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ABSTRACT 

Glass fibre reinforcements are typically surface modified with a variety of 

industrial treatments before composite processing. Usually the major 

component in these glass fibre surface treatments consists of a polymeric 

film former. This study evaluates the effect of the film former on the 

mechanical properties of model E-glass fibre reinforcements in a matrix of 

isotactic polypropylene. The dominant adhesion mechanism due to the 

addition of the film former at the fibre-matrix interface is then 

characterised. 

The effect of the application the industrial film formers on fibre strength 

was initially examined. A Weibull analysis was used to show that the film 

formers changed the failure populations in E-glass fibres compared to 

untreated glass fibres but the overall tensile strength changes by very little. 

The interfacial shear strengths of model composite systems where assessed 

using conventional fragmentation and a novel technique based on using 

single wall carbon nanotubes as micro strain sensors. It was observed that 

the interfacial shear strength varied significantly for all of the film former 

systems and this variation was measured consistently using both 

conventional micro-mechanical testing and the carbon nanotubes as strain 

sensors. 



Finally, the mechanism of adhesion for the composite systems used was 

found to be strongly dependent on the surface tension of the film formers 

as measured with atomic force microscopy in force mode and inverse gas 

chromatography. 
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CHAPTER 1: INTRODUCTION 

1.1 Introduction 

A composite material is essentially a combination of two or more 

components. In the simplest engineering case, a composite consists of a 

matrix and reinforcement. The mechanical behaviour of composite 

materials is mainly determined by three factors: the strength and modulus 

of the reinforcement (typically a fibre), the strength and chemical stability 

of the matrix resin and the efficiency with which stresses can be 

transferred from the matrix to the fibre through various bonding 

mechanisms that occur at the interface or interphase region. 

The history of engineering composites begins with plastics reinforced with 

glass fibres in 1940 (Plueddeman, 1974). Glass fibre-reinforced phenolics 

and melamines were manufactured by high-pressure moulding. Further 

composites constructed from fibreglass with silicones soon followed which 

were commercially successful as heat resistant electrical insulation. 

Composites for higher volume applications were possible with the 

development of polyester resin materials early in 1941. These composites 

were used for boats, aircraft and other military equipment, which was 

required for efforts in the Second World War, by development of low 

pressure curing polyester resins derived from maleic anhydride. Epoxy 
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matrix composites with superior properties compared with previous glass 

fibre products appeared in the early 1950s and by 1970 the majority 

composites materials were commercially available with glass fibres as a 

reinforcement. Glass fibre composites have continued to grow in variety 

and include the thermoplastic resin systems that are present today. 

Glass fibres are a popular reinforcement for composite materials because 

of their relatively high strength and low cost when compared with other 

reinforcements such as carbon and Kevlar fibres. The glass fibres are 

typically treated with a size which is a treating solution which is a mixture 

of many things but almost always includes a lubricant, film former and 

coupling agent. Lubrication of the fibres is important to prevent abrasive 

damage handling. The film former, or binder, is used to preserve the fibre 

strand integrity, as fibres do not usually pack together easily and the 

coupling agent is intended to improve the bond between the fibre and 

matrix. When the matrix comes into contact with the fibre then an interface 

will exist in the composite. Various adhesion processes will occur at this 

interface. If the interfacial region consists of two surfaces of polymeric 

material then interdiffusion can occur, as shown in Fig. 1.1a, which will 

give adhesive qualities due to the entanglement that will have to be 

overcome as the two surfaces are separated. Chemical reactions may take 

place at the interface to also enhance adhesion. New bonds can form which 

are covalent, ionic, etc, which will give stronger bonding through species 
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between the two constituents (Fig. 1.1d). Other types of bonding can be 

made through electrostatic attraction (Fig. 1.1b). Wetting mechanisms 

(Fig. 1.1c) due to surface free energy considerations can lead to van der 

Waals' forces existing between the two constituents at the interface but the 

bonds are of considerably lower strength than bonding such as covalent or 

ionic. Mechanical keying (Fig. 1.1e) will contribute to adhesion but this 

largely depends on the topography of the involved surfaces and the 

direction of the loads being experienced by the composite relative to the 

interface. 
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Fig. 1.1. Diagram illustrating five main adhesion mechanisms of a) 

Molecular entanglement, b) Electrostatic attraction, c) Wetting, d) 

Covalent bonding and e) Mechanical keying (Hull and Clyne, 1981). 
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1.2 Aims of thesis 

At present, little work has been reported on how film former affects the 

adhesion process in composite materials. Therefore, this study presents 

various methods by which the properties of the film former and its 

relevance to adhesion can be assessed. Six film formers from Vinamul Ltd. 

have been selected to be used with E-glass fibres (treated with an. A1100 

sizing). Specifically, the role of the film former only is assessed with the 

influence of the size reduced to a minimum. Thus, model composites are 

produced, as described later, with thick film former layers around the fibre. 

