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Abstract 

Fibres with ultra-high tensile strength have attracted unprecedented attention due to the 

rapidly increasing demand for strong fibre reinforced composites in various fields. 

However, despite a theoretical strength as high as around 46 GPa, current commercial 

alumina fibres only reach strength value of around 3.3 GPa because of the defects between 

the grains. Electrospinning provides a method to produce ceramic nanofibres with 

diameters reduced to nano-scale with effectively enhanced strength. Different calcination 

procedures were applied to study the morphology and crystal structure growth of alumina. 

Tested with a custom-built AFM-SEM system, the tensile strength of single crystal α-

alumina nanofibres were found to have little dependence on diameter variations, with an 

average value of 11.4±1.1 GPa. While the strength of polycrystalline γ-alumina 

nanofibres were controlled by defects, showing a diameter dependent mechanism. Apart 

from the intrinsic properties of the fibre and matrix, the interface between them also plays 

an important role in determining composite mechanical properties. Collected by a rotating 

drum during electrospinning, aligned fibres were used to reinforce polycarbonate matrix 

for fabricating composite. The composite mechanical properties were successfully 

improved after surface modification with silane coupling agent. With a fibre volume 

fraction of around 7.5%, the composite strength doubled and the Young’s modulus 

increased by a factor of 4 when compared with the pure polycarbonate. Apart from surface 

modification, the fibre/matrix interface can also be affected by transcrystallinity. 



 

 

Transcrystalline layers were formed in the alumina reinforced polycarbonate composites 

after annealing. Significant enhancement of the Young’s modulus of the crystallized 

polycarbonate by a factor of 3 compared to the amorphous phase was measured directly 

using AFM based nanoindentation. Optimization of the Young’s modulus is suggested as 

a balance between extending the annealing time to grow the transcrystalline layer and 

reducing the processing time to suppress void development in the PC matrix. 
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λ Wavelength of the electron beam 

θ Incident angle of the electron beam 

  Quantity of the adsorbed gas at standard temperature and pressure 

m  Monolayer adsorbed gas quantity at standard temperature and pressure 

  Stress 

L  Stress applied on the composite in the composite along the direction of fibre 

alignment 

Lm  Stress applied on the matrix in the composite along the direction of fibre 

alignment 

Lf  Stress applied on the fibre in the composite along the direction of fibre 

alignment 

T  Stress applied on the composite in the composite transverse to the direction 

of fibre alignment 

Tm  Stress applied on the matrix in the composite transverse to the direction of 

fibre alignment 

Tf  Stress applied on the fibre in the composite transverse to the direction of 

fibre alignment 



 

XIII 

 

f  The stress applied on the fibre 

f max  The highest stress that the fibre can carry 

τ The shear stress at the fibre–matrix interface 

τi The smaller one of the shear strength of the fibre/matrix interface or the 

matrix adjacent to the interface 
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1 Introduction 

 Background 

Polymers are commonly reinforced with various strong reinforcements to form 

composites with enhanced mechanical properties. The newly obtained composite usually 

exhibits properties that are improved relative to either of the component materials. Plenty 

of examples of composites can be found in our daily lives: components used for 

automobile and aircraft manufacturing, oil tank, water pipes and even doors and windows. 

While man-made composites are commonly found, nature also provides many examples 

of composite materials such as wood, which is made up of fibrous chains of cellulose 

molecules in a matrix of lignin. People from ancient times have also made many 

composite materials from natural materials. Papyrus paper, which dates back to 4000 B.C, 

is perhaps the first fibrous composite material made by ancient people.[1] Made from 

wood, horn and tendon, the recursive composite bow used by Mongolian soldiers is also 

notable as a very strong composite. All these materials exhibit improved mechanical 

performance relative to their constituents and arouse our curiosity to explore more about 

composite materials. 

Composite materials can be classified into three main catalogues based on their structures 

(see Figure 1.1): (a) fibre-reinforced: aligned continuous fibres and short fibres (aligned 

or random); (b) particle-reinforced: large-particle and dispersion-strengthened; (c) other 
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structural: laminates and sandwich panels.[2] All of these structures identify a 

reinforcement that is bound together with a secondary phase referred to as matrix. The 

matrix is usually the softer phase and helps to transfer the load to the reinforcement, 

whereas the reinforcement is much stronger and stiffer than the matrix and gives the 

composite high strength and modulus. A particular advantage of composite materials is 

the ability to design structures through microstructure adjustment or choosing different 

matrix and reinforcement materials to meet different requirements. 

 

(a)                                                            (b)  

 

 (c)                                                               (d)  

Figure 1.1. Schematic illustration of composite reinforced with (a) continuous fibres, (b) 

short fibres, (c) particles and (d) laminate. 

Compared with traditional engineering materials such as steel and rubber, composite 

materials usually show much higher strength and elastic modulus. Composite materials 

are now used in a number of applications due to their excellent properties. Polymer 

composites with natural-organic fillers are made for door panels, roof upholstery and 

parcel shelves[3] whereas carbon nanofibre reinforced composites are commonly used to 

fabricate aircraft disk brakes because of their excellent thermal stability and light weight.[4] 

Dental materials reinforced with ceramic nanofibres have been shown significantly 

increased flexural strength and fracture toughness.[5] Indeed, researchers are still 
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developing many other composite materials that can be applied in an increasing number 

of areas, which signifies the bright future of composite materials.  However, fabrication 

of composite materials is more complicated and expensive than many other materials due 

to the requirement of extended manufacturing procedures and times, including potentially 

higher temperatures and pressures. Thus, a lot of researchers have conducted thoroughly 

investigation into different parameters to fabricate composite with enhanced properties 

but lower cost.   

One of the most efficient methods to fabricate strong composite is usage of strong 

reinforcement. The demand for reinforcements that provide high mechanical performance 

and are able to be easily, as well as cheaply, manufactured is therefore significant. The 

discovery of carbon fibres in the 1960s[6] prompted the manufacture of high performance 

carbon fibre reinforced plastic for aerospace structures and has recently grown into a 

range of consumer markets such as sports equipment. Carbon nanotubes were firstly 

identified in the early 1990s[7] and have since been the topic of intense research as well 

as applications as reinforcements in composite structures due to their excellent specific 

mechanical properties[8]. However, the high cost for carbon fibres force manufacturers to 

invent or discover other materials to serve as substitute. Alumina is a relatively cheap 

material with remarkable theoretical strength as high as 46 GPa, which makes alumina a 

strong reinforcement candidate to replace carbon fibres or other ceramics with adequate 

mechanical properties but less cost.[9] However, mechanical properties of brittle materials 

vary greatly depending on their microstructures. Currently, most alumina fibres used in 

industries are polycrystalline fibres with the highest tensile strength just reaches 3.3 GPa 

(3M, NextelTM 610).[10-11] Compared with the 22.3 GPa, tensile strength of alumina 

whiskers along [110] direction reported by Soltis, the mechanical performance of 

polycrystalline alumina fibres are relatively poor.[11-12] The huge gap between the tensile 
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strength of alumina fibres and whiskers indicated great potential for further strength 

improvement.  

Another important parameter in defining the resultant composite properties is the 

interaction between the polymer and fibre surface during processing of the composite. 

Strong bonding between the matrix and fibres enables more efficient stress transfer from 

the matrix to the reinforcement and improves the composite mechanical properties. 

Researchers have studied many different methods to increase the compatibility between 

polymer matrix and ceramic fibres, such as introducing of surfactants, plasma coating.[13-

14] These methods sometimes have also been used to improve the fibre dispersion, which 

is very important for the composite since the overall strength is determined by the weakest 

part. Another phenomenon that may improve the interface is transcrystallization. Stress 

concentration could occur in the fibre/matrix interface in composite materials due to 

different thermal expansion coefficients of both components and sometimes, causing 

crystallization in thermoplastic matrices.[15-16] The formation of transcrystalline interface 

regions is typically induced in conventional fibrous composite materials but the 

consideration of similar effects with smaller scale nanofibres is less well recognised. 

However, though many researchers have reported positive effect of transcrystalline layer 

on the composite properties[17-21], some other reported the opposite[22-23]. Thus, further 

investigation is needed to confirm the real impact of transcrystallinity on the composite 

properties. 

To address the above questions and fabricate new composite with improved strength but 

lower cost and easier process, the method to fabricate alumina nanofibres with high 

strength and strong polymer matrix composites reinforced with strong ceramic nanofibres 

need to be investigated. A range of techniques will be applied to characterize various 

properties of both individual alumina nanofibre as well as the composite. Different 
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parameters affecting the nanofibre and the composite properties will be manipulated so 

as to push the composite reaching the highest strength. 

 Project aims 

Based on the descriptions above, fabricating strong but cheap fibres and composite 

becomes the key point of this work. The aim of this project is therefore to develop a 

method to produce strong alumina nanofibres and incorporate the nanofibres into 

composite materials to improve their mechanical properties. To achieve the overall aim, 

the objective is broken down into smaller milestones as follows: 

1. Fabrication of alumina nanofibres with desired crystal structures and morphologies. 

Electrospinning will be applied to fabricate alumina nanofibres with polymer and 

inorganic precursor due to the simplicity and flexibility to control the fibre diameters. 

Different electrospinning parameters and calcination procedures will be controlled to 

investigate their influences on the final product morphologies as well as crystal 

structures. The mechanism of alumina crystal structure transformation will also be 

investigated thoroughly.  

2. Tensile testing of individual alumina nanofibres. Tensile strength of the alumina 

nanofibres will be tested by a specific equipment to explore the structure-property 

performance of alumina nanofibres. Specifically, the influence of fibre diameters as 

well as crystal structures will be related to the fibre strength through examining the 

fibres with transmission electron microscopy and electron diffraction. 

3. Fabrication and characterization of polycarbonate matrix composites reinforced with 

alumina nanofibres. The composite strength is expected to improve significantly after 
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being reinforced with strong fibres compared with the matrix itself. Uniaxially aligned 

alumina nanofibres before and after surface modification will be used in this work to 

examine the effects of introducing surfactant. Theoretical Young’s modulus of the 

composite will be predicted based on the Halpin-Tsai theory and the shear lag theory 

as well. The predicted results would be compared to the experimental results to check 

the efficiency of the reinforcement. 

4. Investigation into the effect of transcrystallization on the mechanical properties of 

polycarbonate composite reinforced with alumina nanofibres. The speed of 

polycarbonate crystallization can be significantly increased with the presence of 

alumina nanofibres under annealing at 190 ºC. Different parameters affecting the 

transcrystalline layer formation process will be investigated by both direct 

morphology observation and indirect thermal behaviour studies. The effects of 

transcrystalline layer on the composite mechanical properties will be examined by 

mechanical testing. 
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2 Literature review 

 Introduction to fibre-reinforced composite 

Fibre-reinforced composites are one of the most important areas of composite materials. 

In this type of composite, the reinforcement is typically strong and stiff fibres surrounded 

by matrix, which is usually homogenous and continuous. This section will give a brief 

introduction to load distribution in both continuous and short fibre-reinforced composites 

under load along and transverse fibre directions, different materials that can be used as 

matrices and fibres as well as how nanofibre-reinforced composites show distinct 

advantages when compared with traditional materials. 

2.1.1 Theory of fibre-reinforced composites 

Both continuous and short fibres are commonly used to reinforce polymer matrix for 

enhancing the composite stiffness. However, descriptions are required to understand how 

the fibre carries load and acts as reinforcement when the composite is loaded. Many 

researchers have proposed different theoretical models to predict the mechanical 

behaviour for fibre reinforced composites. Here we will consider two simple models 

regarding to both continuous and short fibres reinforced composite to investigate the basic 

parameters that affect the composite mechanical properties.  
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 Unidirectional continuous-fibre composites 

The rule of mixtures is the simplest approach used to analyse the loading process in 

continuous unidirectional fibre reinforced composite materials. In this model, the 

composite is simplified as two parallel slabs of matrix and fibres bonding together[24], as 

illustrated in Figure 2.1. The two slabs have the same volume portion as the matrix and 

the fibres shown in composites respectively. When force FL is applied along the fibre 

direction of the composites, the two slabs have the same strain, εL. The following equation 

can be derived according to the definition of Young’s modulus:  

Lm Lf
L Lm Lf

m fE E

 
                                                  (2-1) 

where σ represents the stress, E represents the Young’s modulus, the subscript ‘m’, ‘f’ 

and ‘L’ represents matrix, fibre and longitudinal, respectively.  

     

      (a)                                                       (b)  

Figure 2.1. Schematic illustration of (a) composite containing aligned, continuous fibres, and 

(b) the composite simplified as a model of two parallel slabs under load along fibre direction.  

Therefore, for composites fabricated with soft matrix and stiff fibres ( f mE E ), the fibres 

would carry most of the load ( Lf Lm  ). If the volume fraction of the fibres is defined 

as fv , and the volume of the matrix is f1 v , then the overall stress of the composite 

along the fibre direction can be expressed as: 

 L f Lm f Lf f Lf f Lf

f

1 (1 ) mE
v v v v

E
                                  (2-2)  

FL FL 
1-vf 

vf 
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The longitudinal Young’s modulus of the composite EL is therefore expressed as: 

L m f
L f Lf f Lf f f f

L f Lf

(1 ) (1 ) m

E E
E v v v E v E

E


 

 

 
          

 

            (2-3) 

If 
f mE E , EL are approximated as  

   L f fE v E                                                         (2-4) 

This equation above shows that the longitudinal Young’s modulus of the composite 

depends on the volume fraction and Young’s modulus of the fibres.  

When force FT is applied transverse the fibre direction, the fibres and the matrix will be 

subjected to the same stress. An “equal stress” model is used to describe this situation, 

namely: 

  T Tm Tf Tm m Tf fE E                                 (2-5) 

Accordingly, the Young’s modulus of the composite transverse the fibre direction can be 

derived as 

1

T T Tf f f
T

T f Tf f Tm f Tf f f Tm m f m

1

(1 ) (1 )

v v
E

v v v E v E E E

  

    



 
     

     
    (2-6) 

 

Figure 2.2. Schematic illustration of composite containing aligned, continuous fibres 

simplified as a model of two parallel slabs under load along transverse fibre direction. 

The two Young’s moduli of the composite in different directions reveal that the 

mechanical properties of fibre-reinforced composites are critically anisotropic and vary 

in different directions. For composites reinforced with uniaxially aligned fibres, the 

mechanical properties such as strength has the highest value in the longitudinal directional 

FT 

FT 

1-vf 

vf 
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of fibre but the lowest value in direction transverse to the fibre alignment. The volume 

fraction of the fibres also has a significant impact on the stiffness of composites. 

Specifically, the strength and stiffness of the composite along fibre direction increase as 

the fibre volume fraction in the composite increases, though the growth may not be 

linear.[25]  

 Unidirectional short fibre composite 

The rule of mixtures model gives a description of a rather idealized case for composite 

reinforced with continuous fibres. In practice, the fibres used in composites are normally 

much shorter than the composite specimen. The stress transmission from the matrix to the 

fibres can be considered to be transferred through shear at the fibre/matrix interface. The 

matrix near the fibres in aligned short fibre reinforced composite is expected to have a 

higher longitudinal strain than the matrix far away from the fibres due to the lower matrix 

modulus when the composite is under load. Assuming the fibres and the matrix are 

perfectly bonded, a shear stress distribution will be created across the fibre/matrix 

interface in transverse direction (see Figure 2.3).  

  

Figure 2.3. Longitudinal tensile loading of a unidirectional discontinuous fibre lamina. 

Then the stress distribution[26] can be calculated according to force equilibrium by 

neglecting the stress variation at the fibre end: 

dx 

l 

x 
D σ

Lf
+dσ

Lf
 σ

Lf
 

τ 
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   2 2

Lf Lf Lf

π π
d d

4 4
D D D x                                        (2-7) 

This equation can be further simplified as: 

Lfd 4

dx D

 
                                                          (2-8) 

where σLf is the stress applied on the fibre in the composite along the direction of fibre 

alignment at the distance x from the fibre end, τ is the shear stress at the fibre–matrix 

interface, D is the fibre diameter. 

The shear stress can be assumed as constant across the fibre surface and equal to τi, which 

is the shear strength of the fibre/matrix interface or the matrix adjacent to the interface.[27] 

The stress applied on the fibre from the fibre end to a position x along the fibre axis can 

then be expressed as: 

Lf

0

44
d

x

ix x
D D


                                                    (2-9) 

According to above analysis, the stress along individual fibres in the short fibre reinforced 

composite is non-linear. As shown in Figure 2.4, the fibre stress increases linearly with 

the distance from the fibre end x and reaches the highest value σfmax at the fibre central 

part where:  

t
f max i2

l

D
                                                         (2-10) 

and lt is the minimum fibre length for the fibre to reach the highest fibre stress. Therefore, 

the critical fibre length lc for reaching the highest fibre stress can be expressed as: 

fmax
c

i2
l D




                                                           (2-11)  
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Figure 2.4. Idealized (a) longitudinal stress and (b) shear stress on an individual fibre under 

load. 

The equations indicate that only when the fibre length is much larger than the critical 

length, the fibre can work efficiently as reinforcement. The analysis of fibres stress with 

different length is illustrated in Figure 2.5. If l < lc, the matrix or the interfacial bonding 

fails before the build of the stress in the fibre is sufficient to cause fibre breakage. If l ≥ 

lc, the fibre stress will reach the fibre strength and cause failure. However, the 

reinforcement is not efficient over the distance equals to lc in this situation. Therefore, for 

effective fibre reinforcement, the fibre length l need to be much longer than the critical 

length lc. If the fibre length and diameter is fixed, the shear strength τi can be controlled 

through surface modification to reduce lc to a relatively low value so as to achieve 

effective reinforcement. 

   

σ 

𝜎fmax 

l 

(a) 

(b) 

 

 τ
i
 

τ
i
 



Chapter 2 Literature review 

13 

 

 

Figure 2.5. Schematic illustration of critical fibre length on the longitudinal stresses of a 

discontinuous fibre. 

2.1.2 Components of composites 

Properties of the composite are mainly determined by three factors: the matrix, the fibres 

and the interface between these two.[17]  

 Matrices 

The matrix determines the shape and the surface qualities (such as thermal and electrical 

conductivity, thermal insulation, moisture sensitivity, et al.) of the composite but 

contributes limited mechanical support while the composite is under load. The stress 

between the fibres can also be transferred by the matrix to enhance the mechanical 

properties of the whole composite.[26] All these important characteristics of matrix make 

the selection of its material crucial. 

The common choices of matrices are listed in Figure 2.6. Polymers are generally a popular 

choice for the matrix, due to their light weight, desirable mechanical properties and 

flexibility of fabrication. Thermoset polymers such as epoxies, polyesters, and vinyl 

esters usually have low viscosity, thus making them easy for processing and showing 

l<l
 

c

2

l
c

2

l
c

2

l c

2

l

cl lcl l

Ultimate tensile strength of the fibre  
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more applications than thermoplastic polymers. However, thermoplastic materials are 

sometimes favourable since their shape can be modified after initial moulding. Metal 

matrices show better performance than polymers when serving in corrosive environment. 

Both ceramic materials and carbon-carbon composites can work at very high temperature 

environment but carbon-carbon composites have lower density[28], thus they are widely 

used in aerospace.  

 

Figure 2.6. Common materials used as matrices. 

 Fibres 

Fibres typically carry most load and improve the stiffness in the composite. The strength 

and stiffness of the fibres are therefore one of the most important features of 

reinforcements[26] and requires load transfer from the matrix. Different materials, lengths, 

diameters and orientation of the fibres all have an important impact on the performance 

of the final product of the composite. 

Examples of commercial fibres, such as glass, carbon, aramid, ceramics and polyethylene, 

are all playing important roles in current industry. Glass fibres are cheap, have high tensile 

strength and good chemical corrosion resistance properties. However, the glass fibres are 

sensitive to abrasion and their fatigue strength is relatively low.[26] The high strength to 

weight ratio of carbon fibres makes them one of the most important materials nowadays 

Matrice

s 

Polymers 

Metals 

Ceramics 

Carbon or Graphitic 

Materials 

Thermoset polymers 

Thermoplastic polymers 
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and can be found in various areas such as aerospace, sports, civil engineering and laptops. 

However, carbon fibre products are usually more expensive than traditional products such 

as steel because of their more complex manufacturing.[29] Ceramic fibres have excellent 

mechanical properties and are notable as being thermally resistant, which makes them 

suitable for high temperature applications such as electrodes, catalyst supports and other 

power supply systems.[30-31] 

 Coupling agents and coatings 

The interface formed between fibres and matrix materials is critical in defining overall 

composite performance. An effective composite that is able to transfer load from the 

matrix to reinforcing fibres requires good dispersion of fibres as well as efficient bonding 

at the fibre-matrix interface. The use of nanofibres as novel reinforcements is challenging 

as the nanofibres usually aggregate, making spreading of matrix between the nanofibres 

difficult during manufacturing. The resultant interfaces that form are therefore nanofibre-

nanofibre instead of nanofibre-matrix interfaces, which promote sliding between the 

weakly contacting nanofibres in the aggregates during composite loading for poor 

mechanical properties.[32] To solve these problems and increase the performance of 

composites, materials such as coupling agents and coatings have been used in traditional 

composites.[33] Coupling agents are normally a substance that can react with both the 

matrix and the fibres to generate stronger bonding at the interfaces. Titanates[34], 

zirconates[35] and organotrialkoxysilanes[36] are examples of common coupling agents that 

produce networked covalent bonded structures between a variety of fibres surfaces and 

functional groups in polymer matrices. Additionally, coating of the fibre is used to 

improve the wetting of the matrix to promote better bonding at interfaces as well as 

allowing impregnation of liquid matrix phased throughout the fibres during composite 

manufacturing. Mechanical properties have been shown to be strongly dependent on the 
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treatments applied to fibres. For example, the fracture behaviour and tensile strength of 

carbon nanofibre/polymer composites have been significantly improved after plasma 

treating the fibre surface to promote covalent bonding with the polymer.[32] 

2.1.3 Ceramic nanofibres 

Both the models for long and short fibres have shown that the composite mechanical 

properties strongly depend on those of the fibres. Numerous works have been carried out 

in the past century to fabricate strong fibres close to theoretical strength and use them to 

make composite with better mechanical performance. Ceramic is one of the promising 

material candidates due to their high theoretical strength. However, the applications of 

ceramics are largely limited by the pores and other defects inside the materials. To 

improve the ultimate strength of ceramic materials, the influence of microstructure on 

mechanical properties has been extensively studied.  

The presence of flaws is one of the factors that reduce the strength of ceramic 

significantly.[37-38] The flaw that has the sharpest shape and the largest size will give rise 

to the highest stress concentration, thus determining the ultimate tensile strength of the 

materials.[39] The possibility of reducing flaws that promote stress concentrations is 

intrinsically linked to fabricating fibres with reduced diameters. Such reduced fibre 

diameter tends to limit the flaw size and provides significantly increased mechanical 

properties, as has been demonstrated.[37, 40] This scale advantage makes ceramic 

nanofibres fabricated through electrospinning an effective reinforcement material.[41] 

Nanofibres, defined as fibres with diameters less than several hundred nanometres[42] 

provide a promising method to achieve high strength. Griffith[37] studied the fracture 

stress of glass fibres with different diameters and found that fracture stress increased with 
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decreasing fibre diameter. The reason for the dependence of fracture stress on fibre 

diameters was suggested to be due to the microscopic flaws in the bulk material. Inspired 

by Griffith’s pioneer work, nanofibres made from brittle materials such as ceramics and 

some polymers started to attract people’s attention. Lee[43]
 compared Young's modulus 

between TiO2 nanofibres with different diameters through atomic force microscope 

(AFM) three-point bending test, which displayed a clear trend of increased elastic 

modulus with decreased nanofibre diameter. Chen[41] also studied the relationship 

between the ZnO nanowires diameters and their Young’s modulus (see Figure 2.7). When 

the diameters of these nanowires with diameters decreased to 120 nm, the Young’s 

moduli increased significantly and are all significantly higher than that of bulk ZnO. 

These results of increased mechanical properties of ceramic nanofibres compared to bulk 

behaviour show great potential for future application of ceramic nanofibres as strong 

reinforcement in composite.  

 

Figure 2.7. Diameter dependence of effective Young’s modulus in [0001] oriented ZnO 

nanowires from bending: (red dot) experimental results, (solid line) fitted results by the 

core-shell composite NW model , (dashed line) modulus for bulk ZnO (E3).[41]  

Ceramic nanofibres not only show improved mechanical properties comparing to the bulk 

phase, but also have significant changes in optical performance, energy density and some 
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other properties. Thus they have already been used in a lot of composite for various 

purposes. Composite made with epoxy resin and 2 vol% of barium titanate electrospun 

nanofibres increased by a factor of 3 compared with pure epoxy resin in terms of dielectric 

behaviour.[44] As for mechanical reinforcement, zirconia–silica nanofibres have been used 

to fabricate dental composite with dental resin monomers.[45] All these examples 

demonstrate huge potential for further application in composite in terms of strength 

improvement as well as other properties enhancement.  

