

fabrics. Carbonization process was carried out in a Carbolite furnace 

(TZF12/65/550) at the temperatures of 400o C, 600o C and 800o C for one hour in 

nitrogen environment at a ramp rate of 15o C/minute. The sample prepared at 800o 

C was selected to study the plasma treatment due to its more ordered structure and 

high carbon content as depicted by the Raman and XPS analysis respectively. The 

carbon fibres were treated with oxygen plasma at 100 W and 200 W for 5 

minutes. Surface morphology and structure of the treated CFs were studied via 

FESEM and Raman spectroscopy. Surface of the treated fibres showed pits and 

canals confirming the action of the plasma elements while a degradation of the 

ID/IG ratio in the Raman spectra evidenced the effects of the plasma elements on 

the structure of the CFs. The functional groups on the surface of the plasma 

treated CFs were studied through X-Ray Photoelectron Spectroscopy and Fourier 

Transform Infrared spectroscopy. Chemical groups like alcohols, carboxyl and 

carbonyl were found on the surface of the treated CFs. BET analysis showed that 

surface area of the fibers increased after treatment. The plasma treated CFs 

retained higher amount of the epoxy resin in the wettability test. The plasma 

treated fibres were applied in composites. Epoxy based composites were 

fabricated with the pristine and treated CFs in 1% and 3% by weight. Mechanical 

and tribological analysis was carried out on all composites. The composites of the 

plasma treated fibres showed superior mechanical and tribological properties 

when compared to their untreated CFs counterparts. Morphology of the 

mechanical and tribological specimen were studied with FESEM to investigate the 

interaction of the filler with the matrix. Above results supported our earlier 

argument and low pressure oxygen plasma was recommended as a suitable 

treatment for the modification of the carbon fibres.  

The 2nd part of the thesis emphasizes the application of cheap precursor based 

carbon materials for the tailoring of composites properties. In recent years, low-
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cost carbons derived from recycled materials have gained a lot of attention for 

their potentials as filler in composites and in other applications. The electrical, 

frictional and mechanical properties of polymer composites can be tailored using 

different percentages of these fillers. In the Carbon lab at Polito we synthesized 

carbon nano materials (CNMs) from waste polyethylene bags in two different 

morphologies namely carbon nano beads (CNBs) (P1) and a mix of carbon nano 

tubes (CNTs) and carbon nano beads (P2) using chemical vapour deposition 

(CVD) technique by varying the carrier gas pressure.  Morphology of the CNMs 

were studied through FESEM and their purity through Thermogravimetric 

Analysis (TGA) and Raman spectroscopy. Epoxy based composites were 

fabricated using these CNMs as filler in 1% and 3 % by weight. Mechanical 

properties and tribological properties were compared with the epoxy composites 

of commercial Multi Walled Carbon Nano Tubes (MWCNT). It is observed that 

the in house generated CNMs composites show overall better mechanical and 

tribology properties compared to the neat epoxy and the commercial MWCNTs 

based composites. Morphology of the composites was analysed through FESEM 

to study the interaction of the filler with the matrix that lead to improved 

performances. A model on the fracture behaviour was proposed on basis of 

FESEM analysis. Chapter 6 is concerned with this activity. 

In chapter 7, the maple based biochar has been explored as a cheap alternative 

filler to enhance the polymer properties. In this regard, the mechanical, 

tribological and electrical behavior of composites with two types of biochar based 

on maple wood namely biochar and biochar HT were investigated and compared 

with those of a composite containing multiwall carbon nanotubes. HT is heat 

treated at 900o C in nitrogen at 1 hour. Superior mechanical properties (ultimate 

tensile strength, Young modulus and tensile toughness) were noticed at low 

biochar concentrations 2~4 wt. %). Biochar based composites showed equivalent 

tribology properties to the composites fabricated with MWCNTs. Furthermore, 

dielectric properties in the microwave range comparable to low carbon nanotubes 
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loadings can be achieved by employing larger but manageable amounts of biochar 

(20 wt. %) rending the production of composites for structural and functional 

application cost-effective. 

Conclusive remarks and future plans are compiled in chapter 8. 
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Figure 1.2: The sp, sp2, sp3 hybridization Model of Carbon. 