Chapter 2 examines the basic properties of the film former, independent of 

any other factors such as the presence of the matrix or the fibre. Chapter 3 

looks at how the strength of E-glass fibres coated with film former vary. 

From the data on fibre strength, micro-mechanical analysis is then carried 

out for single fibre-polymer composites by fragmentation testing (Chapter 

4). Therefore, the actual contribution of the film former to stress transfer in 

a simple composite system can be made. A novel test using single wall 

carbon nano-tubes as strain sensors with Raman micro-spectroscopy is 

implemented in Chapter 5. This test is complementary to fragmentation 

and again examines the variation in the transfer of stress from the matrix to 

the fibre with the different film formers. Once the film formers have been 

examined for any increases in adhesion properties, the mechanism, or at 

the least dominant bonding mechanism, is evaluated. As the polypropylene 
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matrix is chemically inert, primary chemical bonding will not occur. 

Therefore, two chapters are dedicated to other bonding mechanisms that 

can exist via the evaluation of surface tension (Chapter 6) and 

compatibility between the film former and matrix (Chapter 7). Finally, the 

effect of fibre surface properties on the morphology of polypropylene 

during processing i.e. in the matrix melt phase, is undertaken in Chapter 8. 

1.3 Materials 

1.3.1 Glass Fibres 

Glass fibres are based on silica (Si02) and typically contain oxides of other 

elements such as aluminium, iron, calcium, magnesium, sodium and 

boron. Most glasses show only short range order and are therefore 

considered amorphous although some crystallisation may occur if a high 

temperature treatment is used. The composition and mechanical properties 

of the three most typical silica based glasses are given as: 
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Table 1.1. Chemical composition and properties of glasses (Hull and 
Clyne, 1981). 

E-glass C-glass S-glass 

Si02  52.4 64.4 64.4 
A1203  + Fe203  14.4 4.1 25.0 
CaO 17.2 13.4 
MgO 4.6 3.3 10.3 
Na20 + K20 0.8 9.6 0.3 
B203  10.6 4.7 
BaO 0.9 

Density (Mg m-3) 2.60 2.49 2.48 
Thermal cond. (W m-I  K-1) 13 13 13 
Thermal exp. coeff. (10-6 K-1; 4.9 7.2 5.6 
Tensile strength (GPa) 3.45 3.30 4.60 
Young's Modulus (GPa) 76.0 69.0 85.5 
Melting Point (°C) 550 600 650 

Of the glasses that are used as fibres the most commercial is electrical or 

E-glass. 

1.3.1.1 Processing 

Glass fibres are produced by melting the raw materials in a reservoir and 

allowing the melt to fall under gravity through a series of platinum bushes 

that contain sets of small holes. As the glass fibres flow they cool and are 

then drawn and wound onto a drum. This drawing of the glass fibres 

produces an external compressive layer due to a faster cooling rate when 

compared with the inner part of the fibre although, because fibre diameters 

are small, the effect is minimal. The fibre diameter is controlled by the 

temperature and composition in the reservoir, which varies with the melt 
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viscosity, the size of the holes in the platinum bushes and the speed of 

drawing. 

1.3.1.2 Structure 

The atomic structure of silica based glasses consist of simple tetrahedra 

with a central Si atom surrounded by four oxygen atoms. The oxygen 

atoms are shared with other tetrahedra leading to a three-dimensional 

network, as shown in Fig. 1.2. However, there are additives in the glass 

which act as network formers or hinder the network structure. The 

presence of low valency elements such as Ca, Na and K breaks up the 

covalent bonding within the basic tetrahedron by forming ionic bonds with 

the oxygen, thus restricting the ability of the oxygen to bond with other Si 

atoms. These network breakers give the glass more formability but lower 

the stiffness and strength as a consequence. 