2.1.4 Polycarbonate   

Polycarbonate was commercialized in 1958[46] and is now one of the most widely used 

engineering thermoplastics. Currently, all polycarbonate used for general-purpose are 

using bisphenol-A as the monomer (see Figure 2.8), and the final polymer normally has 

a molecular weight ranging 5000~70000.  

OH

H3C CH3

HO

O

+

Bisphenol-A Diphenyl Carbonate

- OH

Phenol

* O

CH3

CH3

O

O

*

Bisphenol-A Polycarbonate  

Figure 2.8. Schematic illustration of synthesis of bisphenol-A polycarbonate. 

The principle advantages of polycarbonate include its excellent impact strength and 

toughness, excellent creep resistance, good heat resistance, good dimensional stability as 

well as transparency.[47-49] Thus, it has been widely used in industry, especially in areas 

where both optical clarity and good mechanical properties are required.[50] Despite of the 

advantages, polycarbonate certainly has its limitations. Though polycarbonate generally 

does not react with oils and acids, it can be affected by some chemicals, including most 

aromatic solvents, esters and ketones.[51] Polycarbonate has a limited scratch resistance 
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and tendency to yellow after being exposed in ultraviolet for a long time. While designing 

polycarbonate matrix composite, both the advantages and disadvantages need to be 

considered. 

Many different kind of fibres, such as glass fibres[52-53], carbon fibres or nanotubes[54-56], 

natural fibres[57] and other ceramic fibres[58] have been used to reinforce polycarbonate to 

fabricate composites. Most of these composites are reported to have a significantly 

improved mechanical properties. Carneiro[59] has investigated both the mechanical and 

thermal properties of vapour-grown carbon nanofibre reinforced polycarbonate 

composite. The report reveals that the fibres delayed thermal decomposition of the matrix 

and the thermal stability has been improved. The hardness and Young's modulus of the 

composite have also been enhanced compared to pure polycarbonate, despite of the 

decrease of the friction coefficient. Multi-walled carbon nanotubes (MWCNT) has also 

been used as reinforcement in polycarbonate by many researchers. Eitan[60] reported that 

a 95% increase of the Young’s modulus and a relatively low yield stress increase of 

around 32% were witnessed with incorporation of 5 wt% surface modified MWCNT. All 

these encouraging examples demonstrate a promising future of polycarbonate matrix 

composite reinforced with fibres with improved mechanical properties.  

 Fundamentals of alumina 

Among all ceramic materials, alumina stands out for a number of advantageous properties 

including high compressive strength, chemical stability, electrical insulation, corrosion 

resistance, low thermal conductivity, high-temperature resistance (melting point around 

2000 ºC) and low cost[61-62], which makes alumina an important structural material. 

Nanofibres made from alumina retain all the advantages of bulk alumina but have been 

of interest due to potential variation in properties as the material becomes smaller and 



Chapter 2 Literature review 

20 

 

increased strength-to-weight ratio, showing broad market prospects in various areas, such 

as building, refractory and insulators.  

Composites based on alumina nanofibres have already been extensively studied. However, 

most current alumina nanofibre applications still focus on their insulation and heat 

resistance properties, such as composites made of branched alumina nanofibres and 

thermal conductive resin used to help electronic devices with problems of heat 

accumulation[63]. Alumina nanofibres exhibiting strength approaching a theoretical 

maxima are expected to replace carbon nanofibres and provide composites with 

comparable mechanical properties but at lower cost. Methods to fabricate alumina 

nanofibres are critical in achieving high performance and will be discussed in this 

section. 

2.2.1 Fabrication of alumina nanofibres with electrospinning 

Various methods have been used by previous researchers to fabricate alumina nanofibres, 

for example, using hydrothermal[33, 64-65], sol-gel route[66] and electrospinning[67]. 

Nanofibres prepared from the sol-gel and hydrothermal methods are usually thin and short 

whereas electrospinning provides continuous fibres with sufficient control to vary fibre 

diameters accurately. Electrospinning was invented in the late 19th century and has been 

predominantly exploited to fabricate polymeric fibres, with ceramic nanofibres produced 

relatively recently.[40] Currently, more than 50 different kinds of ceramic nanofibres have 

been produced and applied in different areas such as sensors, catalysts and drug delivery 

components.[30] 

The first alumina nanofibre, containing small amounts of boron oxide, was fabricated by 

Dai[68] using electrospinning, and has provided inspiration for manufacturing alumina 
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nanofibres with different diameters and grain size using further materials as shown in 

Table 2.1. The alumina precursors provide a source of aluminium that was dissolved 

within a solution of polymer and a suitable solvent indicated in this table. The viscosity 

of the solution for electrospinning was controlled by altering the concentration of the 

polymer and is important in the effective production of fibres. After electrospinning, the 

calcination process will remove the organic parts in the as-spun nanofibres and produce 

ceramic nanofibres with desired crystal structure through controlled calcination 

procedures. Fibres produced with different ratios of materials and calcination procedures 

had a range of fibre diameters, morphologies and mechanical properties. The average 

diameter of these fibres produced using the materials in Table 2.1 is around 200-500 nm. 

However, though a progress has been made on fabrication of aluminium nanofibres, the 

mechanical properties of these fibres have yet to be measured. 

Table 2.1. Materials used to produce alumina nanofibres by electrospinning. 

Ref Inorganic Precursor Polymer Solvent 
Diameter of Al2O3 

nanofibre 

Grain 

Size 

[67] 
Aluminium 2,4-

pentanedionate 
PVP ethanol 150 nm 3-5 nm 

[69] 
Aluminium 2,4-

pentanedionate 
PAN DMF 150-500 nm 10 nm 

[70] 
Aluminium di-sec-butoxide 

ethylacetoacetate 
/ 

Ethanol and 

HClaq 
<200 nm / 

[71] Aluminium acetate PVA/PEO water 20-500 nm / 

[72] Anhydrous AlCl3 PVP ethanol 100-800 nm / 

[73] Boehmite nanoparticles PVA water 200-300 nm / 

[74] Al(NO3)3 PAN DMF 200-350 nm / 
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2.2.2 Crystal structures of alumina  

Ceramics usually have several different crystal structures, and the transformation 

procedure of these crystal structures are strongly determined by the calcination process. 

For better manipulating the mechanical properties of the final alumina nanofibres 

products, the structure of common alumina crystals and their transformation relationship 

need to be understood thoroughly. 

 Common crystal structures of alumina 

Alumina has more than 20 different crystalline forms[75] due to various possible atom 

arrangements[76]. The alumina crystal structures can be divided into two types based on 

the oxygen atoms arrangements: face-centred cubic (fcc) or hexagonal close-packed (hcp). 

Some of the common crystal structures of alumina are listed in Table 2.2. 

The transformation sequences of alumina between these different structures are organized 

and displayed in Figure 2.9 depending on different starting status. As shown in this figure, 

both the starting status of the raw materials and the heating processes have profound 

impact on the transformation sequences of alumina. However, despite of the complex 

intermediate status, , the final product after calcination above 1100 °C is always α-

alumina.[77] 
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Table 2.2. Several common polymorphs of alumina. 

Polymorph Arrangements of oxygen atoms Crystal system 

α hcp trigonal 

β / hexagonal 

γ fcc cubic 

δ fcc tetragonal / orthorhombic 

η fcc cubic 

θ fcc monoclinic 

κ hcp orthorhombic 

χ hcp hexagonal 

 

 

Figure 2.9. Schematic illustration of alumina crystal structure transformation sequences 

from different start materials.[78] 

Alumina nanofibres prepared through electrospinning have been reported by several other 

researchers [67, 69, 71, 79-80] and the crystal transformation are mainly reported as γ-Al2O3 → 

δ-Al2O3 / θ-Al2O3 → α-Al2O3. Among all the four crystal structures involved in alumina 

nanofibre fabrication, α-alumina is the strongest and the stiffest form. Generally, the 
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complete conversion to α phase requires calcination to occur for more than 1 h at 1200-

1300 ºC.[12] The transformation between these four crystal structures are very sensitive to 

the calcination procedures. However, the details about the transformation procedure and 

how the fibre shape was kept haven’t been clearly explained in these works. To have a 

better understanding of the growth mechanism of alumina nanofibres, details about these 

four crystal structures need to be explored in priority. 

γ-Alumina ( Fd3m , no. 227) is one of the common unstable phases and will transform to 

δ-alumina after being exposed under 700–800 °C. γ-Alumina has a typically described as 

defect spinel structure[81] with cubic closed-packed oxygen atoms and the aluminium 

atoms occupying both octahedral and tetrahedral interstitial locations, as shown in Figure 

2.10.[82] One characteristic of γ-alumina that stands out is the low surface energy, which 

helps γ-alumina maintain small size and large specific area, making it very useful as 

catalyst support.[83] However catalysts made of γ-alumina can’t be used under too high 

temperature since it will transform to more stable phase (α-alumina). 

  

Figure 2.10. Conventional unit cell of γ-alumina (blue spheres: aluminium; red: oxygen). 

δ-Alumina is one of the transition crystal structures that appear between γ and α alumina 

and is normally viewed as a superstructure of γ phase.[84] Two unit cells for δ-alumina 

have been identified currently according to previous researchers. One has a tetragonal 

unit cell and space group of P4m2  (no. 115)[85-86]; while the other one has an 
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orthorhombic unit cell and space group P222 (no. 16)[87-88]. But both δ phases have a 

tetragonal lattice for oxygen arrangements. The reported tetragonal δ-alumina are 

transformed from a starting status as boehmite (AlOOH), and orthorhombic δ-alumina 

are transformed through thermal oxidation from precursor or quenched melt.[84, 87]  

 

Figure 2.11. Conventional unit cell crystal structure of δ-alumina with both tetragonal and 

orthorhombic crystal systems (blue spheres: aluminium; red: oxygen). 

The crystal structure of θ-alumina is normally considered as a defect-free monoclinic 

structure[89] (space group C2/m, no. 12), with half of the Al3+ ions are in octahedral sites 

and the other half in tetrahedral sites.[84, 90] The research and application of θ-alumina is 

very limited due to the favourable transformation to α phase. 

 

Figure 2.12. Conventional unit cell of θ-alumina (blue spheres: aluminium; red: oxygen). 

(a) 

P4തm2  

(b) 

P222 
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α-Alumina is the most stable phase compared to all other phases and it has the highest 

strength due to the specific ionic-covalent bonding of this material. Bonding in α-Al2O3 

is mainly ionic, with a proportion of covalent bonds accounting around 20%.[91] As shown 

in Figure 2.13, the crystal structure of α-alumina can be described as octahedral formed 

by hexagonal close packing of O atoms with a space group: R3c  (No. 167). Each Al atom 

is located at an octahedral interstice, and is linked to three oxygen atoms in each of the 

two neighbouring oxygen planes. The [AlO6] octahedrons may constitute a layer by 

sharing edge, which is perpendicular to threefold axis, at the direction parallel to threefold 

axis, the hexagonal platelet (prism) is formed by the interval arrangement between two 

kinds of octahedrons: [AlO6] octahedrons which are stacked by sharing-facet and 

octahedrons which are surrounded by O2−, and three-fold axis is formed by linkage of 

[AlO6] octahedrons along c-axis.  

  

Figure 2.13. Schematic illustration of crystal structure of α-alumina. 

 Transformation form γ-alumina to α-alumina 

Understanding of the transformation mechanism from γ phase to α phase is necessary to 

fabricate alumina nanofibres with desired morphology and mechanical properties. 
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However, no consistent conclusions have been reached regarding to transformation 

mechanism between these different crystal structures, despite extensive efforts. Three 

different routines have been reported currently for the explanation of transformation from 

γ phase to α phase: γ → α[92], γ → δ (tetragonal) → θ →α[84-85, 93], and γ → δ (orthorhombic) 

→ α[87, 94]. 

Chou[92] has studied the transformation process from γ phase to α phase directly without 

observing the intermediate δ or θ phase. According to the report, the phase transformation 

from γ to α phase occurred by a nucleation and growth mechanism. The nucleation sites 

dwell on the {220} planes of γ-Al2O3 since the layered structure formed high-population 

structural defects. After nucleation, the α phase experienced explosive grain growth 

following the mechanism of interface boundary migration and lattice epitaxy due to 

several lattice match between γ and α phase. However, Levin[76] has pointed that the work 

that they presented has some contradictions and the electron diffraction pattern of the 

polycrystalline γ phase could actually be the δ or θ phase.  

The transformation of alumina from γ phase to α phase via tetragonal δ phase and 

monoclinic θ phase started from boehmite is one of the most widely accepted 

transformation procedure and has been studied deeply.[85, 95-96] The transformation from 

γ to δ and θ phase follow a topotactic transformation and only need very small energy. 

The transformation from θ to α phase starts from nucleation and grain growth, leading to 

formation of a vermicular grain structure.[95] 

Jayaram[87] has studied the transformation procedure from γ-alumina to orthorhombic δ-

alumina and concluded that both of these two phases have face centred cubic packing of 

oxygen atoms. Though, the δ phase has a higher degree of aluminium atom ordering. The 

transition started from the spots of the disordered spinel and continuously transferred 
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through diffuse transformation until discrete superlattice reflections of the δ phase 

appeared. However, this work reports that the orthorhombic δ phase transformed from 

the melt γ phase has a space group of P212121 for the structure with aδ =2aγ, bδ =1.5bγ, cδ 

=aγ.  

Despite of the normal transformation of θ-alumina from tetragonal δ-alumina, monoclinic 

θ-alumina transformed from orthorhombic δ-alumina has also been reported by 

Gangwar.[97] However, most of the peaks in the XRD pattern of this δ phase that they 

reported match well with the tetragonal δ-alumina reported by Sergey[98]. Therefore, 

further confirmation is required for determination of the actual transformation procedure. 

 

Figure 2.14. Unit cells of (a) uncalcined AlO(OH) (orthorhombic) and calcined Al2O3: (b) γ-

Al2O3 (cubic), (c) δ-Al2O3 (orthorhombic) and (d) θ-Al2O3 (monoclinic). [97]
 

Though extensive investigation of transformation between these crystal structures have 

been conducted, there’s still many remained problems, such as the real transformation 

mechanism from orthorhombic δ phase to α phase and could γ phase truly transforms to 
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α phase without intermediate status. A lot of more work is required to answer these 

questions. 

2.2.3 Growth mechanism and mechanical properties of α-alumina 

whiskers 

Monocrystalline whiskers are elongated single crystal materials that are normally 

regarded as defect-free, leading to extraordinary mechanical properties. Single crystal α-

alumina nanofibres fabricated through electrospinning have been reported previously by 

Yu[80]. The nanofibre share similar morphology and single crystal structure with alumina 

whiskers. Therefore, the growth mechanism and the mechanical properties of α-alumina 

whiskers are good references for alumna nanofibres and will be briefly summarised firstly. 

Alumina whiskers can be fabricated via growing on a single crystal alumina substrate by 

heating aluminium filings to 1400°C under the atmosphere of moist hydrogen.[99-100] The 

growth habit of α-alumina has been confirmed by a lot of researchers. The main growth 

directions of these whiskers are <0001>, <1120 > and <1100>, since these three directions 

are Burgers vector directions in α-alumina and the whiskers can grow along these 

directions following a screw dislocation mechanism. Song[101] has reported that the orders 

of growth rate of α-Al2O3 various facets are {001} < {113} = {113 } < {110}. The growth 

of {001} is inhibited in this crystallographic direction relative to the rate of growth in 

other predominant direction such as {113 }. 

The tensile strength of alumina whiskers along these three directions have also been 

measured by Soltis[11]. The strength along three different directions are listed as: 10.9 GPa, 

22.3 GPa and 15.3 GPa for direction <0001>, <1120 > and < 0011 >, respectively. The 

tensile strength of the alumina whiskers is extremely high compared to its bulk phase, 
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which is only up to several hundred MPa. The current strongest commercial alumina fibre 

has a strength just reaching 3.3 GPa. The excellent mechanical properties of alumina 

whiskers indicate great potential for fabricating alumina nanofibres with extra high 

strength. 

2.2.4 Application of alumina fibres in composite 

Alumina fibres have been applied with various matrix including metal[102-103] and 

ceramics[104-105] to fabricate composite for increasing strength of these matrix materials. 

Polymers have also been used to fabricate composites with alumina fibres several decades 

ago.[106]  

However, most of the applications of alumina fibres in composite focus on electrical 

properties. Alumina nanofibres have been fabricated into composites together with matrix 

such as epoxy and polyimide to enhance thermal conductivity of insulating materials for 

electric devices due to the heat conducting network build by the nanofibres as well as the 

high thermal conductivity of alumina.[106-108] In one of the few papers using alumina as 

reinforcement, both alumina nanoparticles and nanofibres have been used to reinforce 

epoxy matrices, and Young’s modulus of the composites were confirmed as improved 

when adding reinforcement.[109] This previous work additionally highlighted the 

importance of the crystal structure of alumina, with α-Al2O3 providing the strongest 

crystal type when compared to the γ-Al2O3 phase.  

Despite of the wide application of alumina nanofibre, these applications are still limited 

by their relatively low strength. Therefore, huge potential of alumina fibres is expected if 

the alumina fibres with mechanical properties comparable to the alumina whiskers can be 

fabricated. 
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 Electrospinning 

Electrospinning is able to produce aluminium oxide nanofibres through a multi-step 

process and allows fibre diameter control. This section will give a brief introduction to 

the basic theory of electrospinning and important parameters that influence the process. 

2.3.1 Electrospinning setup and procedures 

A typical electrospinning setup consists of a syringe pump, a syringe, a needle, a high 

voltage power supply and a collector, as shown in Figure 2.15.  

 

Figure 2.15. Schematic illustration of typical electrospinning setup. 

A solution prepared from ceramic precursors, polymer and solvent first flows to a needle 

using a syringe pump, which is used to control the feed rate of the solution. The solution 

in the syringe flows through a tube which connects the syringe with a needle. The needle 

is charged by a high voltage power supply that normally applies a bias voltage ranging 

from 6 kV to 30 kV[42] between the needle and a collector material, which is normally 

conducting material such as aluminium foil. The sharp needle end provides an increase 

in the electric field and concentrates the electric charge provided by high voltage.[110] 

When the solution arrives at the tip of the needle, the solution drop at the end of the needle 

Syringe 

High Voltage 

Power Supply 

Collector 

(Aluminium foil) 

Needle 

Tube 

Fibre 

Syringe Pump 
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experiences both the repulsion due to build up surface charge and drawing towards the 

collector from the action of the electric field. The deformation of the liquid droplet at the 

end of the needle forms a characteristic geometry known as the Taylor cone, which was 

described by Taylor[111] in 1964. Increasing the applied voltage causes an increase in the 

charge built up within the liquid droplet at the needle end until, at a critical voltage, charge 

repulsion overcomes the surface tension of the solution and a jet forms and is stretched 

out from the needle to the collector.[30] Due to bending instability and quick solvent 

evaporation during this process, progressive elongated and thinning of a liquid jet with 

nanometre-scale diameters occurs, resulting in deposition of solid nanofibres on the 

collector.[112] The continuous supply of the solution and high voltage ensure the 

continuous production of large quantities of nanofibres. 

2.3.2 Parameters affecting electrospinning 

Electrospinning is a complex process and requires understanding of a number of different 

processing parameters. Many of these parameters interact with each other and affect the 

final nanofibre product including the resultant mechanical properties of the nanofibre. 

The most important processing parameters in electrospinning are discussed below.  

 Solution viscosity 

The viscosity of electrospinning solution is essential in controlling the resultant spun 

fibres. Electrospinning stretches a liquid drop at the tip of the needle by an electric field 

to form fibres. The stretching of the solution is thus dependent on the viscosity of the 

solution with low viscosity solutions tending to break up into liquid droplets whereas 

higher viscosity solutions are able to be drawn into continuous smooth fibres. However, 

a relatively high solution viscosity requires significant electric fields in order to be drawn 

towards the collector, which may not be achievable with the power supply. The viscosity 
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of the solution should therefore be within a proper range i.e. not too low or not too high, 

and is defined by the amount of polymer within the solution. The most common polymers 

used in solution for fabricating ceramic nanofibres are poly(vinyl alcohol) (PVA), 

polyvinylpyrrolidone (PVP), poly(methyl methacrylate) (PMMA) and polyacrylonitrile 

(PAN).[30] The relationship between the concentration of these polymers and the solution 

viscosity has been studied systematically.[113-118] All these studies confirmed that higher 

concentration of polymers would give rise to higher viscosity of the solution and longer 

relaxation time, which eventually yield uniform nanofibres with less beaded structures.[119] 

The molecular weight of these polymers also has an effect on the viscosity of these 

solutions. Polymers with higher molecular weight usually have longer chains, and 

increase the chance of entanglement of the chains in the solution, leading to higher 

viscosity.[42]  

 Voltage 

During the electrospinning process, high voltage is required to cause the solution drop at 

the tip of the needle to form a Taylor cone as well as generate strong electric field to 

stretch the polymeric solution to form fibres. Voltage higher than a threshold value is 

necessary to form a stable Taylor cone and is dependent on the feed rate of the solution. 

Specifically, a relatively high solution feed rate to the needle requires a correspondingly 

large applied voltage to the spinning needle whereas a low solution feed rate requires 

lower applied voltage. The greater stretching force caused by an increasing electric field 

gives reduced fibre diameters. However, if the voltage continues to increase, the 

electrospinning jet will accelerate and more volume of the solution will be drawn out 

leading to a smaller and unstable Taylor cone[120]. The strong electric field also reduces 

the flight time of the electrospinning jet, therefore less time is left for the fibres to stretch 

and elongate. When the voltage exceeds this upper limit of the working condition, 
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spontaneous electron emission will cause the breakdown of the gas phase around the 

spinning needle to give a corona discharge[113, 121]. 

Lee[122] and Yuan[123] reported that electrospun fibres were relatively straight when 

spinning from a relatively low voltage and became finer with an increased voltage. 

However, when the voltage kept increasing, fibres began to curve and the arrangement of 

the fibres was irregular due to the unstable whipping jets of the polymer solution as the 

Taylor cone receded into the needle. In this case, voltage sufficient for electrospinning 

but lower than the value that could cause spontaneous electron emission is appropriate 

for fabricating fine nanofibres.  

 Feed rate 

A suitable feed rate in electrospinning helps to provide adequate volume of solution to 

maintain a stable Taylor tone and keeps effective electrospinning. Higher feed rate 

normally gives rise to increased fibre diameters or beads sizes and a correspondingly 

higher voltage is required because more volume of solution needs to be drawn away from 

the tip of the needle.[42, 124] Wang[116] has investigated the relationship between the feed 

rate and the fibre diameters and the results showed that, when all the other parameters are 

kept at constants, the cone depth will increase with a raised feed rate, which leads to larger 

fluid jet size and larger fibre diameter. However, the effect of reducing fibre diameter 

with increased voltage contradicts the effect of increased feed rate, thus increased feed 

rate has a limited effect on raising fibre diameters. A problem with increased feed rate 

and voltage is that the solvent may not completed evaporate before the fibres deposit on 

the collector surface due to shortened flight time and increased amount of solvent, 

resulting in fibres fusing together. Therefore, lower feed rate is normally favoured to 

produce fine and dry fibres[125]. 
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 Distance between needle and collector 

The distance between the needle and the collector affects the diameter and morphology 

of fibres by directly changing the electric field strength as well as the time for the fibre 

moving from the needle to the collector. A shorter distance gives rise to stronger electric 

field and less flight time when the voltage is kept constant. The stronger stretching force 

accelerates the electrospinning jet and further shortens the flight time of the fibre, which 

may result in insufficient time for the solvent to evaporate. Conversely, the electric field 

will be too weak to form the electrospinning jet if the distance between needle and 

collector is too large, thus fibres are not formed. The typical range for the distance 

between the needle tip and the collector is 10-30 cm[126]. 

2.3.3 Aligned nanofibres fabricated with electrospinning 

According to experience from traditional textile industry, maximum effect of the fibres 

can be achieved only when uniaxial oriented fibres are used.[29] To make full use of 

electrospinning and develop potential application, efforts have been made by researchers 

to obtain aligned fibres through different techniques.  

One of the simplest way to collect aligned fibres is to use a drum[127] or disc[128-129] with 

a high rotating speed, see Figure 2.16. This method is capable to fabricate aligned 

nanofibres with a large area. However, alignment of fibres produced with this method is 

relatively poor[130], thus other new collectors such as parallel electrodes have also been 

developed. 
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Figure 2.16. Schematic illustration of rotating drum for collecting aligned fibres. 

Paralleled electrode was used by Li[131] in 2003 to collect aligned electrospun nanofibres, 

as shown in Figure 2.17. The collector is made up of two paralleled pieces of silicon 

wafers and the distance of the gap between the two wafers ranges from hundreds of 

micrometres to several centimetres. During electrospinning, the nanofibres were stretched 

by the electrostatic force and landed across the gap, forming aligned nanofibres. This 

method can produce nanofibres with a large area with very good alignment, however the 

thickness and length of the aligned fibres are limited. 

 

Figure 2.17. (A) Schematic illustration of the setup for collecting nanofibres with two strips 

of silicon wafers. (B) Schematic illustration of the electrostatic force working on nanofibres. 