1.3. Allotropes of carbon 

Carbon possesses several allotropic forms with two main forms amorphous 
and crystalline. Bundy et. al. 1996, [14] reported the phase diagram for carbon as 
shown in figure 1.3. Hexagonal graphite is the stable thermodynamic phase which 
exists at the ambient temperature and pressure conditions. Graphite exist with a 
continuation of rhombohedral and polytype variety under metastable conditions. 
The cubic diamond phase is metastable under the ambient conditions of 
temperature pressure and stable under high pressures. Lonsdaleite (L), i.e. 
hexagonal diamond is found under specific conditions of temperature and pressure 
as shown in the figure 1.3. The carbyne phase exist at high temperature, below the 
graphite melting line. These phase transformations of the carbon are 
hypothetically reversible. The new carbon phases e.g. fullerenes and CNTs etc. 
are not included in the same diagram because they are non-classical forms.  
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Figure 1.5: Structure of graphite. 

c. Carbynes (Linear Acetylene carbon) 

Carbyne is an allotrope of carbon with sp hybridization. Carbyne was reported 
in 1995 by the American chemists. Carbynes consist of long chains of carbon 
atoms with alternate carbon-carbon triple and single bonds [18]. Carbyne is 
semiconductor in character, sensitive to light and can be used in photodiodes and 
other electronic devices. Carbynes have gained substantial attention in 
nanotechnology as they are believed to have Young's modulus forty times higher 
than that of diamond, the hardest known crystal . One dimensional sp hybridized 
carbyne with alternate single and triple bond and some other proposed allotropes 
of this family are shown in figure 1.6 [19]. 

 

Figure 1.6: (a) 1-D Carbyne, (b) 2-D graphyne, (c) 3-D diamond [19]. 
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Figure 1.8: HRTEM image of MWCNTs. Dark lines correspond to the walls of MWCNTs. (a). 5 

walls, (b). 2 walls, (c) seven walls [8]. 

1.4.3. Graphene 

Graphene is a crystalline form of carbon nano materials along with CNTs and 
fullerenes. Graphene has two dimensional structures with single layer of carbon 
atoms arranged in hexagonal honeycomb as shown in figure 1.9. Graphene is the 
strongest and the thinnest material known till to date [1]. Graphene sheets are 
almost transparent but owing to their high density even the smallest atoms of 
Helium gas rarely diffuse through it. Commercial graphene can be applied in 
many applications because of its two dimensional structure and interaction with 
light.  Graphene possesses outstanding properties of high strength, light weight, 
transparency, electric and heat conductance that are 2nd to none. Major techniques 
for the synthesis of graphene includes exfoliation of graphite, reduction of 
graphite oxide, by melting of metal carbon, cutting of CNTs,  reduction of carbon 
dioxide and Sonication of graphite etc.[20] 

 

Figure 1.9: Structure of graphene. 
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Figure 1.11:  Applications of carbon fibres composites. 

1.6. Bio char 

Biofuels and biomaterials have gained a lot of attention due their availability 
in abundunce in nature and eco friendly characteristics. The residue materials 
obtained after pyrolysing biomass and biogenic wastes under controlled 
environment is termed as a biochar[3]. Biochar mostly contains stable aromatic 
forms of carbon and thus cannot be readily returned to the atmosphere as CO2 
even under favorable environmental conditions. Biochars can be used in various 
applications in diverse areas because they possess versatile physio-chemical 
properties. Some important area of applications are char gasification,energy 
production via combustion, activated carbon, soil remediation, carbon 
sequestration, catalysis, and in biomedical industry.[12]. Pyrolysis temperature 
and heating rates are the key factors that determine the biochar properties such as 
carbon yield, mineral phases, surface area, porosity, electrical conductivity etc. 
Biomass conversion technologies include thermochemical processes like torre-
faction, pyrolysis, gasification,liquefaction and supercritical fluid etc.An example 
of olive based bio char is shown in the figure 1.12. 
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Figure 1.12: Bio char from wood. 

1.7. Summary 

     Carbon has always been a key element for humans and nature. The industrial 
applications of carbon based materials has developed exponentially in last three 
decades. The number of publications reported per year in the field of carbon 
materials continues to increase exponentially, and it is likely that real life 
applications and devices will soon become an important part of international 
markets. However, the bulk synthesis processes of the nano-carbons still need to 
be devised to realize the dream of industrial scale products based on carbon nano 
materials. The high price of carbon fibres and dependence on the petroleum 
precursors undermine their full industrial application potential. Carbon fibres 
based on renewable sources with low price is still a vast area of research. Biochar 
is new to the family of carbon and is finding its applications in various 
dimensions.  The remarkable characteristics of carbon in its various forms has 
always attracted the scientists and is expected to continue and motivate further 
investigations and findings. 

1.8. References. 
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Chapter 2 

Overview of carbon fibres 
production and surface 
modification processes. 

2.1. Introduction 

Carbon fibres (CFs) are defined as fibres containing at least 92 wt. % of 
carbon and are polycrystalline in the non-graphitic stage. They manifest a long 
range two dimensional order. The carbon atoms are arranged in a planar 
hexagonal network as shown in the figure 2.1 with no crystallographic order in the 
third dimension [23]. Carbon fibres can be distinguished on the basis of the 
structure of the fibre and degree of orientation of the crystallites. Different 
varieties of commercial carbon fibres are available in the market with the intended 
end use sought for instance Ultra High Modulus (UHM), High Modulus (HM), 
Intermediate Modulus (IM), High Tensile strength (HT) and isotropic as shown in 
the table 2.1. The Ultra High Modulus and High Modulus carbon fibres are 
graphitized at a  high temperature and manifest a tensile modulus of 300 GPa and 
500 GPa respectively. The IM and HT carbon fibres are known for their high 
tensile strength and low modulus. Heat treatment at low temperatures is the cause 
of this low modulus. The Intermediate Modulus CFs manifest a 300 Gpa modulus 
with a strength /modulus ratio of 0.01. On the other hand the HT CFs possess a  
tensile strength of more than 3 GPa and a strength /modulus ratio between 1.5 and 
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figure 2.2. These layer planes in CFs can either be turbostratic or graphitic or a 
hybrid structure of both depending on the precursors and the heat treatment 
process. The carbon atoms layers are stacked parallel to one another in a regular 
fashion in the graphitic structure and the atoms are covalently bonded through sp2 
bonding in the in-plane while weak Van der Waals forces exists between the 
planes. The d-spacing between two graphene layers (d002) is about 0.335 nm 
[27]. However the structure of commercially available carbon fibres consists of a 
stack of turbostratically arranged (irregularly or haphazardly folded, tilted, or 
split) layers of graphene. The turbostratic structure and the sp3 bonds increase the 
d-spacing to 0.344 nm [28]. 

 
Figure 2.2: (a) Crystal structure of a graphite crystal, (b) structure of turbostratic carbon [2]. 

2.4. Precursors for carbon fibres 

On the commercial scale four types of precusrors are employed to manufacture 
the CFs [29-31]. 

2.4.1. Acrylic precursors  

PAN precursor has been the most widely used precursor to manufacture 
commercial grade CFs by the majority of industrial manufacturers. The quality of 
the material produced is still 2nd to none. 
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2.4.2. Cellulosic precursors 

Cellulose molecule constitutes of 44.4 % carbon by weight but, the practical 
yield of carbon is not more than 25~30 wt. % due to the complications in the 
conversion process and the heat treatment behavior of cellulosic materials. 

2.4.3. Pitch-based precursors 

Pitch is characterized by its high yield of carbon material, roughly 85%. The 
resulting carbon fibres are characterized by a highly graphitic structure and high 
modili.On the other hand pitch based CFs display low compression and transverse 
properties when compared to the PAN based CFs. 

2.4.4. Other forms of precursors 

Phenolic resins and vinylidene chloride have been investigated as a potential 
precursor to manufacture commercial grade carbon fibres but the conversion 
process has proved to be economically unviable. 

2.5. PAN precursor 

PAN-based polymers can be classified into homo-polymer and co-monomers. 
The co-monomers are largely used to synthesize PAN-based polymers. The PAN 
precursors are used to produce commercial grade CFs. The manufacturing process 
to produce carbon fibres from PAN is elaborated in the figure 2.3.  