(C–H) SEM images of aligned nanofibres made of (C) carbon, (D) anatase TiO2, (E) NiFe2O4, 

(F) TiO2/PVP, (G) Sb-doped SnO2, and (H) BaTiO3.[30] 

Needle 
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Yan[132] has reported using parallel collectors with different dielectric material to obtain 

different electric field profiles so as to facilitate electrospinning aligned nanofibres, see 

Figure 2.18. Their results revealed that relative permittivity of the collector play important 

roles for deposition behaviour of the electrospun nanofibres. By using this collecting 

method, the fibres can have good alignment even with relatively low voltage. 

 

Figure 2.18. (a) (b) Digital camera images of prepared nanofibre meshes using epoxy and 

ferrite as the collectors, respectively; (c) (d) Optical micrographs of (a) and (b).[132] 

Apart from the methods mentioned above, other methods such as using wire drum 

collector[133] or rotating tube collector with knife-edge electrodes below[134] have also 

been applied for fabricating aligned nanofibres. All of the methods have their advantages 

and disadvantages and different methods need to be selected or further developed for their 

special purposes.  
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 Measurement of the mechanical properties of individual 

nanofibres  

Measuring the ceramic nanofibre mechanical properties is crucial for composite design 

and other future application as well as providing information on optimized processing 

conditions. However, due to the extremely small scale of electrospun nanofibres, 

conventional testing methods are not applicable and advanced methods are required. 

Therefore, this section will briefly summarize some of the advanced methods proposed 

by previous researchers. 

2.4.1 Nano tensile testing  

Tensile testing is a fundamental method for obtaining charactering mechanical properties 

including Young’s modulus, yield strength as well as strain-hardening of the material at 

the same time. A suitable tensile test approach should follow conventional testing for 

relatively large materials i.e. tensile forces are applied to both ends of the fibre, causing 

deformation until failure. However, tensile testing of nanofibres is the most challenging 

mechanical method currently compared with other methods since the test requires direct 

application of force, ideally to an individual fibre with a diameter of the order of 100 nm, 

and manipulation of these extreme small fibres are required.[135] Through years of 

development, various methods for nanoscale tensile test have been studied by a lot of 

previous researchers.[136] The tensile test can be carried out with a nano tensile tester[137-

138] or atomic force microscopy (AFM)  cantilevers[136].  

Commercial nano tensile tester (Nano Bionix System, MTS, USA) has been used to test 

tensile strength of electrospun polycaprolactone nanofibre with diameters of 1.4±0.3 

μm.[137] As shown in Figure 2.19, fibres were electrospun on a plastic frame before testing. 
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After the frame is mounted in the tester, the frame was cut along the discontinuous lines 

before stretching the fibre. This nano tensile tester is able to conduct the tensile test of 

continuous fibres of a few millimetres to several centimetres in length. However, if the 

diameter of the fibre is too small to be observed optically, higher resolution imaging is 

then required to identify the number and dimensions of the fibres being tested.  

 

(a)                                            (b)  

Figure 2.19.  Schematic showing electrospun fibres on a plastic frame used for nano tensile 

tester (a) before and (b) after cutting the frame. 

An AFM cantilever has shown improvements over the nano tensile tester by incorporation 

into an SEM to help observe the fibre.[139] Ever since the method has been applied by 

Yu[140] to test tensile strength of carbon nanotubes (see Figure 2.20), similar systems has 

been developed widely used for tensile testing of many nanofibres made from different 

materials. The basic principle for this system is simple. The fibre is normally fixed 

between two AFM probes or between one AFM probe and another stable object. Then 

the tensile testing is performed by withdrawing the AFM probe until the fibre breaks. The 

applied force can be calculated after measuring the spring constant of the cantilever and 

deflection of the AFM cantilever as observed in SEM. If stress-strain curve is required, a 

calibration with cantilever fixed directly on the stable object is required and the bending 

of the cantilever need be recorded with an optical fibre, as explained by Fei[141]. Tensile 

strength of polyethylene oxide nanofibres[136], nylon-6,6 nanofibres[142], multiwalled 
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nanotube/poly(methyl methacrylate) composite nanofibres[143] and even mineralized 

collagen fibrils from bone tissue[144] have all been tested with this system.  

 

Figure 2.20. Scanning electron microscope images of individual MWCNT mounted between 

two opposing AFM probes.[140] 

However, despite of the improved accuracy, operation of this method is still challenging 

and not all fibres are capable for this measurement due to the operation under vacuum 

and electron beam. Equipment much easier to operate is expected with development of 

these new technologies in the future. 

2.4.2 Three-point bending test 

Three-point bending testing is commonly performed to measure the flexural strength and 

Young’s modulus of different materials. For a bending test at the nanoscale, precise force 

resolution down to the pico-Newton range is required, and this requirement makes AFM 
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an appropriate tool. The first attempt to use AFM to determine the mechanical properties 

of individual nanotubes was conducted in the late 1990s[145]. Generally, a bending test is 

performed by first placing a fibre on a substrate with holes or grooves, as shown in Figure 

2.21. The location of the fibre is then acquired by using AFM topography imaging. The 

AFM probe then moves towards the middle of the fibre and applies a force to the fibre 

until the displacement reaches a set value. The attractive and repulsive force as well as 

the displacement of the AFM cantilever as the probe applied force to the fibre will be 

recorded by the system during the whole process.  

 

Figure 2.21. Schematic showing of a nanofibre bending test using an AFM probe. 

According to beam bending theory, the Young’s modulus of a clamped fibre can be 

calculated according to the following formula:  

3

192

FL
E

I
                                                          (2-12) 

Where E represents the sample’s elastic modulus; F represents the applied force; L 

represents the suspended length of the fibre; δ represents the deflection of the fibre; I 

represents the second moment area of the beam ( 4π 64I D   for a filled cylinder, D 

is the cylinder diameter).[135] Thus, the elastic modulus of an individual electrospun fibre 

can be calculated from recording the force required to bend the fibre using AFM.  

Almecija[146] has used similar method to measure the tensile properties of single 

nanofibres by suspending electrospun nanofibres over the notches on silicon substrates 

prepared previously. A theoretical model was applied to calculate the tensile strength and 
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Young’s modulus of the fibres. However, it’s not a direct measurement of tensile strength 

thus a certain degree of deviation from the actual value is expected. Young’s modulus of 

electrospun titania nanofibres have been measured by Lee[43] with three-point bending 

test and the results clearly revealed the relationship between the nanofibre diameters and 

the mechanical properties. 

The guarantee that no indentation happened during this experiment is very important, 

therefore this method is more suitable for measurement of hard materials such as ceramic 

fibres rather than soft materials such as polymer nanofibres. 

2.4.3 Nanoindentation 

Nanoindentation is another way to test the elastic modulus and hardness of a nanoscale 

material.[147] This testing involves pushing an indenter probe into a sample and measuring 

the load and displacement of the probe in order to determine mechanical properties of the 

sample. Both elastic and elastic-plastic properties can be obtained through this method.  

Nanoindentation of nanofibres are normally performed with AFM as nanoindenter, 

despite of the primary purpose of AFM in surface image scanning.[148-149] During the 

experiment, the sharp probe of AFM is pressed into the sample surface and the force-

displacement curve during the process is recorded, as shown in Figure 2.22. Young’s 

modulus of the sample can then be calculated according to indentation models built by 

Hertz[150] or other researchers. However, if models such as Hertz’s theory are used, the 

curved surface of nanofibres should also be taken into account, since the Hertz’s theory 

assumes that the indented sample is flat. The surface of the fibre can be considered as flat 

only if the fibre diameter is much bigger than the indenting AFM probe radius of 

curvature.[151]  
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Figure 2.22. Method of obtaining contact stiffness from the load–displacement curve.[152] 

Nanoindentation has been applied to measure mechanical properties of many fibre-like 

structures such as platelet graphite nanofibres[153], magnetic nanofibres with iron oxide 

nanoparticles and poly(ethylene terephthalate)[154],  electrospun silk fibres[155] and ZnO 

nanowires[156]. Measurement of fibre Young’s modulus with AFM nanoindentation has 

only been reported in a few papers, since the curved fibres surface makes it very difficult 

to perform the testing. Nevertheless, the results in these papers agree well with their bulk 

phase or other works. 

2.4.4 Oscillation methods 

A number of other methods have been used to measure the mechanical properties of 

nanofibres due to their oscillation as an alternative to nanoindentation, bending and 

tensile testing mentioned above.  

Yuya[157] used two AFM cantilevers to test the Young’s modulus of single nanofibres 

suspended between two AFM cantilevers (see Figure 2.23). Young’s modulus of the fibre 

was obtained by measuring the natural resonant frequencies of this cantilever-nanofibre 

system by AFM, which was related to the Young’s modulus of the nanofibre bridging 

between the AFM cantilevers. 
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Figure 2.23. (a) Schematic image and (b) SEM image showing nanofibres attached to two 

similar AFM cantilever probes.[157]  

Transmission electron microscopy (TEM) has also been used by Treacy[158] to determine 

Young’s modulus of isolated carbon nanotubes by measuring the amplitude of their 

intrinsic thermal vibrations. This method confirmed the high modulus of these nanotubes. 

This method is limited due to the requirement of special setup in the vacuum chamber of 

TEM. 

These different techniques have helped researchers learn the intrinsic mechanical 

properties of different materials and contribute for further composite fabrication. 

However, limitations of these methods in manipulating the fibres still exist nowadays and 

the development remains to be explored in new systems for observing the sample under 

test and manipulating the fibres easily.  

 Interface improvement between ceramic and polymers 

Generally, methods used to modify the surface properties of materials can be divided into 

four categories, including: mechanical, combustion, chemical and plasma techniques.[159] 

However, mechanical methods are not applicable here due to the extreme small scale of 

the fibres. Thermal methods are also not suitable here since ceramics are normally 
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thermally stable. Thus, this section will focus on the latter two techniques, and give a 

brief introduction on surface modification with coupling agents and plasma treatment. 

2.5.1 Coupling agents 

In inorganic materials reinforced polymer composites, bonding between the matrix and 

the reinforcement has always been a problem due to the different chemical compatibility 

between organic and inorganic materials. As mentioned in section 2.1.2.3, coupling 

agents can significantly enhance the interfacial bonding, thus play important role in 

deciding mechanical properties of the final composite materials. In this section, several 

coupling agents commonly used to improve the ceramic/polymer interface will be 

concisely introduced. 

 Silane  

Silane is one of the most frequently used coupling agent for forming strong bonding 

between organic and inorganic materials. For addition of silane to organic materials, 

silane help to improve wettability and miscibility between organic and inorganic 

materials. It can also form chemical or hydrogen bonding with organic materials, thus 

help improve the mechanical properties. The typical structure of silane normally contains 

two different function groups connected by Si, as shown in Figure 2.24. In the formula, 

the functional group R represents a nonhydrolyzable organic group, which can be adjusted 

to adapt different requirements. While OR’ represents a hydrolysable group such as: 

alkoxy or acyloxy, and sometimes halogen and amine are also used.  
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Figure 2.24. Several commonly used silanes.  

The procedure of grafting silane to inorganic materials is illustrated in Figure 2.25. After 

hydrolysis and generating highly reactive silanols with the presence of water, the coupling 

agent forms a weak hydrogen bonding with the surface of the inorganic material. Then 

the following condensation process leads to a much stronger and more stable chemical 

bonding by removing the water. Besides of silica, the strong siloxane linkages can also 

be formed stably on the surface of oxides such as: Al2O3, ZrO2, TiO2 and NiO. However, 

the bonding with other oxides such as: B2O3 and Fe3O4 would be much weaker. 

  

Figure 2.25. Functional mechanism of silane coupling agent on inorganic substrate. 

Many previous researchers have successfully used silane coupling agent to improve the 

properties of polymer/ceramic composites. γ-Aminopropyltriethoxy silane was used by 

Dang[160] to improve the compatibility between barium titanate (BaTiO3) and 

polyvinylidene fluoride (PVDF). 3-Trimethoxysiylpropylmethacrylate (MPS) has been 

used to increase the bonding between hydroxyapatite and polyethylene.[161] Apart from 
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the positive results, there are also some negative results. Eight different functional 

trialkoxy silane coupling agents have been selected to study their effects on improving 

the interface between polypropylene and calcium carbonate (CaCO3).
[162] Among all 

these silane coupling agents, only the amino functional silanes have improved the 

composite strength, while the others are reported to reduce the fibre surface tension, and 

decrease the composite strength. 

 Titanate 

Titanate is a kind of titanium-derived coupling agent that can react with inorganic surface 

to produce organic compatible interface or reactive organic monomolecular layers 

depending on requirement. The typical procedure of titanate reacting with chemical 

structure of titanate can be expressed as: (Y-R-X-O)3-Ti-OR’.[163] The group OR’ is 

hydrolyzable and can react with inorganic surface to form strong chemical bonding. 

While the functional group on the other side of Ti could be divided into three parts as 

indicated above. The X could be alkylate, carboxyl, sulfonyl, phenolic, phosphate, 

pyrophosphate or phosphite groups. The R is normally a long carbon chain that helps 

improve the compatibility of the inorganic materials with the organic part. The Y is an 

optional part, which could either be an amino, methacrylic or acrylic group according to 

different needs. 

Maiti[164] has used titanate as a coupling agent to improve the mechanical properties of 

MgSiO3 particles reinforced isotactic polypropylene composites. The introduction of the 

coupling agent has successfully enhanced the interface interaction between the particles 

and matrix. The dispersion of the particles in matrix has been improved as well, leading 

to an increase of Young’s modulus of the final composite. Similar effects were witnessed 

in potassium titanate whisker reinforced polypropylene composite after surface 
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modification of the whiskers through tetrabutyl orthotitanate.[165] With the presence of the 

coupling agent, not only the dispersion, but also the mechanical properties have been 

enhanced, indicating improved interface between the matrix and whiskers. 

 Carboxylic acid 

Carboxylic acid (-COOH) has used in some ceramic-polymer composites for coupling 

agent due to the reactive carboxyl group. Khaled[166] has used methacrylic acid to increase 

the bonding between PMMA and TiO2. During the experiment, the acid firstly forms a 

Ti-carboxylic coordination bond with the TiO2 nanofibres. Then the double bond in the 

acid would react with methyl methacrylate (MMA) monomer, forming n-TiO2-PMMA 

nanocomposite. The coupling agent help increase the fibres distribution in the matrix and 

Young’s modulus of the composite was improved. Sonoda[167] has compared the 

efficiencies of different carboxylic acids serving as coupling agents in barium strontium 

titanate–polymer composites and concluded that aliphatic carboxylic acid with longer 

carbon chain can give better dispersion of the ceramic particles in the polymer matrix and 

lead to better relative permittivity of the composite as well. 

 Other coupling agents 

Besides of the coupling agents mentioned above, there’re still some other materials that 

have been used by researchers to modify the surface properties of ceramic materials. 

Fe3O4 particles have been modified with aryl diazonium salt 2-hydroxyethylphenyl-

diazonium tetrafluoroborate (BF4, N2-C6H4-(CH2)2-OH) and the particles can dissolve in 

water after reaction.[168] In some other cases, more than one coupling agents will be used 

to achieve better results. Kamal[169] has used both carboxylic acid following titanate or 

silane as coupling agents to improve the properties of calcium carbonate nanoparticle 

filled polypropylene.  
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In summary, suitable treatment of reinforcement in composites can enhance the 

reinforcement distribution in matrices and strengthen the interfacial bonding between the 

target materials, resulting in composites with remarkably improved mechanical properties. 

The choosing of the coupling agents should consider the properties of both the matrix and 

the reinforcement to achieve the best result. 

2.5.2 Plasma treatment 

Ever since 1960s, plasma treatment has been used to improve the fibre surface properties 

in wide areas such as textiles, plastics, metallurgy and electronics industries.[179] Plasma 

treatment is mainly used on fibres, particles or whiskers reinforced composites to modify 

the physical or chemical surface properties of the reinforcement to improve the bonding 

between the matrix and the reinforcement without changing their bulk properties. 

Though there are several different kinds of plasma treatment according to applied 

temperature or electrical supplement, the plasma treatment technique used to modify fibre 

surfaces is normally cold plasma treatment, which is usually performed in a vacuum 

chamber charged with a small amount particular gases flow (such as argon, or oxygen) 

before treatment.[180-181] Then electric power is applied to generate ionized or excited 

molecules and radicals to react with the surface of the present materials.[182] Plasma 

treatment could have both physical and chemical influence on the fibre/matrix. As for the 

physical aspect, the sputtering effect could increase the roughness of the fibre surface[183], 

leading to increase in the contact area and the friction between the fibres and the matrix; 

while for the chemical aspect, the grafted active polar groups could reduce the surface 

energy and improve the bonding.  
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Derand[184] has significantly increased the bonding strength between the dental resin agent 

and zirconia ceramic through plasma spraying treatment with hexamethyldisiloxane. 

Oxygen plasma treatment[185] was used on multiwall carbon nanotubes reinforced epoxy 

composites and the dispersion of the nanotubes in the matrix has been improved, leading 

to better mechanical properties. These applications of plasma treatment in composite 

fabrication demonstrate this method to be an effective tool for improving mechanical 

properties of many composite materials. 

 Transcrystallization in fibre reinforced thermoplastic 

composites 

The matrices in fibre reinforced thermoplastic composites are commonly found to 

crystallize around the fibres under certain conditions. Due to the unique morphology of 

polymer growing in the direction perpendicularly to the fibre surface (see Figure 2.26), 

this phenomenon is then named as transcrystallinity. In this section, fundamentals about 

transcrystallinity, including the formation mechanism and its influence on composite 

mechanical properties, as well as the investigation of polycarbonate crystallization, will 

be briefly reviewed. 
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Figure 2.26. Optical image of transcrystalline interfaces of polypropylene surrounding the 

carbon nanotube fibres isothermally crystallized at 125 ºC.[186]  

2.6.1 Growth mechanism of transcrystallinity 

Transcrystallinity has been reported in systems with various polymer such as: 

polypropylene[187], polyethylene, poly (phenylene sulfide), polycarbonate, and different 

fibres such as: carbon fibres, aramid fibres, polytetrafluoroethylene (PTFE) fibres[187], 

alumina fibres[188] and glass fibres[189]. The formation of transcrystallinity is a 

complicated process that can be affected by a lot of different parameters related to the 

materials, including: the strength, modulus, surface energy, surface roughness, as well as 

the parameters related to the processing, such as: cooling rate, crystalline temperature and 

stress.[6, 17, 190]  

However, opinion varies regarding to the exact cause for transcrystallinity growth. The 

epitaxial effect was reported as the primary mechanism for transcrystallinity formed in 

aramid fibre reinforced composites with polymer matrices such as poly(etherketone-

ketone), poly(etherether-ketone), or poly(phenylenesulfide); while the thermal 

conductivity mismatch was reported as the possible reason for transcrystallinity formation 

in the composite having the same matrix but reinforcement with polyacrylonitrile-based 
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carbon or E-glass fibres.[21] Thomson[190] believed that the differences between the 

thermal expansion coefficients of the fibre and the matrix during solidification of the 

matrix from melting status could cause stress, which induced nucleation leading to 

transcrystallization regardless of the type of fibres and annealing temperature were used. 

Apart from the above possible reasons, stretching has also been reported as the cause of 

transcrystallinity phenomenon in polypropylene composite fibre reinforced with SiO2–

MgO–CaO whiskers.[191] 

Despite of various materials and processing conditions, heterogeneous nucleation of the 

polymer on the fibres surface is mainly accepted as the mechanism for initiation of 

spherulites.[192-193] The growth of the spherulites is blocked by the closely packed nuclei 

and forced to the direction perpendicularly to the fibre surface, leading to formation of 

transcrystallinity.[194] The nucleation in transcrystallinity is not only responsible for the 

primary nucleation of the polymer, but also the subsequent crystal growth. Therefore, the 

secondary nucleation of the polymer crystals is responsible for further crystal growth after 

primary nucleation.[190] Heterogeneous nucleation in transcrystallinity is much faster than 

homogeneous nucleation in pure polymers, thus the induction time of crystallinity in 

transcrystallinity has been notably reduced and the morphology between the fibres and 

matrix also has significant difference[195].  

2.6.2 Effects of transcrystallization on composite properties 

The interfacial layer between the fibre and the matrix plays fundamental role in fibre 

reinforced polymers.[188] The dramatic change in the microstructures of the interface 

between fibre and matrix caused by transcrystallinity could have significant impact on 

the composite mechanical properties.[190]  
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Most researchers have concluded a positive effect of the transcrystalline layer on 

composite mechanical properties. Wang[187] has reported that the transcrystalline layer 

between the fibre and the matrix helped to improve the frictional stresses, and the stress 

increased with the growth of the layer thickness. In carbon nanotube reinforced 

polypropylene composite[186], the strength and Young’s modulus of the transcrystallized 

polypropylene have been reported to increase significantly compared to the amorphous 

phase, and even the elongation to break has also been increased. Chen[21] has examined 

the influence of transcrystallinity on interfacial bonding between fibre and matrix for 

various polymer/fibre systems including three different polymer resins as well as four 

different types of fibres. This study shows that transcrystallinity has a positive effect on 

fibre-matrix interfacial bond strength, though the effect became less obvious as the fibre 

content increased. 

Conversely, other studies have reported a negative effect of transcrystallinity on fibre 

reinforced composite.[17] The fibre pull-out experiment of polypropylene/flax composites 

showed a negative effect of the transcrystalline layer for the fibre and matrix interface[23], 

though Zafeiropoulos[196] has reported a contradicting positive effect of the transcrysta-

lline layer. The reason for the inconsistency in these two works may be caused by the 

different testing methods and the effect of various defects in the matrix.  

Hence, different systems and conditions may cause different consequence for the effect 

of transcrystallinity in composite. Further investigation into the effect of transcrystallinity 

on the mechanical properties of different composite systems is still necessary. 
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2.6.3 Crystallization of polycarbonate  

Polycarbonate is a commonly used matrix in industry due to its lightweight and excellent 

resistance to environmental conditions such as heat, and sunlight. The phenyl groups in 

polycarbonate on the main chain and the methyl side not only reduce the mobility of 

individual molecules, leading to relatively high viscosity, but also increase the molecular 

stiffness, which inhibits crystallization of polycarbonate. Thus, polycarbonate presents an 

extremely slow crystallization rate with a crystallization half-time of 12 days at 

190 °C[197], therefore is normally regarded as amorphous polymer. Due to the dramatic 

difference between properties of amorphous phase and crystallized phase, researchers has 

tried to investigate the mechanism and influence of polycarbonate crystallinity for further 

application of polycarbonate in future. 

 Crystallization behaviour of polycarbonate 

The crystallization behaviour of pure polycarbonate has been investigated by 

Alizadeh[198]. Differential scanning calorimetry (DSC) revealed that after the pure 

polycarbonate has been annealed under the 185 ºC after 40-50 h, two endothermic peaks 

gradually appeared (see Figure 2.27). The stronger peaks around 228 ºC are independent 

of annealing time and linked to the primary crystals, while the weaker peaks which are 

related to secondary crystallization shift slightly to higher temperature with increased 

annealing time.[199] After annealing for 680 h, the increase rate of heat of fusion becomes 

very slow and the degree of crystallization is close to a limitation of around 22-28% 

depending on the polymer molecular weight.  
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Figure 2.27. Heating traces of polycarbonate crystallized at 185 ºC for times ranging from 

54 to 680 h (heating rate = 10 ºC·min-1). Inset shows the corresponding development of the 

total heat of fusion.[198] 

Only a few reports about accelerated crystallization speed of polycarbonate in 

polycarbonate matrix composite despite transcrystallinity being a common phenomenon 

in fibre reinforced semi-crystalline polymer composites.[200-201] Takahashi[200] has 

reported that the crystallization rate of polycarbonate has been found significantly 

increased by adding vapour-grown carbon fibres (VGCF) and heat of fusion for the 

composite became saturated around 27 J·g-1 (see Figure 2.28). Interestingly, carbon fibre 

can increase the crystallization of polycarbonate whereas carbon nanotubes are reported 

as having no effect for inducing polycarbonate crystallization[202]. The crystallization 

speed of polycarbonate can also be enhanced by other materials such as: graphite[203] and 

plasticizer tricresyl phosphate[204]. Surfactant such as alkali metal salts of organic acids, 

including carboxylic acids, have been reported with the ability to induce nucleating of 

bisphenol-A polycarbonate as well[205] but have not been applied to  ceramic fibres yet. 
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Figure 2.28. (a) The first heating DSC (lower direction is endothermic) curves at the heating 

rate of 10 ºC/min; (b) WAXD traces for annealed PC/VGCFTM (95:5 wt. ratio) composite at 

160, 180, 200, 220 and 240 ºC for 2h, respectively. [200] 

 Mechanical properties of crystallized polycarbonate 

The mechanical properties of crystallized polycarbonate have been investigated by 

previous researchers for future composite design and application. Both experimental and 

theoretical efforts have been conducted to give a more reliable result.  