 

Figure 2.3 :  Manufacturing process carbon fibres from PAN based precursor. 
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precursor fibre properties [34-36]. Process parameters such as heating ramp rate, 
treatment time, and temperature of heating affect the quality of the final carbon 
fibres. The PAN fibres are oxidized in a controlled environment with a 
temperature range between 200 and 300° C. The oxidation process converts the 
fibres into an intermediate form that can be heat treated at elevated temperatures 
without melting or fusing the fibres within each other [37]. In the stabilization 
process the linear PAN molecules are converted into cyclic structures. However, 
this cyclization mechanism is quite complicated and requires further 
investigations. The mechanism of the oxidation reaction is depicted in the figure 
2.5. 

 

Figure 2.5: Cyclization mechanism of PAN. 

2.5.3. Carbonization and graphitization 

The oxidized PAN fibres are carbonized and subsequently graphitized in an 
inert atmosphere (N2 or Ar gas) [38].  Argon is generally preferred over nitrogen 
regardless of its high price compared to the nitrogen but argon confer superior 
mechanical properties to the carbon fibres owing to its high density and viscosity. 
The carbonization temperature usually depends upon the intended final 
application. For high-strength applications the carbon fibres are treated in the 
range of 1500~1600° C. Above this temperature the tensile strength decreases.  
For high modulus carbon fibres the treatment temperature is set between 1800° C 
and 3000° C. This process is called graphitization [39, 40]. Nitrogen environment 
cannot be used at temperatures above 2000° C due cyanogen formation which 
happens when carbon react with nitrogen. Type of precursor and oxidation 
conditions dictate the carbonization process parameters like heating ramp rate and 
housing time. Carbonization at a low temperature range of 200~1000° C evolves 
gases and volatiles from the PAN precursor. This effect was confirmed by 
Bromley et al.[41], 1992. Removal of hydrogen from the PAN joins the molecule 
chains in a graphite like ribbon strucutre while the removal of the nitrogen from 
these ribbons cause them to from a sheet-like structure. The heat treatment assist 
the formed structure to grow in the thickness and area dimension.This phenomena 
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orientates the crystallite along the fibre axis and reduces the void content. 
Consequently, interlayer spacing reduces. Highly graphite structures can further 
be obtained by treatment at high temperatures of 1500° C. Heat treatment above 
this temperature ensures the complete elimination of N2. Schematic diagram of the 
carbonization and graphitization process is depicted below. 

 

Figure 2.6: Schematic structure of Graphite sheets[2]. 

2.5.4. Surface treatment and washing. 

The surface of the carbon fibres is modified in order to improve adhesion with 
the matrix. Higher adhesion leads to superior mechanical behavior in the 
composite application. The treatment technique to modify the carbon fibres 
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carbon having a graphite like structure through condensation reactions, 
accompanied by the removal of  hydrogen.   

A lab scale heat treatment for stress graphitization of rayon based precursor 
was proposed by Strong et.al [48]. This phenomena occurs at approximately 
2800° C and any non-uniformity in the filament leads to either a non-uniform 
stretch or breakage during the stretching process. It is imperative that the filament 
is supported and transported by rollers. The textile finish on the Rayon filament 
was removed by the boiling water. Pyrolysis of the Rayon can be carried out in in 
two ways (i) heat treatment continuously for seven minutes between temperature 
range of 260~280 °C in oxygen environment, (ii) Heat treating a batch at 225 °C 
for 20h in air. A 40 % weight loss occures during this treatnment.The treated 
fibres are further heat treated for 7 minutes in oxygen with a total yield of carbon 
upto 45~ 50%. The final carbon structure can be developed with sufficient 
strength to endure stress-carbonization by heat treatment in nitrogen enviorment 
for a minute and a half at 350 °C. The material was carbonized over the range 
900~2000° C and graphitized over the range 2800~2900° C. X-ray diffraction 
studies showed that the starting material Cellulose II was converted to the 
Cellulose IV structure before degradation started. It was observed that during 
pyrolysis in air, shrinkage occurred at approximately 25~45 % weight loss, 
associated with a tendency to kink if the yarn was not under tension. So, the 
pyrolysis stage was deliberately limited to postpone the second weight loss stage 
to the carbonization step, during which sufficient tension could be applied to 
prevent kinking. 