Polycarbonate reinforced with carbon fibres annealed at 190 °C for 3 h is reported to 

exhibit better Young’s modulus, lower linear expansivity and greatly reduced breaking 

strain than composite before annealing, though there’s no big difference between XRD 

structure analysis for both samples.[206] Brady has reported improved mechanical 

properties for carbon fibre reinforced polycarbonate composite with the presence of 

matrix crystallinity.[201] However, better adsorption is believed to be the primary reason 

for the improved mechanical properties rather than the interfacial crystallization, since 

the temperature used for annealing in this study is relatively high, which may not help to 

promote polycarbonate crystallization. Tensile strength of crystallized PC induced by 

acetone has been measured to reach 187.4 MPa by Kobayashi[207]. Scanning probe 
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microscopy was used by Harron[208] to investigate the crystallization of PC induced by 

butyl acetate vapour and explore the relationship between the growth of an individual 

spherulite and time. The size of the spherulite grows with time but then after around 30 

min, the growth rate decreased quickly due to the impingement of neighbouring 

spherulites. Contrary to previous research, Harron mentioned in this work that the 

existence of crystals caused considerable strength loss of PC film. Therefore, further 

study is necessary for figuring out the exact effects of transcrystallization on 

polycarbonate composites reinforced with fibres. 

Theoretical estimation of Young’s modulus of polycarbonate has also been conducted by 

several researchers. Conix[204] has calculated the Young’s modulus of crystallized 

polycarbonate following Dulmage’s theory[209], and the value is between 9.8 GPa to 19.6 

GPa. Robertson[210] has predicted that the Young's modulus for crystallized polycarbonate 

for stretching the chain is 54 GPa and for separating a bundle of parallel chains is 1.76 

GPa. Though Ward[211] argued that the theory is extremely inaccurate. 

Though great efforts have been made to study the polycarbonate crystallinity behaviour, 

currently no consistent conclusion of the influence of crystallinity on the polycarbonate 

mechanical properties. For a better understanding of the polycarbonate properties and 

application in future work, more in-depth study is required. 

 Summary 

This chapter has reviewed the background fundamentals related to fabrication and 

characterization methods of alumina nanofibres as well as fibre reinforced polymer 

composites. 
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To fabricate strong ceramic reinforced polymer composite, the determining parameters 

for composite mechanical properties have been reviewed and strong reinforcement is 

summarized as the most important one. Alumina is a cheap material with high theoretical 

strength but relatively poor practical mechanical properties due to the presence of defects. 

Previous researchers have proved that mechanical properties could be improved 

significantly by reducing the material dimensions. Therefore, electrospinning technique 

could be an effective method to fabricate alumina nanofibres with enhanced properties. 

The parameters to control the as-spun fibre morphologies as well as the crystal structures 

of the calcined fibres were then reviewed for preparing alumina nanofibres with desired 

morphologies. Measurement of mechanical properties of individual nanofibre is very 

challenging due to their extremely small dimensions, thus several advanced techniques to 

manipulate and test these small fibres are briefly explained. Apart from the reinforcement, 

the fibre/matrix interface is another parameter that affect the composite greatly. The poor 

chemical compatibility between organic and inorganic materials could decrease the 

reinforcement efficiency. Hence, different surface modification methods to improve the 

interfacial bonding between ceramics and polymers are summarized for later selection of 

proper surfactant to improve the stress transfer from the matrix to the reinforcement. The 

reinforcement induced matrix transcrystallinity has also been reviewed since it could 

affect both the interfacial bonding as well as the matrix itself. The formation mechanism 

and the effect of the transcrystalline layer have been summarized for further investigation 

of the optimal condition for fabricating strong composite. 
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3 Methodology 

This chapter will summarize the fundamental methods used to fabricate and characterize 

the alumina nanofibres and the fibre reinforced polycarbonate composites. The 

fabrication methods include producing alumina nanofibres through electrospinning and 

solution casting of alumina nanofibre reinforced composites with polycarbonate matrix, 

while the characterization methods include a series of standard methods related to 

observation of crystal structures and morphologies, as well as measurement of mechanical 

and other related properties. 

 Fabrication of alumina nanofibres and polycarbonate 

composites reinforced with alumina nanofibres 

3.1.1 Materials 

Polyacrylonitrile (PAN, average Mw 150,000), aluminium 2,4-pentanedionate (AP, 99%), 

N,N-dimethylformamide (DMF, anhydrous, 99.8%), chloroform (anhydrous, ≥99%), 3-

methacryloxypropyltrimethoxysilane (MPS, ≥98%), and heptane (anhydrous, ≥99%) 

were purchased from Sigma Aldrich, UK. Polycarbonate (PC, Lexan® 161R) was 

purchased from SABIC, Saudi Arabia. All above materials were used as starting materials 

without any further purification.  
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3.1.2 Fabrication of alumina nanofibres 

Electrospinning is a commonly used method to fabricate ceramic nanofibres due to the 

practical operation and easy controlling over the fibre properties. Here the alumina 

nanofibre fabrication follows a typical electrospinning methods with polymer, alumina 

precursor and solvent as starting materials. PAN was used as the polymer to increase the 

solution viscosity, AP was the alumina precursor to provide the source of aluminium ions, 

while DMF was the solvent. By adjusting the concentration of PAN and AP in the DMF 

solution, the fibre morphology can be manipulated easily.  

The main procedure for fabricating alumina nanofibres were performed by the following 

three steps: 

1. Preparation of polymer/alumina precursor solution: PAN/DMF solutions were firstly 

prepared by mixing PAN, DMF and a magnetic stir bar in a sealed bottle. The mixture 

was stirred for 4 h at 50 ºC until all solid was dissolved. The solution was then stirred 

for another 10 min at room temperature after AP was added into the solution to obtain 

the PAN/AP/DMF solution for electrospinning. The colour of the final solution was 

light yellow. 

2. Electrospinning of polymer/ alumina precursor nanofibres: A 5 ml plastic syringe 

filled with PAN/AP/DMF solution was connected to a 21-gauge needle through a 

PTFE tube (PTFE syringe tubing gauge 20, Sigma Aldrich, UK). A syringe pump 

(PHD 2000 Infusion, Harvard Apparatus, UK) was applied to control the feed rate. 

Aluminium foil was placed under the needle with the collector distance kept at 15 

cm below the end of the needle. A DC power supply (Glassman PS/FC30P04.0-22, 

Glassman High Voltage Inc, USA), which provided a voltage up to 30 kV, was used 
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to generate steady DC voltage between the needle and the foil. After reaching a 

certain thickness, the PAN/AP nanofibre mat was peeled from the collector for 

further calcination. 

3. Calcination: The obtained films made of PAN/AP nanofibres were placed in an 

alumina crucible and calcinated in a box furnace (BRF15/5, Elite Thermal Systems 

Limited, UK) at 1200 °C for various times with a heating rate of 5 °C·min-1. Samples 

were collected for further characterization after the furnace cooled to room 

temperature. The calcinated samples present a white film morphology made of 

nanofibres.  

During electrospinning, various collecting methods could be used depending on the 

requirements for fibre arrangement. Details about collecting randomly oriented and 

aligned nanofibres are explained in section 4.2.1 and section 6.2.2, respectively. Sparsely 

distributed fibres were collected by two paralleled wood pieces, as explained in section 

5.2.1. 

3.1.3 Fabrication of polycarbonate composite reinforced with alumina 

nanofibres with solution casting method 

Most of the methods used to fabricate fibre reinforced composites in industry involve 

impregnating fibres with a polymer matrix.[212] The thermosetting polymer matrices 

normally have low viscosity, thus allowing flow and ease of infiltration into the fibres to 

form composites after curing. While the thermoplastic polymers are usually dissolved in 

solvent to form solution or melt if no suitable solvent is available, solution casting 

methods have been frequently used to fabricate composites reinforced with fibres due to 

their simplicity and flexibility.[213] Polycarbonate is a thermoplastic polymer with a 
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relatively high melting point and high viscosity after melting. Hence, a solution casting 

approach was used to fabricate polycarbonate matrix composite reinforced with alumina 

nanofibres.  

As shown in Figure 3.1, the solution casting method generally involves these steps: 

dissolving polymer matrix in a suitable solvent with adequate concentration; place the 

fibres into the solution; dry the mixture to remove the solvent; apply thermal treatment 

with or without pressure on the film to remove stress as well as form the desired shapes. 

The solvent used in this method could be alcohol, water, or any organic solvent that has 

a relatively high volatility and no effect on the fibres.  

 

Figure 3.1. Process of solution casting to fabricate polymer matrix composite. 

Here in this work, both randomly oriented nanofibres and aligned fibres were used to 

reinforce polycarbonate matrix and the solution casting methods are slightly different 

depending on the fibre alignment. For fabricating composite reinforced with randomly 

oriented alumina nanofibres, the fibres were firstly broken and dispersed in the solution 

of polycarbonate in chloroform, followed by stirring of the polymer/fibre solution to 

uniformly dispersed nanofibres. Continuous aligned nanofibres were immersed into the 
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polycarbonate solution overnight to allow the polymer solution to cover the porous 

structure of the fibre mat. After removing all the solvent and dried completely in vacuum 

oven at 80 ºC overnight, both composites were hot pressed with a Laboratory Platen 

Presses (Type P 300 E, Dr. Collin GmbH, Germany) to remove voids and form a compact 

composite shape. 

 Imaging methods 

Electron microscopy is used here to image the resultant materials produced. Due to the 

limitation of the wavelength of the light, traditional optical microscopy has a maximum 

resolution of around 200 nm. While the wavelength of electrons beam is much smaller, 

leading to a resolution for electron microscopy reaching 0.1nm. This section will give a 

brief summary of the advanced imaging techniques used in this work. 

3.2.1 Scanning electron microscopy imaging 

Scanning electron microscopy (SEM) has become an important research tool ever since 

its development in early 1950’s.[214] Compared with traditional optical microscope, SEM 

uses electrons instead of light to capture images, thus it can provide much higher 

resolution owing to the shorter wavelength of the electrons than that of the visible light.  

The functional elements of a typical SEM are illustrated in Figure 3.2. All SEM contain 

these basic parts: electron gun, anode, magnetic lenses and detector. During SEM 

scanning, the electron gun firstly produces a beam of electrons on the top of vacuumed 

chamber in the microscope. Then the electron beam will be accelerated by the anode and 

passes through the electromagnetic fields and lenses, which help to focus the beam down 

towards the sample. After the beam hits the surface of the sample, a detector will collect 
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the backscattered and secondary electrons ejected from the sample and convert the 

information to the final image. X-rays can also be produced when the beam hits the 

sample atoms and provides elemental information. 

 

Figure 3.2. Schematic representation of a typical scanning electron microscope setup. 

One parameter that is critical in SEM imaging operation is the accelerating voltage 

applied to the electrons.[215] Generally, higher accelerating voltage will produce images 

with better resolutions. However, too high voltage may also cause possible damage at the 

specimen surface, reduction in structural details in secondary electron mode, or a charging 

effect. Therefore, suitable accelerating voltage needs to be selected carefully for optimal 

imaging.  

Coating the sample’s surface prior to SEM imaging with a thin layer of conductive 

materials such as palladium (Pt) or Gold (Au) is usually necessary for samples with poor 

conductivity to avoid charging effect[216-217] and improve the image quality. The coating 

layer could also help reduce thermal damage and enhance the secondary electron signal. 

Carbon coating are sometimes used as an alternative to metals for X-ray microanalysis in 

SEM. The carbon layer is usually deposited on the sample through thermal evaporation 
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after the carbon source is heated to its evaporation temperature and typically is less 

invasive when collecting spectroscopic information.[218]  

In this work, a typical SEM (FEI Inspect F, UK) was used. A thin layer of gold was coated 

on each sample by sputter coating (Automatic sputter coater, Agar Scientific, USA) 

before observing in SEM to avoid charging effect. The accelerating voltage applied on 

the electrons used here was kept at 10 kV and the working distance was maintained at 10 

mm for all samples. 

3.2.2 Transmission electron microscopy imaging 

Transmission electron microscopy (TEM) is another commonly used imaging method to 

observe materials at the micro or nano scale. Both TEM and SEM use a beam of 

accelerated electrons as a source of illumination. However, TEM provides images with 

even higher resolution and higher magnification than SEM, and TEM can also give 

detailed structure information, including crystal structures and specimen orientations 

through diffraction pattern analysis. 

Despite the fundamental development in electronic circuitry of TEM through all these 

years, the basic elements of TEM has not changed that much comparing with the earliest 

generation with current modern machines. Generally, TEM normally contains five main 

sections regardless of the model and producer (from top to bottom, see Figure 3.3): the 

electron gun, the illumination system, the objective lens, the magnification and projection 

system and the detector.[219] After the electron gun ejects a beam of electrons, the 

illumination system will transfer the electrons to the sample, forming either a broad beam 

or focused beam.[220] All the lenses below the specimen serve to get the image of the 

specimen with higher magnification. The objective lenses are the most important part in 
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TEM, as it produces the first intermediate image and determines the quality of the final 

images. The intermediate lens and projector lens compose the imaging system. By 

changing the magnetic strength, the magnification of the final image can be adjusted 

ranging from hundreds to several hundred thousands of times. The detector usually refers 

to the viewing screen and the photographic camera. Further items include the cooling 

system, the vacuum system, the high voltage system as well as radiation shields. 

 

Figure 3.3. Schematic of a typical TEM setup. 

The TEM equipment used in this work is JEOL JEM-2010 (Japan). The sample 

dimensions need to be relatively small to allow transmission of electrons. For observation 

of individual fibres in the TEM system, fibre mats after calcination were ground into 

small pieces and suspended in ethanol before pipetting onto a carbon-coated copper grid 

(Agar Scientific, UK). The sample then was ready for the observation after the ethanol 

evaporated completely and only fibres remained on the grid. 

Electron gun 

First Condenser Lens 

Second Condenser Lens 

Condenser Aperture 

Sample 

Objective Lens 

Objective Aperture 

Select Area Aperture 

First Intermediate Lens 

Second Intermediate Lens 

Projector Lens 

Screen 

Illumination 

System 



Chapter 3 Methodology 

68 

 

3.2.3 Atomic force microscopy imaging 

Unlike SEM and TEM, atomic force microscopy (AFM) uses a physical probe instead of 

electrons to scan the sample surface. This method allows AFM to operate in ambient or 

liquid instead of the vacuum environment of electron microscopy.  

  

Figure 3.4. Schematic illustration of the atomic force microscope setup. 

As illustrated in Figure 3.4, during the scanning, the AFM probe attached to the cantilever 

moves over the sample surface and the cantilever bends due to the atomic force between 

the sample and the probe. A laser is used together with a position sensitive photodetector 

to monitor the deflection of the cantilever. The movement of the sample stage is recorded 

by the feedback control system and the surface topographic image is then generated 

through the recording of the photodetector. Depending on the sharpness of the probe, the 

image scanned with AFM has a resolution between 1-20 nm. 

Contact mode and tapping (semi-contact) mode are two commonly used mode while 

scanning with AFM. These two modes differ in terms of how the probe interactions with 

the sample surface. During contact mode, the probe remains in discrete contact with the 

surface and the force between the probe and the sample is set and controlled by the 
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piezoelectric scanner. This ‘hard’ contact between probe and sample therefore provides a 

contact pressure on the sample’s surface. Surfaces that are relatively fragile can be easily 

damaged or lose material removed due to contact mode imaging. Tapping mode provides 

an alternative option to address these problems. In tapping mode, the cantilever oscillates 

so that the AFM probe is in intermittent contact with the sample surface, usually at the 

boundary of the oscillation amplitude that can be considered the point when the cantilever 

will move down towards the sample in Figure 3.4. Such an oscillation ensures that the 

AFM probe tends to interact less with the sample surface by applying a contact pressure, 

as in contact mode, and can interact more through attractive van der Waals forces acting 

between the AFM probe and sample.  

AFM is able to provide topographic information by scanning the probe in the plane of the 

sample and effectively recording the interactions with the sample surface. In addition, 

mechanical information can be provided from the interaction between the AFM probe 

and sample, such as through phase imaging or a nanoindentation approach. Details of 

how AFM can be applied to measure mechanical properties will be explained later in 

section 3.4.2. All these functions make AFM a powerful tool for surface analysis. 

In this work, an atomic force microscopy (NT-MDT NTEGRA, Russia) with single 

crystal silicon cantilevers (Aspire CT300, Nanoscience instruments, USA) with a spring 

constant around 40 N·m-1 were used for surface structure scanning of alumina nanofibre 

reinforced polycarbonate composites. Phase contrast images of the samples were 

provided through tapping mode to obtain improved contrast for compositions that 

contained differing mechanical behaviours, such as differing polymer forms.  
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 Structural analysis  

Understanding the relationship between material structures and properties is important 

for material synthesis, fabrication and application. Since the material properties with the 

same chemical elements and the same molecular formula may vary due to complex 

molecular or atom arrangements, identifying materials with accurate structures is critical 

for fabricating materials with desired properties. Therefore, this section will give a brief 

summary for methods used for analysis of polymer and crystal structures in this 

experiment. 

3.3.1 Differential scanning calorimetry  

Differential scanning calorimetry (DSC) is one of the most widely used tools to study 

polymer crystallinity through studying their thermal behaviours. The basic concept of 

DSC is to track the change of a material’s heat capacity with temperature[221], then 

information of the properties such as glass transitions, and degree of crystallization of 

polymers can be easily interpreted from the DSC data. 

The DSC equipment normally contains two pans, as illustrated in Figure 3.5. One is a 

sample pan, while the other one is a reference pan. During the experiment, the two pans 

are heated and kept at the same temperature. Due to the heat capacity of the sample pan 

changing due to the sample, heat flow to the sample pan will differ from that of the 

reference pan in order to maintain the temperature of the pans to the same value. The 

thermal behaviour of the sample is therefore evaluated by measuring the difference 

between the heat flows put on both pans. 
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Figure 3.5. Schematic illustration of a typical DSC setup. 

In this experiment, differential scanning calorimetry (DSC 4000, PerkinElmer, USA) was 

used. For preparing samples for DSC testing, 5~10 mg of each sample was weighted and 

put in a platinum pan. A compatible lid drilled with a hole in the middle was sealed on 

the pan by a crucible sealing press. The sample pan was then put into the DSC furnace 

with auto sample loading system for measurement. Nitrogen was used as purge gas with 

a flow rate of 20 ml·min-1. The heating rate for the measurement is 10 ºC·min-1 with a 

range from room temperature to 250 °C.  

3.3.2 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a practical technique to identify the 

presence of specific functional groups in a molecule.[222] When the infrared radiation hits 

the sample surface, some of the radiation will be absorbed, while some other will pass 

through. A wide range of spectrum is normally applied to collect high spectral resolution 

data. The obtained signals become the characteristic spectrum for each sample and 

different functional groups will show peaks at specific spectrum frequencies.  

A typical FTIR instrument basically consists the following parts (as shown in Figure 3.6): 

an infrared light source, a beam splitter, a sliding mirror that could move back and forth, 

a fixed mirror and a detector.[222] When the light source reach the beam splitter, the light 

will be split into two beams. Half of the light would be allowed to pass through the splitter 
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and be reflected by the fixed mirror, while the other half will be reflected by the beam 

splitter and reaches a moving mirror. Both the fixed and the moving mirror would reflect 

the beams back to the beam splitter and the two separated beams would then converge 

into one again. The half beam reflected by the moving mirror would travel a constantly 

changing path, while the other half that reflected by the fixed mirror would have a fixed 

travel length. Therefore the final obtained beam would be the result of the two beams 

“interfering” with each other. The recombined beam would pass through the sample and 

the sample would absorb all the different wavelengths that differ from its characteristic 

spectrum, leaving the specific spectrum captured by the detector. 

 

Figure 3.6. Schematic illustration of a typical FTIR setup. 

In this work, infrared spectra of nanofibres before and after surface modification were 

obtained (Tensor 27, Bruker, USA) to confirm surface modification of the alumina 

nanofibres. Before measurement, a baseline was provided by first scanned without sample. 

Afterwards, each sample measurement was performed with 32 scans and 2 cm−1 

resolution within the wavenumber range of 4000–400 cm−1. 
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3.3.3 X-ray and electron diffraction 

Diffraction is one of the most powerful methods to measure the distance between atoms 

in a regular material structure and can be used to identify the crystal structures of different 

materials. In a typical diffraction experiment, the surface of the sample is evaluated by an 

incident wave and the outgoing directions and intensities of the diffracted waves are 

recorded by a detector. Diffraction requires discrete wavelengths of the incident wave 

that correlate with distance between the atoms. Therefore incident radiation with 

appropriate wavelengths from X-ray, electron and neutron are commonly used to provide 

diffraction. Despite the different physical mechanisms between these three waves, all 

follow conditions defined by Bragg’s law. In this section, the basic theory of Bragg’s law 

as well as the fundamentals of X-ray diffraction and electron diffraction will be briefly 

explained. 

 Bragg’s law 

Bragg’s law is the most important equation of explaining why the X-ray or electron beams 

can be reflected at certain angles of incidence while going through the crystal lattices. As 

illustrated in Figure 3.7, after the beam pass through the lattice, the difference in the path 

length between the path length of beam 1 and 2 is 2d·sinθ (as indicated with orange lines). 

Since constructive interference would occur when the path length difference equals to the 

wavelength of the beam, Bragg’s law can then be expressed as:  

 sin2n  d                                                          (3-1) 

Where n is an integer constant, λ is the wavelength of the electron beam, d is the distance 

between the crystal lattices, and θ is the incident angle of the electron beam. Therefore, 

for diffraction experiment, the wavelength of the beams need to be comparable to the 

lattice spacing of the crystals.  
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Figure 3.7. Schematic illustration of Bragg's law. 

The diffraction pattern normally consists many distinct peaks with different intensities, 

which are corresponding to different interplanar spacings, d. Take cubic crystals with the 

lattice parameter of a0 as example, for the plane marked as (hkl) by the Miller indices, the 

interplanar spacing can be expressed as: 

0

2 2 2
hkl
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d

h k l


 
                                                     (3-2) 

The relationship between the interplanar spacing and the lattice parameters varies 

depending on the crystal structures. The details of this relationship are found in 

literature[223].  

Bragg’s law describes the relationship between the wavelength and the crystal structures, 

therefore this theory can then be used to determine the wavelength of a certain beam with 

a known crystal structure, or determine the crystal structure with a known wavelength. 

Both electron diffraction (ED) and X-ray diffraction (XRD) follow Bragg’s law for 

interpreting the diffraction patterns, but the wavelength of electron is much shorter than 

that of X-rays and the incident angle of ED is with 2º while that for XRD ranging from 

0º to 180º. 
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 X-ray diffraction  

X-ray is a form of electromagnetic radiation with a wavelength between 0.01 Å to 100 Å 

and energy ranging from 100 eV to 100 keV. Since the wavelength of the radiation needs 

to be comparable to the distance between atoms[224], only X-rays with wavelength ranging 

from a few Å to 0.1 Å are used.  

A typical XRD setup normally consists of an X-ray tube, a sample holder and an X-ray 

detector, as illustrated in Figure 3.8. After being emitted from the X-ray source, the X-

ray beam will hit the material and interact with the electron cloud around the atoms. The 

electrons will then oscillate with a frequency the same as the radiation, forming 

interference. For most directions the interference is destructive, except for some 

directions that will have constructive interference due to the regularly arranged atoms. 

Thus, the diffracted beam actually consists a large quantity of scattered rays that interfere 

with each other. The reflected X-rays will be recorded when the sample and the detector 

are rotated. When the Bragg’s law is satisfied and constructive interference happens, the 

detector will record the signal and transform all the signals to the final figure. Owing to 

the interference between the diffracted waves from each atoms, the resultant diffracted 

waves could have very strong peaks if the materials have periodic arrangement (such as 

crystals). 
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Figure 3.8. Schematic illustration of a typical XRD setup. 

Among several different kinds of XRD techniques, the most widely used one might be 

the powder XRD. The sample prepared for this measurement usually has a powdery form, 

meaning that randomly oriented crystals exist in the sample. The recorded 2-D pattern of 

powder XRD usually shows a serial of concentric rings with various diameters, which are 

corresponding to various specific interplanar spacing of the crystals. After comparing the 

peaks with the standard PDF card, the material then can be identified. This technique can 

be used to characterize the crystalline materials, measure the sample purity or determine 

the unit cell dimensions. 

Here, alumina nanofibre mats calcinated at 1200 ºC for different times were scanned with 

X-ray diffraction (PANalytical X'Pert PRO, Netherlands) using Cu K-alpha (λ=0.15418 

nm) radiation. The obtained intensities of the diffraction peaks at different scanning 

degrees will be arranged into the XRD pattern and compared with standard pattern to 

identify the correct crystal structures. 
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 Electron diffraction 

Louis de Broglie proposed the theory that the electrons could present both particle and 

wave properties, therefore the wavelength of an electron wave λ could be expressed 

similar to the photon wave as: 

=
2

h h

p mE
                                                       (3-3) 

Where h is the Planck’s constant, E is the kinetic energy of the particle in the non-

relativistic limit, p and m are the momentum and the mass of the electron, respectively. 

The wave properties of the electrons in Louis de Broglie‘s theory have already been  

confirmed[225], thus if the electron beam hit the surface of a substrate, they will interact 

with the electric cloud around the atoms through Coulomb forces and generate an electron 

wave function, which follows the Bragg’s law. The small wavelength of the electron 

waves match with the atomic lattice, therefore electron diffraction (ED) were used 

frequently to examine the crystal structures of ceramic materials.  

ED is normally performed in a TEM with the same structure as illustrated in Figure 3.3. 

When the electron beam hits the material surface, a diffraction pattern will be formed and 

the resultant diffraction pattern can be observed both directly on a fluorescent screen and 

recorded through a CCD camera. The electron diffraction exhibits quite a few advantages 

compared to the X-ray diffraction. Firstly, the electron diffraction pattern can be observed 

directly on the screen due to the high energy of the diffracted electron beams. Thus, the 

changing of the diffraction pattern can also be viewed simultaneously while tilting the 

viewing angles of the crystals. Additionally, the electron diffraction pattern can be 

obtained in a small area of the sample selected with a diffracted aperture, so the pattern 

obtained from areas can be easily compared. Despite of the above advantages, multiple 
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scattering could happen in ED due to the strong interaction of the electron waves and the 

atoms, therefore making the crystal structures interpretation more difficult.  

Here, the individual alumina nanofibres or nanofibre mat produced by varying calcination 

conditions were investigated with ED in TEM. The ED patterns of the fibres were then 

carefully interpreted into the corresponding crystal structures and labelled with Miller 

indices. The obtained information of the fibre crystal structures were then used together 

with the X-ray diffraction patterns to study the growth mechanism and the crystal 

structure transformation of the alumina nanofibres. 

 Mechanical testing 

The mechanical properties of the produced materials is a critical aim of this work, 

especially as achieving the theoretical mechanical properties of alumina would exceed 

those of many typical engineering materials. Hence, appropriate techniques for measuring 

the mechanical properties of individual fibres as well as the composites are required. In 

this section, various methods to measure the mechanical properties of both individual 

nanofibres and composites will be briefly introduced.  

3.4.1 Combined AFM-SEM system for nanotensile testing of 

individual alumina nanofibres 

Though mechanical properties of fibres with diameter around 10 μm can be tested easily 

using conventional tensile testing equipment[226], these methods are not suitable for 

evaluating fibres with further reduced diameters. Therefore, combining both AFM and 

SEM was used here to measure the tensile strength of individual nanofibres with an 

extremely small diameter more accurately and directly. The small scale of an AFM probe 
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matches the dimension of the nanofibres thus allowing manipulation of single fibres. This 

combined AFM/SEM system is an effective tool for small scale tensile testing.  

As shown in Figure 3.9, the setup for a combined AFM/SEM system generally comprises 

a movable positioner, an AFM head and a piezo scanner. The equipment is then fixed in 

a conventional SEM chamber for observation. An AFM probe sits on the AFM head. The 

positioner controls the moving of the sample stage to the proper positon for the AFM 

probe to pick the individual nanofibre from the sample. The piezo scanner and fibre optics 

are used to record the bending of the AFM probe, thus obtaining the force applied on the 

fibre.  

  

Figure 3.9. Schematic illustration of the in situ configuration of tensile testing of a 

nanofibrous sample with a combination of AFM–SEM.[141] 

To measure the fibre strain, a calibration of the AFM probe fixed directly on the sample 

stage is required and the calculation details have been explained previously. [141] Tensile 

testing by combining AFM and SEM is generally performed by fixing one end of the fibre 

to the AFM probe by glue and the other fibre end into a glue droplet, as shown in Figure 

3.10. After the glue cures, the AFM probe is moved away from the glue drop and causes 

tensile deformation of the nanofibre between the probe and glue droplet until failure (see 
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Figure 3.10d). AFM cantilever bending during this tensile test allows determination of 

the force acting on the single nanofibre. The limitation with the AFM/SEM system is the 

relatively long time required to carry out each test due to the difficulty in manipulating 

small fibres with the AFM probe.[135, 227]  

 

Figure 3.10. SEM image showing a typical tensile testing procedure of electrospun 

nanofibres with AFM/SEM system: (a) AFM contacts one end of the fibre with glue on the 

probe; (b) AFM probe moves away with the fibre fixed to the probe apex; (c) AFM probe 

moves towards a glue drop and allow the other end of the fibre contacts the glue; (d) Curing 

of the glue and translation of the AFM probe/probe away from the glue drop provides tensile 

deformation until failure.[141] 

A custom-built atomic force microscope (AFM, attocube systems AG, Germany) and 

scanning electron microscope (SEM, FEI Quanta, USA) combined system was used here 
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to test the tensile strength of individual alumina nanofibres. Spring constant of the AFM 

cantilevers (Aspire CT300, Nanoscience instruments, USA) were calibrated in a 

conventional AFM equipment (NT-MDT NTEGRA, Russia) before each testing. The 

individual nanofibres were tested by first fixing the fibre mat onto a TEM lift-out grid 

(Omniprobe, Agar Scientific, UK) using a special SEM-compatible glue (Kleindiek 

Nanotechnik GmbH, Germany). The fibre mat was then placed within the AFM/SEM 

system and the steps shown in Figure 3.10 followed. The force required to break the fibre 

was recorded through the bending distance of the cantilever and used to calculate the fibre 

strength together with the accurate fibre diameters measured through TEM. 

3.4.2 AFM Nanoindentation 

AFM nanoindentation is a useful tool for measuring elastic properties and hardness of 

materials, especially in a nanoscale. The fundamental theory of AFM nanoindentation is 

the same as shown in section 3.2.3. However, the nanoindentation process need to be 

explained further.  

The whole process for AFM nanoindentation is schematically illustrated in Figure 3.11. 

Firstly, the AFM probe approaches the sample surface gradually. In position 1, the probe 

is still far away from the sample and no force between the probe and the sample can be 

identified. As the probe moves closer to position 2, the force between the sample and the 

probe increases and the probe bends under force, as shown in position 3. When the probe 

starts to withdraw from position 4, the force that the probe bear changes from pushing to 

pulling. At position 5, the probe probe detaches from the sample suddenly and a sharp 

force change is witnessed. As the probe withdraws further, the cantilever returns to the 

original status in position 6. The obtained curve of voltage output versus the piezoelectric 

actuator displacement is recorded during the whole experiment and will then be 



Chapter 3 Methodology 

82 

 

transformed into a typical force-displacement curve, which can be used to calculate the 

sample’s Young’s modulus later. Prior to measurement, the spring constant need to be 

calibrated to obtain accurate results. 

 

Figure 3.11. Schematic illustration of AFM nanoindentation. X axis is the piezoelectric 

actuator displacement, while y axis is the voltage output.  

An atomic force microscope (AFM, NT-MDT NTEGRA, Russia) with single crystal 

silicon cantilevers (Aspire CT300, Nanoscience instruments, USA) was used for AFM 

nanoindentation in this work. The spring constant of the probes used here were around 40 

N·m-1 and were calibrated with the normal noise methods[228] before each nanoindentation 

testing for later force calculation. After surface scanning, the nanoindentation was 

performed with piercing the head of the AFM probe into the sample surface. During the 

nanoindentation test, the AFM probe movement was accurately controlled by a 

piezoelectric actuator and the bending of the cantilever was recorded by a position 

sensitive photo-diode[229] together with the z-piezo positioner displacement. After the 

testing, the conversion from photodiode current (nA) to cantilever deflection (nm) was 

calibrated and determined using a sapphire sheet, assuming that the sheet only displays a 
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purely elastic response. The unloading curves showing retracing of the probe were used 

to calculate the elastic properties based on the Hertzian model[230-231]. 

3.4.3 Micro-tensile testing 

Tensile testing has been widely used to determine mechanical properties of the materials 

including: Young’s modulus, tensile strength and ultimate strain. In a typical tensile 

testing, a sample with a “dog-bone” shape is hold between a fixed and a movable head as 

shown in Figure 3.12. During the experiment, the movable head will pull the sample until 

the material fails. The force and moving distance applied on the head will be recorded 

simultaneously and translated into the stress and strain information later. 

 

Figure 3.12. Illustration of a conventional tensile testing setup. 

The stress strain curves of alumina nanofibre reinforced polycarbonate composites were 

obtained with a tensile stage with the maximum pulling force reaching 200 N (Microtest 

200N tensile stage, Deben, UK). After using hot press (Laboratory Platen Presses Type P 

300 E, Dr. Collin GmbH, Germany) with a heating temperature of 250 ºC to form a 

regular flat film, the composite was cut into a rectangle shape (0.07 mm × 1.5 mm ×15 

mm) and fixed between two stages. The samples were then stretched at a rate of 0.2 

mm·min-1 until the composite failed. The force-distance curves were recorded and 
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transferred to stress-strain curve after measurement of the accurate dimensions of the 

sample with an optimal microscope (BX51, Olympus Microscopes, Japan) for later 

calculation of the composite porosities. 

 Other methods 

3.5.1 Specific surface area  

Brunauer-Emmet-Teller (BET) theory is one of the commonly used methods to determine 

the specific surface area and porosity. The BET theory extended the Langmuir theory, 

which describes the monolayer molecular adsorption of gas, to a multi-layer 

physisorption adsorption. The BET equation can be expressed as: 
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where, P is the partial pressure of the adsorbate gas in equilibrium at the temperature of 

adsorption, P0 is the saturation pressure for the same condition, v is the quantity of the 

adsorbed gas at standard temperature and pressure (STP), and vm is the monolayer 

adsorbed gas quantity at STP, c is the BET constant, E1 is the heat of adsorption for the 

first layer and E2 is that for the second and higher layers and is equal to the heat of 

liquefaction. 

For multipoint measurement, 
 0

1

P P
is plotted against 0P P , and the relationship is 

expressed by a straight line according to equation (3-4) to calculate c and vm. The 
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approximate relative pressure should be kept in the range between 0.05 and 0.3. The 

specific surface area SBET can then be calculated by the equation:  

mV

sNv
S m

BET



                                                   （3-6） 

Where N is the Avogadro constant (6.022×1023 mol−1), V is the molar volume of adsorbent 

gas, s is the cross-sectional area of one adsorbate molecule, and m is the mass of the total 

material. 

Specific surface areas of the alumina nanofibre mats calcinated under different heating 

procedures were measured by Surface Area Analyzer (Gemini VII 2390, Micromeritics 

Instrument Corporation, USA) according to the BET theory. Before measurement, the 

nanofibre mats were heated at 200 ºC in nitrogen atmosphere overnight. Then the 

experiment were conducted at 77.15 K under vacuum. The vacuum rate was 300 

mmHg·min-1 and the vacuum time was 6 min. The total measurement time for each 

sample was around 1 h.  

3.5.2 Porosity  

A pycnometer is generally used to measure the accurate volume and density of solid 

materials based on the hypotheses that the gas behaves ideally in pycnometer and the 

temperature are constant during testing. After measuring the apparent volume, the 

composites porosity can then be calculated with the actual material volume measured by 

the gas pycnometer.  

The basic theory of pycnometer is to measure the pressure change caused by the 

displacement of the solid sample. As shown in Figure 3.13, a gas pycnometer normally 

contains two chambers: a sample chamber (with a removable lid), and a reference 
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chamber with fixed inner volume. The volume of the reference chamber need to be 

calibrated prior to the measurement. The transducer is used to measure the absolute gas 

pressure. Before measuring the accurate solid volume with pycnometer, a baseline is built 

firstly by expanding a quantity of gas of known pressure into the empty sample chamber. 

After the samples being placed into the chamber, the chamber would be resealed again 

and purged into the same quantity of gas at the same pressure. The change of gas pressure 

caused by the volume occupied by the solid will be recorded. The pressure difference 

between the baseline and the one with sample will be applied to calculate the true volume 

of the solid.  

 

Figure 3.13. Schematic illustration of gas pycnometer. 

Gas pycnometer (AccuPyc 1330, Micromeritics Instrument Corporation, USA) using a 

supply of helium gas has been applied to confirm the porosity of the composite in this 

work. The composites after hot pressing generally have a regular film shape with constant 

depth. After being dried at 80 ºC under vacuum overnight, the samples were measured 

with the gas pycnometer to obtain the actual solid volume. The apparent volume can then 

be calculated after measuring the area of the film with an open source scientific tool 

ImageJ (NIH, USA). By dividing the actual volume with the apparent volume, porosity 

of the composite can then be calculated. 
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 Summary 

This chapter has summarized typical standard methods for fabricating nanofibres as well 

as polycarbonate reinforced composites. Alumina nanofibres were fabricated through 

electrospinning following by calcination, and the resultant alumina nanofibre mats were 

then fabricated into composites with polycarbonate through solution casting methods. 

Different characterization methods involved in this work to valuate various properties of 

both individual nanofibres and composites have also been listed and explained. SEM, 

TEM and AFM were used to observe the fibre and composite morphologies. The fibre 

crystal structures were characterized by both XRD and ED. BET was used to measure the 

specific surface area of the fibre mats. The thermal behaviour and porosity of the 

composites were studied by DSC and gas pycnometer, respectively. The mechanical 

properties of the samples were measured through nanotensile testing, AFM 

nanoindentation as well as micro tensile testing.
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4 Alumina nanofibre fabrication and fibre 

growth mechanism 

 Introduction 

Alumina nanofibres were first fabricated using electrospinning over a decade ago and 

have prompted additional work due to the availability of the base materials. [67, 69, 71-72, 80] 

A calcination step required to give alumina nanofibres is generally identified as critical 

in defining both the grain size but also the crystal structure, leading to significant changes 

in resultant mechanical properties. Increasing calcination temperature produces typical 

alumina transformation from: amorphous alumina → γ-alumina (cubic, m3Fd , No. 227) 

→ δ-alumina (tetragonal, 2m4P , No. 115), δ-alumina (orthorhombic, P222, No. 16), θ-

alumina (monoclinic, A2/m, No. 12) → α-alumina (rhombohedral, c3R , No. 167), and 

the intermediate state varies depending on the starting materials.[78] Alumina nanofibres 

fabricated by previous researchers are reported to experience the transformation from 

polycrystalline γ alumina to single crystal α alumina fibres after adequate calcination time 

and temperature through the formation of elongated α-alumina colonies.[80]  

However, though many studies indicate a transformation from γ alumina to α phase, the 

formation of these α-alumina colonies and the mechanism for fibre growth direction 
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needed to develop high strength nanofibres are not clearly identified.[76, 92, 232] Single 

crystal structures are usually considered free from defects associated with grain 

boundaries, making the strength of nanofibres less dependent on fibre diameters. To 

thoroughly investigate the dependence of tensile strength on fibre dimensions and crystal 

structures, the strength of both polycrystalline and single crystal alumina nanofibres are 

systematically measured and compared. 

Here in this work, ultra-strong continuous alumina nanofibres are fabricated using 

electrospinning and post-calcination methods. The effects of electrospinning solution 

concentrations on the as-spun fibre diameters are investigated. The transformation 

mechanism of alumina nanofibre from polycrystalline γ phase to single crystal α phase is 

investigated thoroughly by manipulating the calcination parameters followed by 

morphology observation and crystal structure analysis through transmission electron 

microscopy and electron diffraction.  

 Materials and methods 

4.2.1 Sample preparation 

Electrospinning with solution made of polyacrylonitrile (PAN), aluminium 2,4-

pentanedionate (AP) dissolved in N,N-dimethylformamide (DMF) was used to prepare 

alumina nanofibre mat. Here, the concentration of PAN in the solution ranges from 7% 

to 10% and different amount of AP ranging from 33.3 wt% to 106 wt% of PAN were 

used to study their influence on the fibre morphologies. The electrospinning equipment 

and procedures were used following section 3.1.2. The feed rate of the PAN/AP/DMF 

solution was set at 0.6 mL·h-1. The whole process was conducted at room temperature in 
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air with a humidity of around 10-40%. The as-spun PAN/AP nanofibre mats were 

removed from the aluminium foil after electrospinning for 2 hours. The obtained film 

made up of PAN/AP nanofibres was placed in an alumina crucible and calcinated at 

1200 °C for several hours ranging from 0 h to 8 h with a heating rate of 5 °C·min-1. After 

the furnace cooled naturally to room temperature, the sample would be collected for 

further characterization.  

4.2.2 Characterization of morphology of alumina nanofibres 

 Morphology observation 

The microstructures of the nanofibres were examined by both scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). Prior to observation in 

SEM, the calcinated alumina nanofibre mat were coated with a thin layer of gold to avoid 

charging effects. To prepare TEM samples, calcinated samples were ground into small 

pieces and suspended in ethanol before pipetting onto a carbon-coated copper grid for 

TEM examination. 

 Fibre diameter distributions 

SEM was used to measure the diameter distribution of electrospun nanofibres as well as 

nanofibres calcinated under different conditions. More than 50 diameters of nanofibres 

randomly chosen from the same sample were measured and the numbers of fibres in 

different diameter ranges were counted. Normal distribution was fitted afterwards to 

calculate the average diameter of the fibre mat. 
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 Crystal structure characterization 

Both Electron diffraction (ED) and X-ray diffraction were used in this work to study the 

crystal structure development of the alumina nanofibres. ED patterns of individual 

nanofibres calcinated under different heating procedures were observed in TEM 

equipment to examine the fibre structures. X-ray diffraction (XRD) were detected using 

Cu Ka (λ=0.15418 nm) radiation. 

 Specific surface area measurement 

Specific surface areas of the fibre mats calcinated with different calcination procedures 

were measured by Surface Area Analyzer according to the BET theory. Before 

measurement, the fibre mats were heated at 200 ºC in nitrogen atmosphere. Then the 

experiment was conducted under 77.15 K and the total measurement time for each sample 

was around 1 h. 

 Results and Discussion 

4.3.1 Effect of concentrations of PAN and AP on fibre morphologies 

The concentrations of the polymer and ceramic precursors have great impact on the 

morphology of the final fibres. Previous work done by Gu[233] and Wang[234] have proved 

that the concentration of PAN has a significant impact on the diameter of electrospun 

nanofibres. Higher concentration of PAN in DMF would increase the viscosity of the 

solution and give rise to larger fibre diameters. However, the role of ceramic precursor in 

controlling the diameter of the fibres has rarely been revealed in work done before. In this 
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section, the effect of both the polymer and ceramic precursor concentrations on the fibre 

morphologies would be investigated. 

 

Figure 4.1. Scanning electron microscopy images of electrospun PAN/AP nanofibres with 

different concentrations of PAN in PAN/DMF solution: (a) 6 wt%, (b) 7 wt%, (c) 8 wt%, (d) 

9 wt% and (e) 10 wt%. For all these solutions, the ratio between PAN weight percentage 

and AP weight percentage is fixed at 3. 
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The changing of morphologies of PAN/AP nanofibres with increased concentration of 

PAN and AP are shown in Figure 4.1. Here, the ratio between PAN weight percentage 

and AP weight percentage in all solutions were fixed at 3. When the concentration of 

PAN (before AP was added) is 6 wt%, the viscosity of the solution for electrospinning is 

relatively low and the fibre diameters is not uniform. Many beads are observed while 

electrospinning PAN/AP/DMF solution with the lowest PAN/AP concentration (see 

Figure 4.1a). The nanofibres become smoother and the diameters are more even as the 

concentration of PAN and AP increases gradually. The rate of fibre diameter growth is 

faster and steadier after the fibres were uniform. 

The diameter distributions of PAN/AP fibre diameters fabricated form different solution 

concentrations were shown in Figure 4.2. The marked legends in Figure 4.2 represent the 

weight of percentage of PAN in PAN/DMF solution before AP was added. The diameters 

of as-spun PAN/AP nanofibres with different AP concentrations are shown in Figure 4.3. 

For all the solutions with different AP concentrations, the concentration of PAN in 

solution before AP was added was fixed at 10 wt%. The as-spun nanofibre diameters for 

all samples show typical normal distributions. The fibre diameter increases significantly 

with the increased concentration of AP, as shown in Figure 4.3e. This increase of 

diameters could be attributed to the increased solution viscosity. The diameter of the 

fibres variation increased when more amount of AP was added. 

Understanding the effect of concentrations of polymer and aluminium precursor helps to 

control the fibre diameters in desired ranges. These results lay a foundation for later 

exploring the relationship between the strength and the fibre diameters. 
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Figure 4.2. (a) (b) (c) (d) (e) Frequency distributions of diameter of PAN/AP fibres 

electrospun from different concentration of PAN and AP The weight ratio of PAN and AP 

was fixed at 3 and the changing of PAN and AP were represented by the variation of PAN 

in PAN/DMF solution; (f) The dependence of PAN/AP fibre diameters on the PAN/AP 

weight percentage in PAN/AP/DMF solution. 
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Figure 4.3. (a) (b) (c) (d) Frequency distribution of diameter of PAN/AP fibres electrospun 

from different concentration of PAN and AP; (e) The dependence of PAN/AP fibre 

diameters on the weight ratio of AP and PAN. The concentration of PAN in solution before 

AP was added was fixed at 10%. 

4.3.2 Effect of heating procedure 

Alumina has more than 20 different crystal structures and the transformation procedures 
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affects the fibre morphologies and grain growth in the fibre, but also the transformation 

between the crystal structures. To obtain nanofibres with desired morphology and crystal 

structure, the influence of different calcination procedures was studied by applying 

different calcination temperatures and time.  

The SEM images of nanofibres before and after calcination are displayed in Figure 4.4. 

The as-spun PAN/AP nanofibres have a straight and solid string morphology (Figure 

4.4a). The calcination process degrades all the organic components with temperature so 

that aluminium atoms are left to react with the oxygen in the air, forming alumina 

nanofibres. Alumina has more than 20 different crystal structures due to the complicated 

possible arrangements of oxygen atoms, and the transformation procedures differ 

depending on the starting state of alumina.[76, 78] The influence of calcination parameters 

is studied by applying different calcination temperature and time to obtain nanofibres 

with desired morphology and crystal structure. Figure 4.4b shows polycrystalline alumina 

nanofibres, formed after calcination under 1200 °C for 1 h, with a diameter around 80-

160 nm and grain size ranging from 15 nm to 30 nm. These fibres are slightly curved, 

which might be caused by the surface tension and internal stress during fibre formation 

as well as shrinkage of the fibre volume. Continued calcination for 4 h produce larger 

grains and a reduction in grain boundaries as well as a smooth external fibre surface 

(Figure 4.4c). Despite the important role of calcination time, the temperature is also 

expected to contribute significantly to the calcination process. Low temperature provides 

insufficient energy for atomic diffusion to form a dense fibre as well as crystal structure 

transformation from γ phase to α phase. Conversely, high temperature results in enhanced 

mobility of atoms that lead to deformation of the alumina geometry from fibrous to 

platelet (Figure 4.4d), caused by a preferential growing rate direction of α-alumina. 
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Specifically, the flat surface of the platelet corresponds to the (001) face as α-alumina has 

the lowest surface energy and the lowest growth rate in the [001] direction.[235-236]  

 

Figure 4.4. Scanning electron microscopy image of (a) as-spun nanofibres, (b) alumina 

nanofibres calcinated at 1200 °C for 1 h, (c) alumina nanofibres calcinated at 1200 °C for 4 

h, and (d) alumina nanofibres calcinated at 1400 ºC for 2 h. 

The fibre growth procedure of alumina nanofibres was investigated with XRD, TEM and 

ED. The crystal structure transformation procedure of alumina fibres calcinated at 1200 

ºC with different time have been examined with XRD, and the results are displayed in 

Figure 4.5a. Here, the alumina fibre mat follows the transformation procedure as: γ → δ 

(orthorhombic) → α with increased calcination time, and no tetragonal δ phase and θ 

phase have been identified in this work, which is different from previous works.[67, 79-80, 

87] The patterns agree well with JCPDS card No. 50-0741 for γ-alumina, No. 46-1215 for 

δ-alumina, and No. 10-173 for α-alumina, respectively. This XRD images shows that after 
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calcination under 1200 °C after 2 h, most of the fibres are already α-alumina, but there is 

still a very small amount of δ alumina in the fibre mat. After calcination for 4 h, the fibres 

have all converted into α-alumina. 

  

Figure 4.5. (a) X-ray diffraction pattern for an alumina nanofibre mat calcinated at 1200 ºC for a 

range of times. (b) Specific surface area of alumina nanofibre mats calcinated under 1200 ºC for 

different time. 

Apart from direct morphology and crystal structure observation, the calcination process 

can also be indirectly explained by the relationship between the specific surface area (SSA) 

of alumina nanofibre mats and the calcination time under constant calcination 

temperature (Figure 4.5b). The overall trend of SSA declines with increased calcination 

time, and it is interesting to find that the declining rate during the whole process follows 

the sequence of fast-slow-fast. This phenomenon is caused by different sintering 

mechanisms during different sintering stages as well as the transformation of alumina 

crystal structures. In this process, the primary driving force for sintering begins with the 

curvature gradient in the interparticle neck region, then shifts to the excess surface energy 

accompanied by different atom diffusion mechanisms.[237] When the temperature has just 

been raised to 1200 °C, the fibres are made of very small grains and the large specific 

surface area provides strong driving force for sintering, leading to a rapid decrease of 

SSA.[238] With the pores gradually eliminated, the driving force transferred to elimination 
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of excess surface energy until the grain boundary disappear and the fibres showed a 

completely smooth surface. Grain-boundary diffusion is the dominant sintering 

mechanism during this stage. The fibre diameters begin to shrink due to atoms 

arrangements and coalescence of nanocrystals.[239] After the fibres become smooth as 

shown in Figure 4.4c, the atoms started to move towards the joint centre of fibres and the 

shape of the fibres started to change driven by the tendency to reduce the surface area, 

leading to orientation of forming the plate-like shape (Figure 4.4d). The decreasing rate 

of SSA thus falls again with the decreasing of SSA and a corresponding decreasing driven 

force. The changing of SSA has validated from another side that the optimal calcination 

time is around 3.5-4 h. 