2.6.1. Carbonization of Rayon fibres to attain carbon fibres 

Rayon fibres with the cellulosic background can be converted into carbon 
fibres with carbonization process. During the stabilization and carbonization 
processes carbon fibres experience physical, chemical and mechanical changes as 
well as their microstructure exhibit an alteration. In light of changes in mechanical 
and chemical properties, the stabilization process is very important to synthesis of 
stable carbon fibres. Thermal shrinkage occur in the cellulose fibres as a reuslt of 
the weight loss during the stabilization process [49]. The conversion processes 
like stabilization, carbonization, and graphitization cellulose precursor to carbon 
fibres are explained below. Subsequent processes after conversion like surface 
treatment, sizing, and winding are similiar to that of the PAN based  process. 
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Figure 2.7: Mechanism of CF formation from Cellulose [2] 

2.7. Pitch precursors. 

Pitch is a complex blend of polyaromatic molecules and heterocyclic 
compounds. Pitches have been used as precursor to produce commercial grade 
carbon fibres and also as fillers in carbon composites.  Pitch comprises of more 
than 80 % carbon and this composition is dependent upon tar source and the 
processing conditions [59]. Pitch is available through various sources as listed 
below. 

(i) Residue after extraction of petroleum also known as bitumen or asphalt, 

(ii) Residue obtained after the destructive distillation of coal, 

(iii) Natural asphalt, 
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(iv) Pyrolysis of PVC, 

Pitch precursor has several intriguing advantages over the PAN precursor 
such as low material cost, higher char yield and higher degree of orientation[60]. 
Pitch-based carbon fibres possess a high elastic modulus, high electrical & 
thermal conductivity in the fibre direction due to their more graphitic structure 
[61]. One undermining factor for the pitch precursor is the high processing cost. 
Petroleum and coal tar based pitch is isotropic in nature. The isotropic pitch is 
melt-spun into low-cost general purpose carbon fibres after the evaporation of the 
low molecular weight fractions. Where high performance is desired a hot 
stretching process is employed that is expensive and adds cost to the final product. 
High-performance carbon fibres from the pitch precursors are produced by using 
an anisotropic pitch e.g. mesophase pitch [38]. Various types of pitches are 
described below. 

a. Isotropic pitch 

Isotropic pitches are generally used to manufacture only general purpose 
carbon fibres. The general purpose carbon fibre are characterized for their non-
graphitic structure and poor properties as compared to the high performance 
carbon fibres. High performance CFs are manufactured from mesophase pitch.  
Isotropic pitch can be converted to mesophase pitch with a special treatment 
process. Mesophase pitch is optically anisotropic and a graphitic material. The 
isotropic pitch can be melt spun only after the removal of low molecular weight 
volatile species and filtration of solid particles.   The refining process raise the 
softening point and avoid the formation of mesophase. GP carbon fibres are 
generally manfactured from the Ashland Aerocarb 60 and 70 precursors. [62, 63]. 

b.  Mesophase pitch 

The high-modulus carbon fibres are manufactured by mesophase pitch 
precursor. The mesophase pitch is produced by either thermal polymerization of 
petroleum or coal-tar based pitch or by the catalytic polymerization of pure 
compounds such as naphthalene. An intermediate phase is formed by thermal the 
thermal treatment of aromatic hydrocarbons at 400 ~550° C called the 
messophase. During the mesophase formation, domains of highly parallel, plate-
like molecules form and coalesce until 100 % anisotropic material may be 
obtained in due course. The morphology of the messophase pitch is the deciding 
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b. Oxidation 

The pitch fibres are oxidized in air at elevated temperatures before being 
exposed to the final high temperature carbonization treatment. The oxidization 
temperature are always less than the glass transition temperature of the fibre in 
order to keep the orientation of the fibre intact. The mesophase pitch precursor is 
stabilized in air at 250~350° C for a time period ranging from 30 min to several 
hours depending upon the composition of the pitch. Fibres may or may not be 
stretched in this step. The oxidized pitch molecules contain ketone, carbonyl, and 
carboxyl groups that lead to the stronger hydrogen bonding between the adjacent 
molecules. The introduction of oxygen containing groups and formation of 
hydrogen bonding between the molecules facilitate the three dimensional cross-
linking but also limits the crystallites growth. Iodine reportedly reduces the 
oxidation time and increases the yield of carbon. Sasaki and Sawaki reported the 
imbibement of 0.05 wt. % of Iodine in the methanol soaked carbon fibres 
precursor. The fibres were then heated in an oxygen environment to increase their 
infusibility. The amount of imbibed iodine usually dictates the treatment time. 
The infusiblilization  can be completer in  ten minutes. [65, 66]. 