4.3.3 Fibre diameter change during calcination 

The change of alumina nanofibre morphologies and diameters during the whole 

calcination procedure were studied before tensile testing of individual nanofibres due to 

the important relationship between the fibre strength and diameters. 

The morphology changing with the increased calcination time is shown in Figure 4.6. The 

fibres are made of small grains and have a porous structure when the calcination 

temperature just reached 1200 ºC (see Figure 4.6a). The grains then continued growing 

and the fibre diameters began to shrink as the calcination time increased. According to 

the Kelvin equation[240], the driving force for diffusion is inversely proportion to the 

pore’s radius of curvature. The pores between the grains are extremely small, compared 

with the space between the fibres, thus the driving force to eliminate the small pores is 

much larger than to fill the gaps between the fibres and the fibre shape can be maintained. 

The fibre diameters decreased continuously during this stage due to the reduction of the 

pore size. After calcination for 4 h, the pores have all being eliminated and the fibres 
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showed single crystal structure as explained in section 4.3.3. After this critical point, the 

fibre diameters start to increase and the shape of the fibres start to change, driven by the 

force to reduce the surface area. The end of the fibres become round and coarse and the 

total length of the fibres also decrease (see Figure 4.6c). The overall trend of the fibre 

diameter changing during calcination is more clearly showed in Figure 4.6d. The fibres 

reached the smallest diameters and uniform morphologies only when the calcination time 

was around 4 h. Therefore, the fibre chosen for tensile testing was limited in the 

calcination no more than 4 h.  

  

Figure 4.6. Change of fibre morphologies during calcination at 1200 °C with the increasing 

calcination time: (a) 0 h, (b) 4h and (c) 7h. (d) Fibre diameters of aluminium oxide 

nanofibres electrospun from the same solution but calcinated under different time. The 

black dots are experimental value, while the solid line is the fitted value. 
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4.3.4 Crystal structures of α-alumina nanofibres changing with 

calcination time 

The transformation of alumina nanofibre from γ phase to α phase has been studied by 

some previous researchers, however, the detailed transformation mechanism has never 

been explained in their work. To have a better understanding of the fibre growth and 

phase transformation mechanism for fabricating fibres with desired properties, ED was 

applied on individual nanofibres calcinated for different time to investigate the crystal 

structure transformation procedures. 

Individual fibre transformation has also been confirmed by ED. The fibres were mainly 

γ-alumina after calcination for 1 h (Figure 4.7a). As calcination continued, the γ grains 

began to transform into the δ phase. Fibres with δ grain sizes of around 100-150 nm were 

found randomly located in γ-alumina fibres (Figure 4.7b). ). These δ grains then quickly 

transformed into α phase after continued calcination. Fibres with partial γ phase and 

partial α phase were also identified in fibre mats calcinated for 2.5 h (Figure 4.7c). The 

α-alumina part was noted as divided into short cylinders and each of the cylinders were 

of a similar size to the δ grains formed in γ-alumina fibres, as shown in the enlarged image 

in Figure 4.7. The whole edge of the α phase have been examined with high-resolution 

TEM and no grain boundary has been found, though the middle of the fibre was too thick 

for further observation with our equipment. Thus it is likely that the single crystal fibres 

are formed by grain growth of α grains transformed from δ grains, rather than coalescence 

of well-elongated α-alumina colonies suggested by Yu.[80]  
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Figure 4.7. (a) TEM image showing polycrystalline γ-alumina nanofibres calcinated at 1200 

ºC for 1 h. (b) TEM and ED images of δ-alumina crystals grown in polycrystalline γ-alumina 

nanofibres. (c) TEM image of alumina nanofibre calcinated under 1200 °C for 2.5 h and ED 

images taken from areas B, C, D, E, F and G respectively. The fibre consists of both 

polycrystalline γ phase and single crystal α phase. The enlarged pictures of position B and 

the fibre inverted ‘T’ crossing point show that the fibres are formed by grain growth of α 

grains with sizes close the fibre diameter. 
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The growth directions of the nanofibers were additionally seen to be inconsistent, which 

could be caused by mechanisms involving both screw dislocation and epitaxial growth. 

Specifically, growth direction [110] has been identified in the fiber containing both γ 

phase and α phase (Figure 4.7c) , and fiber growth along [001] has also been observed in 

γ/α alumina nanofiber (see Figure 4.8). Both the [110] and [001] directions are the 

Burgers vector directions for α-alumina, and alumina whiskers grown along both 

directions following the screw dislocation mechanism have been previously reported.[99-

100, 241] Therefore, screw dislocation could be one of the primary growth mechanisms for 

α-alumina nanofiber grown along [110] and [001] direction.  

  

Figure 4.8. TEM images showing alumina nanofibres predominantly of α-alumina (position 

A, B, C and D) and γ-alumina at the end (position E). ED images taken from different 

positions additionally indicate single crystal structure. The fibre elongates along the [001] 

direction. In the ED image of position D, separate diffraction spots can be observed around 

the primary spots (as indicated by the orange arrow), indicating low angle grain boundaries. 
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Chou has studied the transformation mechanism of alumina from γ phase to α phase, and 

reported that the nucleation of α-alumina started from the {220} plane of γ-alumina due 

to the high propensity of introducing stacking faults in this plane.[92] As the {220} plane 

in γ-alumina matches well with the {220} plane in δ-alumina (orthorhombic), the 

nucleation may therefore start from the {220} plane in δ-alumina as well. The relationship 

between the three crystal structures are displayed in Figure 4.9. After the grains 

transformed to α phase, the grain growth would be rapid and follow a template grain 

growth (TGG) mechanism, leading to single crystal structure. Individual fibres show the 

same ED pattern along their length, though tilt with small steps was needed and the 

pattern in some parts do show separate dots in ED images, indicating low angle 

boundaries  (Figure 4.8). The formation and growth the α-alumina nanofibre therefore 

involves both interface boundary migration and lattice epitaxy.  

 

Figure 4.9. Illustration of the crystal structure relationships between γ-alumina (cubic, red), 

δ-alumina (orthorhombic, orange) and α-alumina (rhombohedral, fade pink). The unit cell 

of α-alumina is drawn as hypothetical ideal hexagonal close packing, so that the parameter 

c is equal to the cubic body diagonal. 

When the grain growth in one fibre arrives at the crossing point of two fibres, the growth 

will continue to the other fibre. The growth direction of the other fibre depends on the 
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intersection angle following the TGG mechanism, leading to other growth directions as 

shown in Figure 4.10. 

 

Figure 4.10. TEM and ED images of α-alumina nanofibres taken from different positions. 

The fibres elongate along different directions as indicated in the image. 

 Conclusions 

In this chapter, the methods to fabricate alumina nanofibres through electrospinning, the 

transformation between the fibre crystal structures and the fibre growth mechanism have 

been comprehensively investigated. The influence of the fabrication parameters 

(including: concentrations of polymer and aluminium precursor, calcination temperature 

and time) have been studied together with various characterization techniques (including 

SEM, TEM and XRD) to obtain the desired fibre morphology and crystal structures. The 

as-spun fibre diameters increase significantly with the increased concentration of both 

polymer and alumina precursors. Therefore, by controlling the content concentrations, as-

spun fibres with different diameters can be achieved, leading to further control of the 

diameter of the fibre product. The crystal structure of the alumina fibres experienced a 

transformation procedure from γ (cubic) to δ (orthorhombic), and finally α (rhombohedral) 
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phase. Alumina fibres grow primarily along the [110] and [001] direction have been 

identified. Both the directions are the Burgers vector directions for alumina. Though other 

growth directions have also been identified following template grain growth mechanism 

when fibre growth arrives at the crossing point of a new fibre. The results provide 

sufficient information required to manipulate alumina nanofibres morphology and crystal 

structures by altering the fabrication conditions, leading foundation for further 

investigation into the dependence of the fibre strength on the morphology and crystal 

structures. 

 

 



Chapter 5 Tensile testing of individual alumina nanofibres 

107 

 

5 Tensile testing of individual nanofibres 

 Introduction 

As explained in section 2.1.3, ceramic nanofibres can have significantly improved 

mechanical properties compared to their bulk forms due to reduced possibility of 

introducing critical flaws in the fibres. This scale advantage makes ceramic nanofibres 

fabricated through electrospinning a reinforcement material with great potential for future 

application.[41] Though many reseachers have already fabricated alumina nanofibres 

successfully, the strength of these fibres has never been measured. To prepare alumina 

nanofibre reinforced composite, knowing the accurate value of the fibres and the 

influencing factors are essential for composite design.  

The fibre diameter is one of the determining parameters for the mechanical properties of 

ceramic nanofibres based on the work done by Inglis[39] and Griffith[37]. To fabricate 

alumina nanofibres with tensile strength close to the theoretical value, the relationship 

between the fibre diameters and the fibre strength should be related. The flexibility of 

electrospinning allows variation in fibre diameter down to the nano-scale, thus supporting 

a systematic study on the relationship between fibre diameters that potentially result in 

microstructural changes that define tensile strength[151, 242]. Apart from the fibre diameters, 

the crystal structure affect the fibre strength greatly as well. Based on the results in 
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Chapter 4, both polycrystalline γ-alumina and single crystal α-alumina nanofibres have 

been fabricated. Single crystal structures are usually considered free from defects 

associated with grain boundaries, making the strength of nanofibres less dependent on 

fibre diameters. On the other hand, polycrystalline materials usually contain more defects 

and experience much poorer mechanical performance, increasing the possibility of 

dependence of the fibres strength on the diameters. To thoroughly investigate the 

dependence of tensile strength on fibre dimensions and crystal structures, the strength of 

both polycrystalline and single crystal alumina nanofibres need to be measured and 

compared.  

However, due to the relatively small material dimensions, mechanical measurement of 

these nanofibres is challenging.[135] Though mechanical properties of ceramic nanofibres 

such as elastic modulus and bending strength have already been measured with atomic 

force microscopy or other techniques, currently very few direct measurement of the 

tensile strength of individual ceramic nanofibres have been reported yet.[43, 243-245] Thus, 

methods to measure the strength of ceramic nanofibres directly need to be explored for 

further investigation of the diameter-strength relationship and optimization of 

electrospinning processes required to maximize alumina strength. 

Here in this chapter, individual nanofibre tensile strength testing are employed by a 

special custom-built attocube system on both polycrystalline γ-alumina and single crystal 

α-alumina nanofibres with diameters ranging from 50 nm to 150 nm to provide direct 

mechanical information. Such an approach provides correlation between processing 

conditions and resultant mechanical performance so that high strength alumina nanofibres 

are developed.  
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 Methods 

5.2.1 Electrospun sparsely distributed nanofibres 

The key for successful and effective nanotensile testing is that the nanofibres need to 

exceed fairly long enough from the edge of the mat and isolated with each other for the 

relatively big AFM probe to easily pick up individual fibre. However, since the fibre mat 

can be peeled from the collector only after reaching a certain thickness, the conventional 

collecting method using alumina foil as collector would resulting in a high density of 

fibres, which makes the later nanotensile testing very difficult to operate. To avoid this 

problem, sparsely distributed nanofibre mat need to be prepared.  

A new collecting method with two wood pieces in parallel used as collector was 

introduced into the electrospinning system for collecting sparsely distributed nanofibres, 

and the schematic is displayed in Figure 5.1. 

  

Figure 5.1. (a) Schematic illustration of sparse nanofibres collected with two wood pieces in 

parallel for individual fibre tensile testing; (b) After fibre mat was peeled from the wood 

and calcinated, the fibre mat was broken to expose more isolated fibres. 

(a) (b) Needle 

Thick insulating glass slide 
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This collecting method has been studied by Yan[132] for fabricating aligned nanofibres, 

but it’s not suitable for fabricating nanofibres with large quantity. Apart from the collector, 

the other parameters for electrospinning are all kept the same as explained in section 3.1.2. 

At the initial stage of electrospinning, the fibres mainly fell randomly on the top of the 

wood. Then a thin layer of aligned fibres was gradually built between the two wood pieces, 

as shown in Figure 5.1a. The whole electrospinning procedure only took about 20 minutes 

until the fibre mat was ready to be removed from the wood. The thicker part of the fibre 

mat, which was built on the top of the wood pieces, guarantees easy peeling and shape 

maintenance of the mat. After calcination at 1200 °C for a certain time in an alumina 

crucible, the mat would be broken from the middle as shown in Figure 5.1b, so that most 

of fibres at the edge of the mat will be sparsely distributed and stretch out.  

5.2.2 Tensile testing of individual nanofibres 

The tensile testing of individual nanofibres was operated with a custom-built atomic force 

microscope (AFM) and scanning electron microscope (SEM) combined system. Details 

about the fundamental principle of tensile testing of individual nanofibres with AFM-

SEM system have been explained in section 3.4.1. What’s unique here is that, after the 

fibre has been picked up from the fibre mat, instead of fixing the fibre directly on the 

sample stage, the fibre would be fixed on a copper TEM lift-out grid with a special SEM-

compatible glue for later structure observation with electron diffraction (ED) in 

transmission electron microscopy (TEM), as illustrated in Figure 5.2. 
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Figure 5.2. Schematic of the custom-built AFM system used for nanofibre tensile testing. 

The enlarged region illustrates alumina nanofibres fixed between the TEM lift-out grid and 

AFM probe. 

Before testing, a small amount of glue, the TEM grid and alumina fibre mat were fixed 

on the sample stage as shown in Figure 5.2. The stage can be controlled to move along 

three directions in very small and very precise steps. An AFM probe with single crystal 

silicon cantilever with a spring constant around 40 N·m-1 (Aspire CT300, Nanoscience 

instruments) was used and the spring constant of the AFM probes were calibrated with a 

thermal noise method in prior to each tensile testing. The AFM probe sits on the opposite 

of the sample stage and an optical fibre is used to record the bending of the cantilever. 

The whole operation procedure is briefly explained as follows. Firstly, after all materials 

and equipment are all settled, the sample stage with the glue will move to the AFM probe 

for wetting the probe with a small amount of glue. The fibre mat was then moved towards 

the AFM probe and one of the outstretched individual nanofibres was controlled to touch 

the AFM probe (Figure 5.3a). The glue was cured by exposure under focused electron 

beam for a certain time to fix the fibre on the probe. Then the sample stage was slowly 

Optical 

fibre 

SEM glue 

AFM 

probe 

TEM lift-

out grid 

Alumina 

nanofibre 

Alumina 

nanofibre 

mat 

Sample stage 

Laser 



Chapter 5 Tensile testing of individual alumina nanofibres 

112 

 

moved backwards to break the relatively long fibre and leave the fibre fixed on the AFM 

probe. The TEM lift-out grid stained with SEM glue was then moved towards the other 

end of the fibre until the end was immersed into the glue (Figure 5.3b). The test was ready 

after the glue was completely cured (Figure 5.3c). Then the test was performed by moving 

the sample stage backwards slowly until the fibre breaks (see Figure 5.3d).  

   

   

Figure 5.3. SEM images showing a typical procedure for tensile test of an individual alumina 

nanofibre. (a) The AFM probe first contacts an individual alumina nanofibre protruding 

from the bulk mat; (b) One end of the fibre is fixed to the tip of AFM probe (right) followed 

by translation of a TEM lift-out grid containing a small amount of SEM glue (left) into 

contact with the other free  end of the fibre and (c) a focused electron beam is used to cure 

the glue to allow fibre fixation and subsequent tensile testing until (d) the alumina nanofibre 

fractures towards the middle of the fibre free length. 

(a) (b) 

(d) (c) 



Chapter 5 Tensile testing of individual alumina nanofibres 

113 

 

During the tensile testing, the cantilever of the AFM probe was bent by pulling and the 

maximum bending of the cantilever occurred when the fibre breaks. A laser beam reached 

the cantilever through the optical fibre and reflected back into the fibre. The laser reflected 

back from the cantilever interfered with laser reflected from the end surface of the fibre, 

forming a sinusoid as the distance between the fibre and the cantilever changes. The 

maximum moving distance of the probe was recorded by the laser interferometer optical 

fibre when the fibre broke, the sinusoid disappeared and became straight line as shown in 

Figure 5.4. The distance will then be used for the calculation of the force applied on the 

single fibre. 

 

Figure 5.4. Signal of laser intensity versus cantilever recorded by optical fibre. 

However, this moving distance can’t be used directly to calculate the acting force due to 

the extension of the uncured glue. For fixing the extremely small fibre, only a small 

amount of SEM glue is required. But it’s difficult to control the small amount and 

normally excessive glue is used. Completely curing such a large amount of glue takes a 

very long time, therefore quite a large amount of glue will still be uncured and causing 

extension during the testing, as illustrated in Figure 5.5.  
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Figure 5.5. Illustration of bending of AFM probe and stretching of SEM glue (a) before and 

(b) during tensile testing. 

To obtain the accurate value of acting force, the extension distance of the glue need to be 

taken into account. By assuming the fibre strain is neglectable, the cantilever bending 

distance lcb was calculated with the following equation  

cb cm gel l l                                                          (5-1) 

Where lcm is the moving distance of the AFM stage, and lge is the stretching distance of 

the glue.  lcm can be recorded by the system, while lge can be measured from the image. 

Thus, the stress applied on the fibre σf can be calculated as: 

 2

f cb / πl k r                                                    (5-2) 

Where k is the spring constant of the probe cantilever, and r is the radius of the nanofibre. 

The fibre radius can be measured from SEM or TEM image. The spring constant can be 

calibrated with a conventional AFM equipment. The strength of the each individual 

nanofibre can then be calculated. 

(a) 

(b) 
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5.2.3 Transmission electron microscopy and electron diffraction 

After tensile testing, the TEM lift-out grid was carefully removed from the sample stage 

of the attocube system and mounted on a double-tilt TEM sample holder for further 

examination. A conventional TEM was used together with electron diffraction (ED) for 

checking the fibre crystal structures and growth direction. The acceleration voltage for 

operation is 200 kV. 

 Results and discussion 

The fibre mat calcinated at 1200 °C for 1 h mainly consists polycrystalline γ-alumina, 

while the fibres in fibre mat calcinated for 4 h are mainly single crystal α-alumina. The 

sparsely distributed nanofibres greatly enhanced the possibility of successful picking up 

of individual alumina nanofibres from the mat. Individual fibres picked from both mats  

 

Figure 5.6.  (a) (b) TEM bright-field image and electron diffraction pattern of single crystal 

α-alumina nanofibre; (c) (d) TEM bright-field image and high resolution TEM image of 

polycrystalline γ-alumina nanofibre. 
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were carefully selected for tensile strength testing. After the testing, individual nanofibres 

fixed on the TEM lift-out grid were examined by TEM and ED to confirm the fibre crystal 

structures. Figure 5.6 shows two individual nanofibres after tensile testing. One is 

polycrystalline γ-alumina, which is calcinated for 1 h. The other one is α-alumina 

nanofibre, which is calcinated for 4 h.  

The strength of all the tested alumina nanofibres have been related to their crystal 

structures and are shown in Figure 5.7. Due to the different fibre diameter ranges for 

fibres calcinated for different time (as shown in section 4.3.3), the average fibre diameter 

for α alumina nanofibres is smaller than that of γ alumina nanofibres selected for tensile 

testing. For γ-alumina nanofibres, the strength increased steadily from 2.0 GPa to 6.3 GPa 

as the fibre diameters decrease from 135 nm to 75 nm, showing significant diameter 

dependence. Smaller fibre diameters limit the possibility of large voids existence and 

lower stress concentration, thus provide higher tensile strength.  

 

Figure 5.7.  Plot of the variation in tensile strength of individual polycrystalline γ-alumina 

nanofibres and single crystal α-alumina nanofibres with fibre diameter. 

During the tensile test, these polycrystalline fibres are observed to be flexible, and the 

individual fibres with length around 10 μm can be bent at more than 90º (see Figure 5.8). 
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This increased toughness of polycrystalline fibres may be due to the grain boundaries and 

pores between the grains, which impede the energy transfer between grains and increase 

the work needed for material fracture.[246]  

 

Figure 5.8. (a) Polycrystalline γ-alumina nanofibre bended under force; (b) After the 

bending force being released, the fibre restored to straight without apparent damage.  

Currently, most applications of γ-alumina are based on high surface area and large volume 

of open mesoporosity, and the strength of γ-alumina has rarely been reported before, 

either in bulk or nano scale. Therefore, the results in our work expand the scope of γ-

alumina applications in the future. Conversely, the single crystal fibres show no sign of 

diameter dependent strength and have an average strength of 11.4±1.1 GPa. The curved 

nanofibre shape may provide defects or uneven stress distribution during mechanical 

testing, resulting in a relatively low strength of these α-alumina nanofibres compared with 

the alumina whiskers (22.3 GPa along [110] direction[11]).  

Despite this relatively low strength compared with that of the alumina whiskers, the α-

alumina nanofibres show significantly higher tensile strength than most currently used 

industrial products (see Table 5.1). Polycrystalline γ-alumina nanofibres present 

(a) (b) 
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compatible strength to these products but has a cheaper and easier processing method. 

The outstanding mechanical properties and relatively low cost of these alumina 

nanofibres provide enormous potential for future application in various areas. 

Table 5.1. Diameter and tensile strength of strong ceramic fibres used both in 

industry and in this work. 

Materials 
Diameter 

(μm) 

Tensile strength 

(GPa) 

Industrial 

products 

Zirconia-toughened alumina fibre 

(PRD-166TM)[247] 
20 2.1 

Alumina fibre (NextelTM 610)[10]  11.6 3.3 

Glass fibre (S-2 Glass®)[248] 5.0-25 4.9 

Carbon fibre (HexTow® IM7)[249] 5.4 5.6 

Silicon carbide fibre (SCS-

UltraTM)[250] 
142 5.9 

Current 

products 

Polycrystalline γ-alumina 

nanofibres 
0.05-0.15 

2~6 (size 

dependent) 

Single crystal α-alumina nanofibres 0.05-0.15 10~12 

 Conclusions 

In summary, tensile strength of continuous alumina nanofibres fabricated through 

electrospinning have been measured in this chapter, and their crystal structures have been 

related. The strength of both individual polycrystalline γ-alumina nanofibres and single 

crystal α-alumina fibres with diameters have been measured with a custom-built AFM-
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SEM combined system. The strength of γ-alumina nanofibres shows significant diameter 

dependence and increase steadily from 2.0 GPa to 6.3 GPa as fibre diameters decreased 

from 135 nm to 75 nm. The strength of α-alumina fibres is consistent at around 11.4±1.1 

GPa across all the fibre diameters considered and exhibits a single crystal structure. The 

strength of both electrospun γ-alumina and α-alumina nanofibres using the calcination 

processes detailed provide increased tensile strength compared with high performance 

industrial alumina nanofibres currently in use. 
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6 Fabrication and characterization of 

polycarbonate composite reinforced with 

alumina nanofibres 

 Introduction 

Composites made from cost efficient, lightweight and environmentally resistant polymer 

matrices as well as strong fibres can give products with extraordinary properties that 

neither of the constituents can achieve alone.[251-252] The previous chapter provided 

evidence of electrospun alumina fibres with high performance properties. Usage of these 

fibres in engineering applications requires incorporation of the nanofibres within a larger 

composite structure. To fabricate such a composite, the parameters affecting the 

composite properties need to be investigated. Different models such as the rule of 

mixtures[24], the Halpin-Tsai model[253], the Eshelby model[254], the shear-lag model[255-

256], the Mori-Tanaka model[257-258], the Hashin-Shtrikman model[259-260], and the self-

consistent model (or the embedding model)[261-262] have been developed based on the 

matrix and reinforcement properties to describe the composite mechanical properties 

mathematically. Each model chooses the factors that they consider as important and 

ignore the non-determinants to simplify the calculation. Despite some dispute, the 
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intrinsic mechanical properties of the fibre itself and the fibre volume fraction are 

considered as key parameters in all of these models. Therefore, fibres with as high as 

possible strength and fibre volume fractions are considered to be ideal for high 

mechanical performance composites. The electrospun alumina nanofibres are promising 

candidates for reinforcement in polymer matrix composites due to their extremely high 

tensile strength, as demonstrated in Chapter 5. Hence, in this chapter, these electrospun 

alumina nanofibres would be fabricated into composites with polycarbonate as a matrix 

to obtain composites with the best possible mechanical properties.  

The strength and Young’s modulus of composite are usually experimentally lower than 

the values calculated based on these theoretical models. The reason for this 

overestimation is that all theoretical models are developed by assuming that the stress 

transfer from the matrix to the fibres are efficient[263], while in reality the stress transfer 

from the matrix to the reinforcement is usually limited by fibre agglomeration[264-265] or 

poor fibre/matrix bonding[266-267]. Due to the incompatibility of ceramics and polymers, 

the bonding between the reinforcement and matrix for ceramic reinforced polymer 

composite is relatively poor.[166, 171, 268] Thus, further investigation into the fibre/matrix 

interface is required to achieve strong fibre/matrix bond for efficient stress transfer as 

well as resistance to environmental attack during service.[15, 173, 267, 269] Many researchers 

have devoted significant effort to solve the problem of improving fibre-matrix bonding 

by using surfactant.[167, 170-175]. 3-(Trimethoxysilyl)propyl methacrylate (MPS) is a 

promising candidate among all the different surfactants for improving the bonding 

between alumina and polycarbonate since this material can form stable chemical bonds 

with both inorganic and organic materials.[270] The functional group (–Si(OCH3)3) in MPS 

is hydrolysable and can be hydrolyzed and chemically bound to the ceramic surface, while 

the C=C group can react with polymer monomers to form composite with enhanced stress 
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transfer efficiency. MPS has been successfully used to improve the dispersion of alumina 

and silica nanoparticles in composites with vinyl ester resin and polycarbonate as matrix 

respectively, and both composites showed improved mechanical properties.[271-272] The 

above positive results provide confidence in using MPS as a surfactant to fabricate 

polycarbonate composites reinforced with alumina nanofibres with improved mechanical 

properties. 

Therefore, in this chapter, polycarbonate composites reinforced with aligned alumina 

nanofibres are fabricated to explore the potential of producing high performances. The 

fibre surface of alumina nanofibres modified with MPS is expected to achieve improved 

interfacial bonding with polycarbonate, with the speculated reaction mechanism between 

MPS and alumina fibres shown schematically in Figure 6.1. The solution impregnation 

method used in this work for composite fabrication allows flexible adjustment of the 

fibres volume fractions in the final composite by adjusting the solution concentrations. 

The effects of surface modification and different fibre volume fractions on the composite 

properties are examined by tensile testing of the composite samples. The experimental 

results are compared with theoretical values calculated based on both Halpin-Tsai model 

and the shear lag model to investigate the reinforcement efficiency of alumina nanofibres. 

  

Figure 6.1. Schematic illustration of (a) alumina reaction with MPS; (b) condensation of 

hydrolyzed MPS[271]. 
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 Materials and Methods 

6.2.1 Materials 

Polyacrylonitrile (PAN, average Mw 150,000), aluminium 2,4-pentanedionate (AP, 99%), 

N,N-dimethylformamide (DMF, anhydrous, 99.8%), chloroform (anhydrous, ≥99%), 3-

(trimethoxysilyl)propyl methacrylate (MPS, ≥98%) and heptane (anhydrous, ≥99%) were 

purchased from Sigma Aldrich, UK. Polycarbonate (Lexan® 161R) was purchased from 

SABIC, Saudi Arabia. All above materials were used as starting materials without any 

further purification.  

6.2.2 Fabrication of uniaxially aligned nanofibres with electrospinning 

Aligned alumina nanofibre mats were fabricated prior to polycarbonate composite 

processing. Aligned nanofibres were considered to be beneficial so that the influence of 

fibre organization, such as in a random electrospun mat, could be removed and material 

effects determined.  The electrospinning equipment and procedures were used following 

section 3.1.2, except for the collecting method. As illustrated in Figure 6.2a, the aligned 

PAN/AP nanofibres were collected using a typical roller with aluminium foil covering 

the surface of the drum. The rotational speed of the roller was controlled by a motor, and 

kept at 7 m·s-1 in this experiment. The distance between the needle and the roller was 15 

cm and the applied electric voltage was 22 kV. All the other electrospinning parameters 

were consistent with fabrication for randomly oriented nanofibres. 
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Figure 6.2. (a) Schematic showing electrospinning of aligned PAN/AP fibre mat. (b) 

Schematic illustration of fibre mat formed with aligned fibres rolled to fibre bundle. 

The fibre mat of aligned PAN/AP nanofibres was removed from the roller after 

electrospinning for around 2 h. The fibre mat was then rolled tightly along the direction 

perpendicular to the fibres, as illustrated in Figure 6.2b. The fibre roll was then heated at 

280 °C for 1 h for stabilization following calcination at 1200 °C for another 4 h with a 

heating rate of 5 ºC·min-1. Thus, retention of the fibre alignment was the aim.  

6.2.3 Surface modification 

The surface of the calcinated alumina nanofibres was modified with MPS. During the 

experiment, 5 mg of alumina nanofibres, 5-10 drops of MPS and 5 ml heptane were firstly 

added into a reaction bottle. The mixture was heated at 70 °C for 120-240 min. Different 

amount of MPS and heating time were used to study their influence on grafting efficiency. 

The modified alumina nanofibre roll was then washed with pure heptane for three times 

to remove excessive MPS after reaction and dried under vacuum at 50 °C overnight before 

being fabricated into composite with polycarbonate.  
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6.2.4 Composite fabrication with solution impregnation 

Polycarbonate composite reinforced with aligned alumina nanofibres were fabricated 

using a solution impregnation method due to its simplicity of operation and control. This 

method allows flexible adjustment of the fibres volume fractions in the final composite 

simply by changing the matrix concentration in the solution.  

The procedure of composite fabrication is schematically shown in Figure 6.3. In this 

experiment, polycarbonate was firstly dissolved in chloroform to prepare polycarbonate 

solution. Different solution concentrations ranging from 5 wt% to 20 wt% were prepared 

to fabricate composites with variable volume fractions of reinforcement. Alumina 

nanofibre rolls after calcination were weighted and then immersed into the solutions with 

different polycarbonate concentrations overnight to allow sufficient soaking of the 

solution before being taken out. The polycarbonate solution had a relatively low viscosity, 

which allowed the solution to fully infiltrate into the roll and cover all the fibres. Extra 

care during transport was required since the fibres rolls were very brittle and could easily 

fracture. After being completely dried under vacuum at 80 ºC overnight, the fibre roll 

covered with polycarbonate was weighted again and hot pressed into a flat strip with a 

regular shape (15 mm × 1.5 mm × 0.07 mm). The fibre volume fraction was then 

calculated according to the densities of both contents as well as the weights of the fibre 

roll with and without polycarbonate. The composites reinforced with both the alumina 

nanofibres before (BSM) and after surface modification (ASM) were named as AF/PC-

BSM and AF/PC-ASM, respectively. A total of 40 composite samples with various fibre 

volume fractions were produced and an average fibre volume fraction from the fabrication 

method. Discrepancies between the experimental and theoretical fibre volume fractions 

are expected due to potential porosity within the samples.  
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Figure 6.3. Illustration of fabricating polycarbonate composite reinforced with aligned 

alumina nanofibres with solution impregnation method. 

6.2.5 Characterization of surface modified alumina nanofibres and 

polycarbonate composites reinforced with alumina nanofibres 

Morphologies of the nanofibres as well as the composites were observed with scanning 

electron microscopy (SEM, Inspect F, FEI). To prepare the sample for obtaining cross-

section images, the composites were quenched in liquid nitrogen firstly and then quickly 

broken above the surface of liquid nitrogen. Infrared spectra of the nanofibres before and 

after surface modification with MPS has been obtained with FTIR (Tensor 27, Bruker) to 

confirm the chemical structures of surface modified alumina nanofibres. The chemical 

element analysis of the surface modified fibres was also conducted by energy X-ray 

dispersive spectroscopy (EDS) characterization with SEM equipment. The true composite 

volume was measured with a typical gas pycnometer (AccuPyc 1330, Micromeritics 

Instrument Corporation). Apparent sample dimensions were measured with an optical 

microscope (BX51, Olympus Microscopes) for later calculation of the porosity of the 

composites. Tensile testing of the composites was performed with a tensile stage 

(Microtest 200N tensile stage, Deben) at a rate of 0.2 mm·min-1 until the composites 

failed. The force applied to the sample and the resultant sample displacement was 

recorded and converted to stress-strain curves. 
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 Results and discussion 

6.3.1 Electrospinning of aligned alumina nanofibres 

The fibre alignment plays an important role in defining the mechanical properties of the 

final composite.[24] The composite reinforced with aligned fibres have a much higher 

strength along the fibre direction than the composite reinforced with the same but 

randomly orientated fibres. Thus, composites reinforced with aligned fibres were 

prepared in this study to achieve the highest possible strength. 

 

 

Figure 6.4. Scanning electron microscopy images of the aligned nanofibre mat after 

electrospinning for (a) 10 min; (b) 1.5 h and (c) after calcination. 
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The aligned nanofibres fabricated through electrospinning with roller are shown in Figure 

6.4. The PAN/AP fibres electrospun within a short time of 10 min generally has a good 

alignment as shown in Figure 6.4a. However, as the electrospinning time increases, the 

alignment gets progressively worse (Figure 6.4b) due to the changed electric field 

distribution caused by the accumulated insulated electrospun nanofibres. Therefore, long 

electrospinning time should be avoided and here the fibre mats were removed from the 

roller after electrospinning for 1.5 h. Fibres were subsequently calcination for 4 h at 1200 

ºC and resulted in fibre curvature (see Figure 6.4c).  

6.3.2 Surface modification of alumina nanofibres 

FTIR was used to characterize the chemical structure of the nanofibre mat before and 

after surface modification to confirm the success of the surface modification of alumina 

nanofibre mat with MPS for comparison, and the normalized infrared spectrum of both 

samples are displayed in Figure 6.5a. After reaction, the newly emerged peaks at 1017 

cm−1 and 1169 cm−1 are absorption bonds of stretching vibrations of esteric C–O bond, 

while the peak at 1465 cm−1 belongs to scissoring bending vibration of CH2 group.[273] 

The peaks 1638 cm−1 and 1721 cm−1 are due to the C [double bond, length as m-dash] C 

vibrations and carbonyl stretching of the ester group, respectively.[274] The disappearance 

of the peak at 818 cm−1, which is characteristic of –Si–OCH3
[271], and the existence of 

other peaks characteristic of MPS in post-treated nanoparticles, indicate the complete 

reaction between MPS and hydrolyzed alumina nanoparticles. However, even with higher 

MPS concentration in heptane and longer reaction times, the intensities of these newly 

emerged peaks stay at the same level. The chemical elements have also been detected for 

further confirmation of the results of surface modification, especially the quantity of MPS 

attached to the fibre surface by EDS (see Figure 6.5b). No apparent weight ratio increase 
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of silicon on the fibre surface can be observed. These results show that though MPS has 

been successfully grafted on the fibre surface, the grafted quantity is limited due to the 

steric hindrance effect[171].  

 

Figure 6.5. (a) FTIR of alumina nanofibres before and after surface modification; (b) EDS 

spectrum of alumina nanofibres modified with MPS.  

Direct comparison of the effect of surface modification was made by imaging cross-

sections of both composites AF/PC-BSM and AF/PC-ASM, displayed in Figure 6.6. The 

composite AF/PC-BSM shows obvious gaps between the fibres and the matrix (see Figure 

6.6a), while after surface modification, the composite AF/PC-ASM has a significantly 

improved fibre/matrix interphase with the absence of gaps (see Figure 6.6b). These 

observations indicate an effective surface modification and improved bonding between 

the fibres and the polycarbonate matrix. 
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Figure 6.6. Scanning electron microscopy images of composite cross-sections of (a) AF/PC-

BSM and (b) AF/PC-ASM. 

6.3.3 Mechanical properties improvement of composite reinforced 

with surface modified alumina nanofibres 

Tensile testing of both composites AF/PC-BSM and AF/PC-ASM with varied fibre 

volume fractions is performed here to study the influences of different fibre content on 

resultant mechanical performance. The representative stress-strain curves for the 

composites are shown in Figure 6.7 below.  

As shown in Figure 6.7, composites AF/PC-ASM with three different fibre volume 

fractions all present significantly improved strength when comparing with composite 

AF/PC-BSM. The composite reinforced with 3.9 vol% alumina nanofibres show a 

necking region, which is similar to the stress-strain curve of the pure polycarbonate.[275] 

With the fibre content increased to 10 vol% and 15 vol%, the necking region disappears, 

and the breaking strains of the composites reduce significantly with increasing fibre 

volume fraction.  

2 μm 
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Figure 6.7. Stress-strain curves of polycarbonate composites reinforced with alumina 

nanofibres before and after surface modification with a concentration of (a) 3.9 vol%, (b) 

10 vol% and (c) 15 vol%, respectively. 

The tensile strength and Young’s modulus of all samples were arranged and shown in 

Figure 6.8 to give a more clear development trend of the composite properties. The tensile 

strength and Young’s modulus of pure polycarbonate has been measured in preliminary 

experiments and the value is 58.8±2.9 MPa and 2.35±0.35 GPa, respectively. As a 

comparison, the tensile strengths of both composite AF/PC-BSM and AF/PC-ASM show 
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significant strength improvement with the presence of alumina nanofibres. The composite 

strength of both series increase with the growing fibre volume fractions until reaching the 

volume fraction of around 7.5% for composite AF/PC-ASM, and 6% for composite 

AF/PC-BSM. After reaching these critical points, the strength of both sample series start 

to decease. The reason for this strength decrease may be that the larger amount of alumina 

nanofibres reduce the mobility of the melt composite. Voids, such as air bubbles, are 

therefore potentially retained after hot pressing, leading to more defects in the materials. 

Despite the relatively poor performance of composite with fibre volume fraction more 

than 10%, the tensile strength of the composite doubled and the Young’s modulus 

increased by a factor of 4 for composite AF/PC-ASM when compared with the 

composites with a fibre volume fraction of around 7.5%. 

 

Figure 6.8. Comparison between tensile strength and Young’s modulus of composites 

reinforced with aligned alumina nanofibres before and after surface modification. 

To test the hypothesis of the strength decrease caused by the increased voids in the 

composite with increased fibre volume fractions, the dependence of the composite 

porosities on the fibre volume fraction in the composite was measured by a gas 
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pycnometer and the results are shown in Figure 6.9. The composite porosity shows a clear 

rising trend with the increased fibre volume fraction, despite the relatively large error. 

The composite porosity generally stays constant when the volume fraction is less than 

6%, but shows significant increases when the volume fraction goes beyond this region, 

which provides a reasonable explanation for the strength loss in Figure 6.8. 

 

Figure 6.9. Porosity of the composites reinforced with different volume fractions of alumina 

nanofibres. 

6.3.4 Theoretical Young’s modulus calculation 

Many theoretical models have been developed to predict the longitudinal Young’s 

modulus of composites reinforced with uniaxially aligned short fibres. Among all these 

models, the Halpin-Tsai model is one of the widely used models and gives a simple and 

relatively accurate prediction, while the shear lag model is reported to have a good 

prediction when the fibre aspect ratio is larger than 10[263]. Therefore, here these two 

models were chosen to calculate the theoretical Young’s modulus of composites 

reinforced with alumina nanofibres to examine the efficiency of the reinforcement. 
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 Theory of the Halpin-Tsai’s model 

The Halpin-Tsai model is an empirical equation, which was designed for composites 

reinforced with continuous fibres originally, and was developed further with the 

parameter of fibre aspect ratio to predict mechanical properties of aligned short fibre 

reinforced composites.[263, 276] Compared with the simple rule of mixture, the significant 

improvement of the Halpin-Tsai’s theory is incorporation of fibre geometry, packing 

geometry and loading conditions, thus providing much more accurate predictive 

power.[277] While fibre alignment in these AF/PC composites is not ideal, here a 100% 

unidirectional fibre alignment will be assumed to simplify the model. For composite 

reinforced with continuous aligned fibres, Young’s modulus of the composite Ec can be 

expressed as: 

c m f f(1 )/(1- )  E E v v                                             (6-1) 

/l r                                                                (6-2) 

     mfmf /1/ EEEE                                           (6-3) 

where Em is the Young’s modulus of the matrix, Ef is the Young’s modulus of the fibres, 

vf is volume fraction of the fibres in the composite, while r and l are the radius and the 

length of the nanofibres, respectively. The term ξ is an empirical factor, which describes 

measurement of reinforcement of the composite material that depends on the fibre 

geometry, packing geometry and loading conditions, and it can be expressed as: 

2 /l D                                                          (6-4) 

Generally, this model gives accurate mechanical properties prediction with a low volume 

fraction of fibres. However, for composites with higher volume fraction, it usually  
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underestimates the stiffness.[252] Thus, modifications sometimes are required for more 

proper predicting.  

 Theory of the shear lag model 

The shear lag model is a model designed to predict properties of composite reinforced 

with short fibres[24] and the model focuses mainly on the interfacial shear stress for 

transferring the stress from the matrix to the fibre. The principle of this model is to 

simplify the composite into a unit consisting of a single fibre with a radius of r surrounded 

by a concentric cylindrical shell of matrix with a radius of R, as shown in Figure 6.10.  

  

Figure 6.10. Schematic illustration of shear lag model. (a) Unstressed composite system; (b) 

stress σL applied along the fibre direction. 

The longitudinal Young’s modulus of the composite reinforced with aligned fibres can 

then be expressed as: 

L s f f f(1 ) mE v E v E                                          (6-5) 
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R

f

K
R r

v
                                                         (6-9) 

Where 
LE  is longitudinal Young’s modulus of the composite, 

fE  and 
mE  represents the 

Young’s modulus of the fibre and the matrix, respectively. l is the fibre length, Gm is the 

shear modulus of the matrix and ηs is a length-dependent efficiency factor. KR is a constant 

and can be selected according to different ways that the fibres are arranged. If the fibres 

are assumed being arranged hexagonally, KR can be expressed as: 
2π

3
RK  .[263] 

 Calculation and comparison 

Most of the parameters used in these two models, including: Em, Ef , Vf and Gm, can be 

easily accessed except for the accurate fibre length since the fibres are all broken while 

hot pressing. The composites after hot pressing were heated to 800 ºC for degrading the 

organic part and only the alumina nanofibres were left. The lengths and diameters of these 

nanofibres were therefore measured and a histogram of both diameter and length of 

around 200 fibres were produced, as shown in Figure 6.11. Thus, the average fibre length 

and diameter were obtained and listed in Table 6.1 for theoretical estimation.  
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Figure 6.11. (a) Length and (b) diameter distribution of nanofibres in composites after hot 

pressing. 

The theoretical Young’s modulus of the composite reinforced with varied volume 

fractions of the fibres were calculated with the parameters listed in Table 6.1 and the 

calculated results and the experimental values are compared in Figure 6.12.  

Table 6.1. Parameters for calculation of theoretical composite Young’s modulus. 

Parameter Ef Em Gm l r 

Value 435 GPa 2.35 GPa 0.914 GPa [278-279] 2.9 μm 44 nm 

As shown in Figure 6.12, the Halpin-Tsai model and the shear lag model give similar 

predictions for the Young’s modulus of composites with fibre volume fractions in the 

range of 0~20%. The predicted results of both models are close to the experimental value 

when the fibre volume fraction is less than 7%. However, when the fibre volume fraction 

exceeds 7%, the deviation between the theoretical and the experimental results increases 

significantly with increasing fibre content. A deviation of 16.5% between the 

experimental Young’s modulus and the theoretical value calculated with Halpin-Tsai 
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model can be observed for the composite with a fibre volume fraction of 7.35%, and this 

deviation grows continuously with increased fibre volume fraction. The predicted 

Young’s moduli of composites with low fibre volume fraction for both models 

demonstrate that the stress on the composites has been transferred to the fibres effectively 

and good bonding forms between the fibres and the matrix. The Halpin-Tsai model gives 

a slightly more accurate prediction. However, as for the composites with higher fibre 

volume fractions, the model gives an overestimation due to the increased amount of voids 

in the composite.  

 

Figure 6.12. Comparison between theoretical Young’s modulus and composite reinforced 

with aligned alumina nanofibres after surface modification. 

 Conclusions 

In this chapter, composite of polycarbonate matrix reinforced with aligned alumina 

nanofibres have been fabricated and different parameters affecting the composite 

mechanical properties have been investigated. Aligned alumina nanofibres were collected 

by a spinning roller, and the surface of the fibres were then modified with 3-

methacryloxypropyltrimethoxysilane to achieve better fibre/matrix bonding. The tensile 

0

10

20

30

40

50

0.00 0.05 0.10 0.15 0.20

Volume Fraction

Y
o

u
n

g
's

 M
o

d
u

lu
s
 (

M
P

a
)

Experimental

Halpin-Tsai

Shear-Lag



Chapter 6 Fabrication and characterization of polycarbonate composite reinforced with alumina nanofibres 

139 

 

strength and Young’s modulus of alumina nanofibres with and without surface 

modification have been measured and the results prove that the introduction of surfactant 

successfully improved the composite mechanical properties. When the fibre volume 

fraction is low (less than 7.5%), composite strength increases progressively with 

increasing volume fraction. However, the composite containing higher fibre volume 

fractions exhibits relatively poor mechanical properties. The possible reason for this 

phenomenon is that the higher fibre volume fraction decrease the permeability of the 

solution, causing more voids trapped in the composite during hot pressing and impairing 

the composite mechanical performance. With a fibre volume fraction of around 7.5%, the 

composite strength doubled and the Young’s modulus increased by a factor of 4 when 

compared with the pure polycarbonate after surface modification. Theoretical estimations 

based on the Halpin-Tsai equations and the shear lag model have been proposed to 

evaluate the efficiency of the reinforcement. Both models give fairly good estimations of 

the composite Young’s modulus at low fibres volume fractions, but overestimated the 

modulus when the fibre volume fraction exceeds around 7%, due to the presence of 

increasing defects. 
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7 Transcrystallization of polycarbonate 

induced by alumina nanofibres 

 Introduction 

Polymers are usually reinforced with various types of materials such as fibres and 

particles to form composites with enhanced mechanical properties to meet the increasing 

demand for strong but light materials. In some fibre reinforced semicrystalline polymer 

composites, the matrix has been found to be able to crystallize around the fibres under 

certain thermal conditions.[186, 188, 280-282] A number of mechanisms have been proposed 

as the cause of this crystallization phenomenon[17, 190], with heterogeneous nucleation of 

the polymer induced by the fibre surface leading to initiation of polymer spherulites more 

generally accepted[192-193]. The growth of the spherulites are constrained and lead to a 

primary growth axis perpendicular to the fibre surface, resulting in unique transcrystalline 

morphology of polymer crystals at the interface region between the fibre and the matrix.  

Polycarbonate (PC) is a common matrix material used in the composite industry due to 

light weight and relatively high mechanical performance. The phenyl groups on the main 

chain and the methyl side of polycarbonate reduce the mobility of individual molecules 

leading to a relatively high viscosity in the fluid state and an increase in molecular 
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stiffness. The latter point inhibits crystallization of polycarbonate such that the polymer 

is known as typically amorphous with a crystallization half-time of 12 days at 190 °C[197]. 

Limited studies on polycarbonate transcrystallization in composites have been carried out 

using conventional engineering fibres[193, 200-201]. However, developments in novel 

nanofibrous materials are providing opportunities to examine unique polymer-nanofibre 

combinations that give synergetic approaches where the enhanced mechanical 

performance of the nanofibre is complimented by additional modification of the polymer 

matrix. Electrospun alumina nanofibre (AF) is one of the promising candidates to 

promote transcrystallization of polycarbonate due to the mismatch of thermal 

conductivity between alumina and polycarbonate as well as the high specific surface area 

of alumina nanofibre. The thermal conductivity of alumina is two orders of magnitude 

higher than that of polycarbonate. Therefore, a thermal gradient could be built near the 

AF/PC interface, and the fibre surface would have a lower temperature leading to a large 

supercooling.[283] This phenomenon may increase the nucleation rate of polycarbonate 

and eventually give rise to transcrystallinity.[284] The large specific surface area and high 

surface free energy of alumina nanofibre could also promote transcrystallization of 

polycarbonate, since the nucleation growth is a process of minimizing free energy.[21] 

Thus, polycarbonate matrix reinforced with electrospun alumina nanofibre could be a 

suitable system for investigating the formation of transcrystallization of polycarbonate as 

well as the effect on composite properties. 

The effect of the transcrystalline layer on the mechanical properties of composites has 

revealed a number of key requirements for improved performance.[20-21, 285] The 

interaction between the polymer matrix and fibre reinforcement is highlighted as 

potentially changing significantly due to the onset of a transcrystalline layer. Chen[21] has 

examined various systems and demonstrated that the transcrystalline layer increases the 
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fibre-matrix interfacial bond strength, though the effect became less obvious as the fibre 

content increased in a composite. Similar positive results have also been reported in most 

related works of other researchers[17-20], although several reports indicate a decrease in 

the fibre-matrix bonding from transcrystallinity[22-23]. The transcrystallinity is expected to 

affect the mechanical properties of the matrix as well due to the high dependence of 

polymer properties on the degree of crystallinity.[286-288] Therefore, the influence of 

transcrystallinity on the matrix itself has been investigated through AFM nanoindentation 

prior to the overall composite mechanical properties. The modification of matrix 

properties due to the effect of transcrystallinity has also been considered. Privako[206] 

examined the mechanical properties of polycarbonate that incorporated microcrystallinity, 

but the degree of crystallinity in their experiment was too low to present an obvious 

difference from the amorphous phase. Other available reports on the effects of 

crystallization on the mechanical properties of pure polycarbonate[207-208] have 

contradictory conclusions, leading to requirements for further investigation into the 

mechanical properties of crystallized polycarbonate.  