 

Figure 2.8: Melt spinning of pitch based CF [48]. 
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c. Carbonization and graphitization 

Stabilized fibres are then carbonized and graphitized. During the 
carbonization stage the fibres occur in the maximum weight loss. During 
carbonization the excessive release of volatiles can cause defects in the fibres. To 
avoid this problem the fibres are precarbonized for 0.5~5 minutes at a temperature 
of 700~900 °C. Carbon fibres are produced at a carbonizing temperature range of 
1500~1800 °C. Bright and Singer [67] reported a decrease in the modulus at a 
temperatures of 1000 °C owing to the degradation of structure by the release of 
volatiles. The modulus increased significantly when heat treated above 1000o C. 
For high modulus applications the carbon fibres are graphitized at temperatures 
close to 3000 °C. Barr et al. [68] demonstrated the alignment of the crystalline 
lamellae at elevated temperatures that lead to high modulus of the resulting CFs. 

2.8. Overview of surface treatments on the commercial 
carbon fibres 

Carbon fibres (CFs) composites have been applied in various industries 
because of their intriguing properties, process ability, and recyclability. However, 
raw CFs require a surface treatment and sizing for ease of handling in the 
subsequent process and interaction with the matrix at the interface of the two 
species [69]. Surface treatment enhances the adhesion between the fibres and 
matrix. A physical or chemical change in the properties at the interface can be 
achieved by either treatment of CF surface by suitable surface modifier or by 
applying surface finish [70]. A suitable surface treatment method increases the 
surface area of the CFs and creates functional groups on the surface of the CFs to 
enhance the CF-matrix interactions consequently, mechanical properties of the 
composites improve. The interfacial shear strength increases due to the chemical 
bonds formation between the fibres and the matrix. A variety of oxidizing agents 
and gases are avaialble today to modify the surface of carbon fibres. The most 
prominent techniques for surface modification are plasma, electrochemical 
treatment, acid and thermal treatments [71]. 

2.8.1. Gaseous Oxidants 

Dry oxidation is carried out in the presence of air, oxygen (O2) and ozone 
(O3). This method of surface modifications brings advantages like low cost, ease 
of operation, lack of pollution and excellent homogeneity [54, 55]. 



34 Overview of carbon fibres production and surface modification 
processes. 

 
a. Air Oxidation 

Carbon fibres oxidize on exposure to high temperature in the ambient 
conditions. As a result the properties of final composites change but the 
mechanical properties of the CFs degrade. Tong et al. [56] heat treated PAN based 
CFs in air at a temperature range of 400~700° C. The crystallite height decreased 
at the elevated temperatures due to the oxidation of carbon. A significant decrease 
in the tensile strength was observed with almost identical tensile modulus. The 
density of the carbon fibres increased after oxidation which suggests that the 
glass-like carbon is easier to burn off compared to the graphitic carbon in the 
fibre. After oxidation the graphite size in the fibre decreased while the spacing 
between the graphite layers increased. This behavior is due to the oxidation of the 
C atoms of the graphite layers[55]. Wang et al.[57] studied the changes in the 
surface morphology of the pitch based CFs after oxidation at the temperatures of 
300, 400, 500, and 600 °C respectively in air. Li et al. [59] observed that the 
specific surface area and roughness of the CFs increase after oxidation in air. 
They further observed the deterioration trend in the fibre mechanical properties 
with increasing either treatment temperature or time. They witnessed that the 
flexural strength, flexural modulus, and shear strength of the composites increased 
by 149, 91, and 29 % respectively after treatment while the impact strength 
decreased by 23 %. 

b. Ozone treatment 

Carbon fibre surface can be activated using ozone gas. This treatment 
modifies the morphology of the CFs. Consequently the flexural and compressive 
properties of the composites improve [58]. This phenomena can be explained by 2 
ways (i) formation of chemical bonds between the resin and fibre (2) high surface 
and high roughness increases the physical interaction between the matrix and 
fibre. For optimal composite properties it is recommended to treat carbon fibres at 
120 °C rather than at 160 °C as ozone rapidly decomposes at this temperautre.  