In this work, attempts to form polycarbonate transcrystalline layer on the surface of 

electrospun alumina nanofibres are explored. The influences of both alumina nanofibre 

content to evaluate the nucleating surface area and annealing time on formation of 

transcrystallinity are studied through examining the thermal behaviour of the resultant 

polycarbonate composites. The morphology of the transcrystalline interface is evaluated 

both by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The 

relationship between mechanical properties of both the matrix and the overall composite 

and formation of a transcrystalline layer are investigated by nanoindentation and tensile 

testing. 
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 Materials and methods 

7.2.1 AF/PC composite fabrication 

The composites of polycarbonate reinforced with alumina nanofibre were prepared using 

randomly oriented alumina nanofibre mats fabricated through electrospinning following 

previous work[69]. The electrospun alumina nanofibre mats were placed in chloroform and 

dispersed in a high power ultrasonic bath (USC200T, VWR) for 1 h to form a suspension. 

Pure polycarbonate particles were added into the suspension and stirred until the 

polycarbonate was dissolved. The solution was stirred during the whole process to 

improve dispersion of the fibres in the composites. A range of weight ratios of alumina 

nanofibre and polycarbonate (ranging from 1:99 to 1:9) were used to obtain composites 

with different fibre concentrations. The solvent in the suspension was evaporated by 

heating to produce a solid composite structure. The mixture was further dried in a vacuum 

oven at 80 ºC overnight. Afterwards, the composite was hot pressed at 250 ºC with a 

pressure of 60 MPa to remove voids as well as form regular shapes (0.07 mm × 1.5 mm 

×15 mm) with self-made model for subsequent microtensile testing. The samples were 

then cooled to 190 °C immediately following annealing under the same pressure for 

maintaining flat surface of the composite. Different annealing time intervals ranging from 

4 h to 72 h were applied to investigate the potential to form transcrystallinity within the 

composite. Two series of polycarbonate composites containing 5 wt% (5W-AF/PC) and 

10 wt% (10W-AF/PC) of alumina nanofibres were fabricated for comparing the influence 

of fibre content on the transcrystallization of polycarbonate.  
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7.2.2 Thermal characterization 

Thermal behaviour of the composites after annealing were studied by typical differential 

scanning calorimetry (DSC, DSC 4000, PerkinElmer) with a heating rate of 10 ºC·min-1. 

Nitrogen was used as purge gas with a flow rate of 20 ml·min-1. 

7.2.3 Imaging methods 

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used for 

morphology observation of the composite cross-section as well as the surface.  

 SEM imaging 

For direct observation of the cross-section through SEM (Inspect F, FEI), composites 

were quenched in liquid nitrogen and then quickly broken above the surface of liquid 

nitrogen. Fracture surface of composite after being annealed for 24 h was also observed 

through SEM and the sample was prepared by breaking the composite directly by a small 

force. The sample was very brittle after annealing for 24 h, and can be broken easily. A 

thin layer of gold was coated on each sample before observing in SEM by a sputter 

coating equipment (Automatic sputter coater, Agar Scientific) to avoid charging effect. 

 AFM phase imaging 

An atomic force microscopy (AFM, NT-MDT NTEGRA) with single crystal silicon 

cantilevers (Aspire CT300, Nanoscience instruments) were used for surface structure 

scanning as well as later nanoindentation. The surface of the AF/PC nanocomposites used 

for AFM investigations needs to be relatively flat to ensure effective imaging and later 

accurate measurement of Young’s modulus of matrix.[289] AF/PC composite surfaces 
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were therefore prepared by spin coating a solution of polycarbonate and alumina 

nanofibre dispersed in chloroform (AF:PC =1:99 in weight ratio) onto a glass slide. The 

low concentration of alumina nanofibre in solution was used in this experiment to give a 

clear observation of the influence of individual nanofibres without interfering each other. 

The glass slides were then annealed at 190 °C for 12 h and 24 h respectively for observing 

the developing process of the crystallization. Phase imaging was performed on both 

samples surfaces using semi-contact model. 

7.2.4 Mechanical testing 

 AFM nanoindentation  

Measurement of the Young’s modulus of crystallized polycarbonate was conducted by 

nanoindentation with contact model on the AF/PC composite spin coated on the glass 

slide and annealed for 24 h. The spring constant of the probes used for nanoindentation 

are approximately 40 N·m-1 but were calibrated with the thermal noise method[228] before 

each nanoindentation testing for later force calculation. After surface scanning, the 

nanoindentation was performed by moving the AFM probe into the sample surface using 

the piezo-positioners of the AFM. The AFM cantilever deflected during the translation of 

the AFM probe into the sample, with the cantilever displacement recorded by a position 

sensitive photo-diode[229] together with the z-piezo positioner displacement. After 

indentation, the conversion from photodiode current (nA) to cantilever deflection (nm) 

was calibrated and determined using a sapphire sheet, assuming that the sheet only 

displays a purely elastic response. The unloading curves representing retracing of the 

probe were used to calculate the elastic properties. Hooke’s law was applied to calculate 

the force with the equation: F=k·d (k, calibrated cantilever spring constant; d, the 

cantilever deflection). The AFM probe used in this study has a cone shape, and the contact 
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between the probe and the composite film then can be regarded as axisymmetric. By 

assuming the crystallized polycarbonate is isotropic and the AFM probe is non-

deformable, all the above information was then translated to force-displacement curve 

using Hertzian model[230-231] developed by Sneddon[290] to calculate the Young’s modulus 

of the sample using:  

 * 22 tanF E π h                                                 (7-1) 

* 2 2

r r s s1 (1 ) (1 )E v E v E                                                (7-2)  

Where F is the loading force, h is the penetration depth of the indenter into the sample 

and α is the semi-opening angle of the AFM probe tip, E* is the reduced Young’s modulus 

of the indenter-sample system, E is the Young’s modulus, υ is the Poisson’s ratio, and the 

subscript r and s represent the indenter and the sample, respectively. A glass slide covered 

with a thin film of pure polycarbonate with known Young’s modulus (value provided by 

the company and verified by conventional tensile testing) has also been prepared as a 

reference sample through spin coating of pure polycarbonate solution dissolved in 

chloroform. After nanoindentaion on the amorphous polycarbonate, the equation (7-1) 

and (7-2) were fitted to the unloading curve of indentaition performed on amorphous 

polycarbonate to calculate the accurate probe cone angle α. Young’s modulus of 

crystallized polycarbonate can then be calculated by fitting both equations with the 

calibrated probe cone angle to the unloading curve obtained from nanoindentation on the 

sample annealed for 24 h. 

 Microtensile testing of composites 

Microtensile test of AF/PC composites were conducted with a tensile stage (Microtest 

200N tensile stage, Deben UK). Composite samples with a dimension of 0.07 mm × 1.5 

mm ×15 mm were fixed between the two grips of the tensile stage before testing. The 
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samples were then tensile tested at a rate of 0.2 mm·min-1 until the composites failed. The 

force applied to the sample and the resultant sample displacement were recorded and 

converted to stress-strain curves.  

 Results and discussion 

7.3.1 Thermal behaviour of polycarbonate reinforced with alumina 

nanofibres after annealing 

The composite of polycarbonate reinforced with randomly oriented alumina nanofibres 

were annealed at 190 °C for successively increasing time intervals to study the influence 

of alumina nanofibres on crystallinity behaviour of polycarbonate. Two series of 

composites (composites 5W-AF/PC and 10W-AF/PC) were used to evaluate the influence 

of different amount of fibres. 190 °C was chosen as the annealing temperature because 

polycarbonate has the fastest crystallization rate under this circumstance[291-292], and thus 

the impact of nanofibres can be maximized.  

The endothermic curves of composites 5W-AF/PC and 10W-AF/PC annealed for 

different times are shown Figure 7.1a and Figure 7.1b, respectively. For both series of 

composites, the endothermic peaks grow gradually with increased annealing time and 

two peaks can be identified for each sample. The higher endothermic peaks that appeared 

around 229 °C are linked to the melting of primary crystallization, which is associated to 

the growth of spherulites, and these peaks are fixed at the same temperature regardless of 

the annealing time. While the lower endothermic peaks at around 210 °C are attributed 

to the second isothermal crystallization during annealing[199] rather than the common 

mechanism of chain folding lamellar growth, these peaks are noticed to shift towards  
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Figure 7.1. The endothermic curves of (a) 5W-AF/PC composites and (b) 10W-AF/PC 

composites after annealing at 190 °C for different time; (c) Heat of fusion change of both 

composites 5W-AF/PC and 10W-AF/PC after annealing at 190 °C. 

higher temperature when the annealing time increases. The main cause for this shift is the 

decrease of the free energy of secondary crystals with increased annealing time, 

particularly the increase in the lateral dimensions of the crystals during secondary 

crystallization.[293] The endothermic peaks of these samples are similar to the pure 

polycarbonate annealed under 185 °C for 680 h (heat of fusion = 26 J·g-1, peaks = 229 

(strong), 210 (weak) ºC).[198] Though both composite series have similar endothermic 

curves shapes, differences can be observed. Specifically, composite 10W-AF/PC has a 
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larger peak area difference between the higher and the lower endothermic peaks than that 

of composite 5W-AF/PC, which indicates that in composite with higher fibre content, 

higher percentage of polycarbonate crystallinity come from primary crystallization. The 

position of the lower peaks for composite 10W-AF/PC are also shifted to left compared 

to composites 5W-AF/PC because of lateral dimensions of the crystals formed in 

secondary crystallization are restricted by the larger amount of spherulites formed during 

primary crystallization, resulting in increased free energy. These differences confirm that 

the nanofibres mainly promote the primary crystallization, thus less secondary 

crystallization process occurs due to the limited polycarbonate crystallinity, leading to a 

smaller peak area for the lower endothermic peak.  

The intensities of the endothermic peaks for both composite series grow with the increase 

of the annealing time, and the growth experiences three phases as reflected in Figure 7.1c. 

For example, the increase of heat of fusion for 10W-AF/PC depending on annealing time 

can be divided into three stages: as the annealing time increases, the heat of fusion firstly 

experiences a slow climb between 0 h to 8 h, then a sharp upward increase from 8 h to 24 

h, and finally an almost horizontal line after 24 h. This phenomenon indicates that the 

crystallization rate of polycarbonate varies during different annealing period. In the first 

stage, the crystallization of polycarbonate experiences a relatively long induction time 

before the speed accelerates, which indicates nucleation of polycarbonate on the fibre 

surface. A small heat of fusion can be identified after annealing for 8 h for both 

composites 10W-AF/PC and 5W-AF/PC, representing a low degree of crystallinity for 

polycarbonate. As annealing continues, the heat of fusion starts to grow with a much 

faster speed. The larger slope of the line for composite 10W-AF/PC in Figure 7.1c 

demonstrates that the more fibre content, the faster crystallization speed. For composite 

10W-AF/PC, the increase of heat of fusion reaches an upper limit of 28.1 J·g-1 after being 
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annealed for more than 24 h, and the heat of fusion then stays at constant even if the 

annealing continues. The final crystallinity degree of polycarbonate in composite 10W-

AF/PC was calculated by dividing the heat of fusion of fully crystallized polycarbonate 

by the measured value using a heat of fusion of 109.7 J·g-1 for 100% crystallized 

polycarbonate[294], is 25.7%. The composite 5W-AF/PC exhibits a similar induction time 

as composite 10W-AF/PC, as indicated by the dash line in Figure 1c. This is reasonable, 

since the nucleation time depends mainly on the surface properties of the matrix and the 

fibre rather than the fibre content. After the induction period, the difference between these 

two composites series starts to appear. As the 10W-AF/PC composite has nearly doubled 

nucleation sites, thus it shows a much faster crystallization speed and reaches the 

crystallization limit much quicker as well, confirming the promotion effect of alumina 

nanofibres on polycarbonate crystallization. 

7.3.2 Morphology of crystallized polycarbonate 

Direct observation of the morphological changes of the polycarbonate before and after 

development of the transcrystalline layer, both the cross-section and the surface of the 

composites are provided using SEM and AFM.  

The cross-section of the composite without annealing is presented in Figure 7.2a, and 

obvious gaps between the fibres and the matrix can be observed, demonstrating a poor 

interfacial bonding. In contrast, after annealing for only 0.5 h, the morphology of the 

fibre/matrix interface has changed significantly (see Figure 7.2b). The matrix is observed 

to crystallize around the fibres with a diameter around 0.8-1.4 μm and no gap between 

the fibres and the matrix can be observed, demonstrating improved fibre/matrix bonding. 

The cone shape of the crystallized polycarbonate around the fibres indicates radial growth 

of the polycarbonate lamellar crystals. The polycarbonate spherulites grow independently 
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until impinging with each other when the annealing time raised to 24 h (see Figure 7.2c), 

forming thick boundaries as well as voids, which may be caused by the internal stress 

formed during crystallization. The fracture surface of showing fibres covered by a thick 

layer of matrix after the composite fractured is displayed in Figure 7.2d. The covered 

thick matrix phase demonstrates that either the fibre/matrix bonding strength is higher 

than strength of the matrix itself or the strength of the matrix has been reduced 

significantly by the voids formed during polycarbonate crystallization. Therefore, the 

effect of transcrystalline layer on mechanical properties of the composite need to be 

investigated further.  

 

Figure 7.2. Scanning electron microscopy images show cross-section of AF/PC composites 

(a) without annealing, after annealing at 190 °C for (b) 0.5 h, (c) 24 h and (d) 24 h, 

respectively. Sample shown in (a) (b) (c) were prepared by broken in liquid nitrogen, while 

sample shown in (d) was broken by hand at room temperature.  

(a) (b)

(c) (d)
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Figure 7.3. AFM topographic image (a) and phase image (b) of polycarbonate composite 

reinforced with 1 wt% alumina nanofibres before annealing. AFM topographic image (c) 

(e) and phase image (d) (f) of the same composite annealed at 190 ºC for 12 h and 24 h, 

respectively. 

Phase contrast imaging of AF/PC composites annealed at 190 °C for 0 h, 12 h and 24 h 

are obtained to give a clear growth process of polycarbonate crystalline lamellar and 
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prepare for measurement of Young’s modulus of crystallized polycarbonate through 

AFM nanoindentation. Observations of the transcrystallinity of polycarbonate developed 

around the fibres are shown in Figure 7.3. For the sample without annealing, the matrix 

around the fibres are uniform without apparent phase difference. After annealing for 12 

h, the phase image clearly shows polycarbonate crystallized around the alumina fibres, 

forming snowflake patterns (see Figure 7.3c and 7.3d). This pattern demonstrates that the 

crystallization behaviour of polycarbonate started from the fibre surface and then grew 

gradually and branched out. The average thickness for the polycarbonate crystalline 

lamellar is around 2 μm. When the annealing time was doubled to 24 h, the dimension of 

the crystallites did not change greatly, but the snowflake like texture disappeared and 

branching grew into denser structures. This densification process is corresponding to the 

secondary crystallization process, which occurs between the materials trapped between 

the spherulites developed from the primary crystallization.[295] 

7.3.3 Mechanical properties  

 Young’s modulus of crystallized polycarbonate 

Young’s modulus of crystallized polycarbonate has been measured through AFM 

nanoindentation on the sample annealed at 190 ºC for 24 h. During the nanoindentation, 

the bending of the probe and displacement of the cantilever were then recorded and 

interpreted into the force-displacement curves as displayed in Figure 7.4. The unloading 

curves of indentation performed on both amorphous polycarbonate with known Young’s 

modulus and crystallized polycarbonate were fitted with equation (7-1) and (7-2) to 

calculate the Young’s modulus of crystallized polycarbonate. The nanoindentation testing 

has been repeated several times at different areas on each sample. Overall, the Young’s 

modulus of the crystallized polycarbonate measured on composites annealed for 24 h is 
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7.07±0.46 GPa. Direct measurement of crystallized polycarbonate has rarely been 

reported previously. Conix[204] has calculated the Young’s modulus of crystallized 

polycarbonate following Dulmage’s theory[209], and the result is in the range of 9.80-19.6 

GPa. The calculation is based on the assumption that the polymer chains crystalline 

regions are fully extended, while in reality the polymer is a mixture of crystallized and 

amorphous phase, which may be the reason for the relatively low modulus for the 

experimental value.  

 

Figure 7.4. Force-displacement curves of amorphous and crystallized polycarbonate. 

 Influence of transcrystallinity of the composite mechanical properties 

The effect of transcrystallinity on the overall composite properties is evaluated through 

tensile testing of composite 5W-AF/PC annealed at 190 °C for successively increasing 

time intervals and the results are summarized in Figure 7.5. Representative stress-strain 

curves for the composites are displayed in Figure 7.5a. The sample without annealing has 

relatively low tensile strength and Young’s modulus but a large breaking strain, which is 

similar with pure polycarbonate. After being annealed for 8 h, both the tensile strength 
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and Young’s modulus increased significantly. However, both the strength and the 

Young’s modulus decreased slightly when the annealing time doubled to 16 h. The 

strength loss is much more severe for sample annealed for 24 h and the Young’s modulus 

dropped to almost the same value as before annealing. The breaking strain of the 

composite decreases consistently with increased annealing time, due to the continuously 

raising polycarbonate crystallinity.  

The dependence of the composite strength and Young’s modulus on annealing time is 

more clearly revealed in Figure 7.5b and Figure 7.5c. The tensile strength and Young’s 

modulus of the composite annealed for 8 h has increased by 20% and 43% respectively, 

compared with the sample without annealing. According to Figure 7.1, the polycarbonate 

crystallinity is still at a low level after annealing for such a short time, thus the increase 

of Young’s modulus of polycarbonate is negligible and the main reason for this 

mechanical properties elevation is attributed to the improved fibre/matrix bonding. As the 

annealing time continued to increase, the mechanical performance started to deteriorate 

and the sample also became more and more brittle. The Young’s modulus of the 

composite decreased significantly despite of the increased Young’s modulus of the matrix. 

The optimal annealing time for enhancing mechanical properties of AF/PC composite is 

around 8 h, which is very close to the induction time for polycarbonate crystallization, as 

shown in Figure 1c. Therefore, transcrystallization shows a positive effect for enhancing 

the mechanical properties of AF/PC composite. However, the improvement is limited by 

the negative effect of the crystallization of polycarbonate.  
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Figure 7.5. (a) Stress-strain curves, (b) tensile strength and (c) Young’s modulus of 5W-

AF/PC composites after annealing at 190 ºC for different time.  

 Conclusions 

In this chapter, polycarbonate composites reinforced with randomly oriented alumina 

nanofibre have been annealed at 190 °C for successively increasing time intervals to 

explore the influence of transcrystallization on the composite mechanical properties. Both 

the SEM images of the composite cross-section and the AFM phase contrast images of 

the composite surface confirmed the formation of the transcrystalline layer of 
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polycarbonate around the nanofibres after annealing. After an induction time of around 8 

h, the polycarbonate crystallinity grew gradually with increased annealing time until 

reaching the limitation around 26%. Two endothermic peaks can be identified from the 

DSC curves of each sample. One is related to the primary crystallization while the other 

one is for secondary crystallization. Significant enhancement of the Young’s modulus of 

the crystallized polycarbonate by a factor of 3 compared to the amorphous phase was 

measured directly using AFM based nanoindentation. Both the SEM images and the 

tensile testing of the composites confirmed that the transcrystalline layer can enhance the 

fibre/matrix bonding, thus has a positive effect for improving the composite properties. 

However, the improvement is limited by the voids developed in the matrix during 

polycarbonate crystallization. As a result of the combined effect of the transcrystalline 

layer, the optimal annealing time for AF/PC composite with improved mechanical 

properties is 8 h, the same as the induction time of polycarbonate crystallization. 
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8 Conclusions and future work 

 Conclusions 

This dissertation examines the fabrication and characterization of both electrospun 

alumina nanofibres and their mechanical function as a reinforcement in polycarbonate 

composites. Various fabrication and characterization methods have been involved in this 

work and the primary results are summarized as following: 

1. Both polycrystalline γ-alumina nanofibres and single crystal α-alumina fibres have 

been successfully fabricated and three different crystal structures: γ (cubic), δ 

(orthorhombic), and α (rhombohedral) were found to be involved in the process of fibre 

growth and mechanisms including the epitaxial growth, the screw dislocation growth and 

the template grain growth were applied to explain the inconsistent fibre growth directions. 

The strength of γ-alumina nanofibres shows significant diameter dependence and increase 

steadily from 2.0 GPa to 6.3 GPa as fibre diameters decreased from 135 nm to 75 nm. 

The strength of α-alumina fibres is consistent at around 11.4±1.1 GPa across all the fibre 

diameters considered and exhibits a single crystal structure. The strength of both 

electrospun nanofibres using the calcination processes detailed provide increased tensile 

strength compared with high performance industrial alumina nanofibres currently in use, 

showing significant potential for further application in industry. 



Chapter 8 Conclusions and future work 

159 

 

2. Polycarbonate composites reinforced with aligned alumina nanofibres were fabricated 

and a range parameters affecting the composite mechanical properties were investigated. 

The results prove that the introduction of surfactant has successfully improved the 

composite mechanical properties. However, despite composite strength increasing with 

increasing volume fractions when the fibre volume fraction is low, the composite 

containing higher fibre volume fractions exhibits a degradation in mechanical 

performance. The possible reason for this phenomenon was proposed as due to resistance 

of the higher fibre volume fraction to spreading of the PC melt, causing void formation 

in the composite during hot pressing and impairing the composite’s mechanical 

performance. The two theoretical models based on the Halpin-Tsai equation and shear 

lag model provide a reasonable estimation of the composite Young’s modulus at low 

fibres volume fractions, but overestimated the modulus when the fibre volume fraction 

exceeded around 7% due to the increased amount of defects not considered in the models.  

3. Formation of transcrystalline layers in polycarbonate nanocomposites reinforced with 

electrospun alumina nanofibres using annealing methods was studied. The typically 

amorphous polycarbonate produced transcrystalline regions occupying volumes of up to 

26% around the fibre surfaces as confirmed with differential scanning calorimetry and 

AFM phase contrast imaging. Significant enhancement of the Young’s modulus of the 

crystallized polycarbonate by a factor of 3 compared to the amorphous phase was 

measured directly using AFM based nanoindentation. Optimization of the Young’s 

modulus is suggested as a balance between extending the annealing time to grow the 

transcrystalline layer and reducing the processing time to suppress void development in 

the polycarbonate matrix. 
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 Future work 

The high mechanical performance of the alumina nanofibres and the significant potential 

of these fibres as reinforcements in the composite market has been demonstrated in this 

work. These positive results lead to a motivation to maximize the advantage of 

extraordinary products by further exploration into the following aspects: 

1. Direct observation of crystal structure transformation from δ-alumina to α-alumina: 

In chapter 4, alumina nanofibres containing both γ phase and δ phase has been observed. 

The δ grains quickly transformed to α phase as calcination continued, leading to fibres 

containing both γ phase and α phase instead of fibres containing both δ phase and α phase. 

Therefore, no direct evidence to support the speculated crystal structure transformation 

mechanism from δ phase to α phase (as explained in section 4.3.4) has been observed. In 

situ transmission electron microscopy with high temperature heating holder provides the 

opportunity to directly observe the transformational mechanism. This promising 

observation would strengthen the current theory of alumina crystal structure 

transformation mechanism and help to have a better understanding of the fibre growth 

directions. 

2. Tensile testing of polycrystalline γ-alumina nanofibres with smaller diameters:  

The strength of the polycrystalline nanofibres increases with the decreasing fibre 

diameters according to results in chapter 5. A straight line is fitted to the strength of 

polycrystalline alumina nanofibres versus the fibre diameters (see Figure 8.1), showing 

the polycrystalline fibre strength tends towards the strength of single crystal fibres if the 

fibre diameter is small enough. Additionally, according to Gao[296], when the material size 
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is smaller than a critical value, the sample would be insensitive to the flaws and behave 

as ideal materials. Therefore, tensile testing of polycrystalline nanofibres with much 

smaller fibre diameters would be an interesting area to explore the dependence of the 

polycrystalline fibre strength on diameters further. Fabricating the polycrystalline γ-

alumina nanofibres with diameters below 75 nm is possible by manipulating the 

concentrations of the polymer and alumina precursor in the electrospinning solution. If 

the above assumption can be proved, the shortened calcination time for fabricating 

polycrystalline nanofibres is likely to save more energy compared to fabrication of single 

crystal nanofibres. 

   

Figure 8.1. Dependence between alumina nanofibre strength and fibre diameter with linear 

fitting. 

3. Fabricating composites with increased fibre volume fraction and less voids: 

Increased fibre volume fraction would enhance the composite mechanical properties 

significantly in ideal conditions according to the Halpin-Tsai’s theory. However, the 

composite fabrication method used in this work introduces more voids as the fibre volume 

fraction increased. To avoid this problem, new techniques to fabricate polymer matrix 

composites with aligned alumina nanofibres could be introduced, such as using hot 
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pressing assisted by vacuum system. Another possible way is to try to fabricate tight 

alumina fibre bundle with less spacing between individual fibres. Such an outcome would 

produce a composite with mechanical properties that rival current high performance 

composite materials but exploit cheaper materials and milder processing conditions used 

for the alumina nanofibres. 
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