c. CO2 oxidation 

Carbon fibres can be surface treated using CO2 gas. Sun et al.[60] reported the 
activation of PAN based hollow CFs. They observed an enhanced specific surface 
area of the CFs after treatment. They further observed an increasing trend in the 
mesopores size with increased treatment time. 
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2.8.2. Acid Oxidation 

Surface treatment of CFs with acids is the most commonly used technique in 
the wet surface treatments. Park et al. [61] reported the effects of nitric acid 
treatment on the multi-metal adsorption by basic ACFs from the interfacial and 
textural points of view. The amounts of the adsorbed metals like copper and 
nickel increased after the nitric acid treatment. The higher adsorption can be 
attributed to the higher number of  oxygen containing functionalities that shifted 
the isoelectric point of the ACFs towards the lower pH i.e. more acidic nature of 
the ACFs. Fathi et al.[62] reported the enhanced performances of the carbon fibre 
polyester composites after treatment with sulfuric acid. Important properties like 
flexural strength, modulus and stiffness imporoved due to better fibre-matrix 
interfacial properties. Tang et al.[63] reported the PA 66 matrix reinforced with 
arylboronic acid treated CF. The composites fabricated by the treated fibres 
performed better in the mechanical and tribological analysis. While Xu et al. [64] 
studied the ILSS (Inter laminar shear strength) of the acrylic acid treated carbon 
fibre composites. They reported a 15% increase in the ILSS after the surface 
modification with the acrylic acid due to a higher wettability of the treated fibres. 

2.8.3. Electrochemical Oxidation 

Electrochemical oxidation is the most commonly used technique to 
functionalize the surface of carbon fibres. The functional groups improve surface 
energy, surface roughness of CF and significantly improve fibre-matrix adhesion. 
Process variables such as type of electrolyte, concentration, treatment time and 
conditions play a vital role in achieving the optimum surface properties for 
improved interfacial adhesion [65]. Variety of electrolytes are available today to 
modify the surface of carbon fibres for instance sodium hydroxide, ammonium 
hydrogen carbonate, ammonium carbonate, sulfuric acid and nitric acid are the 
commonly used electrolytes [66]. Electro-oxidative treatment remove the weak 
boundary layers from the surface of the carbon fibres and enhances the surface 
activity by forming acidic and basic moieties and enhance the surface area due to 
the formation of micro pore and crevices on the fibre surface [67]. Cao et al.[68] 
studied the compressive strength of carbon fibres phenolic resin composites after 
an electrochemical modification. An increment of 38% was observed in the 
compressive strength of the composites formed by the electrochemically treated 
fibres. 

2.8.4. Treatment with non-oxidative agents 
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2.8.7. Plasma treatment 

Plasma, also known as the fourth state of matter, is a partially or fully ionized 
gas that contains electrons, ions, radicals and neutral atoms or molecules [75, 76]. 
Gas plasma based on a particular gas can be produced by the introduction of the 
desired gas into a vacuum chamber at low pressure of 0.1~10 Torr and exciting 
this gas using radiofrequency energy. The free radicals and electrons created in 
the plasma collide with the exposed surface of the material and ruptures covalent 
bonds and creates free radicals. Plasma composed of inorganic gases such as 
argon, helium, hydrogen, nitrogen, and oxygen leads to the implantation of atoms, 
radical generation, and etching reactions while plasma composed of organic gases 
such as hydrocarbons and alkylsilanes leads to polymerforming reactions. 
Schematic of oxygen gas plasma assembly is presented in the figure 2.9. Montes-
Morán et al. [77] treated the ultrahigh modulus carbon fibres with oxygen plasma. 
Scanning Electron Microscope images showed that all the fibres contain scratched 
areas, crevices and pits formed by the attack of the plasma elements. XPS analysis 
confirmed the formation of oxygen containing functional groups such as 
carboxylic, alcohols and aldehydes and ketones. 

 

Figure 2.9 : Plasma treatment process of carbon fibres. 

Park and Kim [61] carried out the atmospheric pressure plasma treatment in 
oxygen environment on ACFs. They reported an increase in the functional groups 
like C-O- and COO- after the plasma treatment. They also found that the HCl 
removal efficiency of the plasma treated ACFs was higher their untreated 
counterparts. Plasma treatments hold several intriguing benefits over the other 
surface modifying techniques such as 
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