Fig. 1.2. The structure of glass (Chawla, 1987). 



1.3.2 Polypropylene 

Polypropylene is a thermoplastic that derives its strength and stiffness 

from the properties of its polymer chains and the length of these chains. 

The mechanical properties of the isotactic form of polypropylene are also 

governed by high molecular ordering which gives it further tensile 

strength, hardness and stiffness. 

1.3.2.1 Processing 

Polypropylene is an a-olefin polymer that is usually commercially 

produced by co-ordination polymerisation. Typically this involves a 

Ziegler-Natta catalyst (Billmeyer, 1984) thus: 
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Fig. 1.3. Synthesis of polypropylene by Ziegler-Natta catalysis with a) 

initial bonding of propylene monomer, leading to b) further bonding due to 

electron delocalisation, and finally c) polypropylene chain expansion 

through addition of propylene to the organic R group. 
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1.3.2.2 Structure 

The structure of polypropylene depends on the polymerisation conditions 

which will dictate whether the isotactic, syndiotactic or atactic form is 

produced. Isotactic polypropylene (iPP) is the most commercially used and 

has the structure: 

. H 	CH3  H. 	CH3  

\-c7  

/\/\ 
C 	C 	C 

— 	H2 	H2 	H2 — n 

Fig. 1.4. Structure of isotactic polypropylene. 
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CHAPTER 2: COATING CHARACTERISATION 

2.1 Introduction 

Composite systems are critically modified by the application of coatings to 

the reinforcing fibres. The properties of the coatings are critical in 

governing the overall composite properties. Therefore, it is essential that 

the film formers themselves are understood and characterised for specific 

properties that could prove to be controlling factors in the overall 

behaviour of micro-composites. 

2.2 Aims 

Characterisation of the film formers, which will also be called coatings, 

will attempt to evaluate four key areas of their properties: mechanical 

performance, thermal properties, chemical structure and surface 

topography. Surface science investigations have been extensive and it was 

deemed necessary to include them in a separate chapter. However, this 

chapter seeks to address the basic knowledge that is necessary to 

understand further work throughout the study. 
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2.3 Industrial Literature 

2.3.1 Introduction 

Six industrial polymer film formers were provided by Vinamul Ltd. The 

literature on these is limited and of an industrially confidential nature. 

However, what is known is that all the polymers are of a relatively low 

molecular weight of no more than 10,000. The chemical functionality of 

each film former is given below. 

Table 2.L Film former chemical functionality. 

Film Former Identifier Chemical Functionality 

3265 Poly-vinyl-acetate-ethylene 

3253 Poly-vinyl-acetate-ethylene at a 

lower solution viscocity than 3265 

40366 Poly-methyl-methacrylate 

4345 A cross-linkable 

poly-methyl-methacrylate 

71482 Poly-styrene-methyl-methacrylate 

71446 A cross-linkable 

poly-styrene-methyl-methacrylate 
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All film formers were available as a particulate suspension in a water 

based solvent. 

2.4 Mechanical Properties 

2.4.1 Introduction 

The mechanical properties of the coatings will be crucial to overall 

composite behaviour. The Young's modulus of the coating material and its 

yield point are to be found. A simple tensile test was conducted to evaluate 

these properties. 

2.4.2 Experimental 

The six film former solutions (3253, 3265, 40366, 4345, 71446 and 71482) 

were poured onto separate glass microscope slides and allowed to dry at 

room temperature for one week, so that any solvent was fully removed. 

Once dry, a scalpel was employed to carefully cut and remove the coatings 

from the glass slides. The dimensions of each sample was 6.5mm x 3mm x 

lmm. Each coating film was carefully placed between the grips of a 

micro-tensile testing machine (Micro Materials, UK) and tensile tested at a 

rate of 0.01mms-1. The load vs. displacement curve was used to produce 
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stress/strain curves for each coating film. The resultant plots are given in 

Fig. 2.1. 

2.4.3 Results 

The stress-strain curves for all of the film formers are shown below. 
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Fig. 2.1. Stress-strain curves for various film formers. 

The important feature to attain from Fig. 2.1 should be the Young's 

modulus. This can be calculated using a Hooke's Law type expression 

where the Young's modulus is simply the ratio of stress to strain. The 

gradient of the slope gives the Young's modulus and these are tabulated 

below for all of the film formers. 

15000000 

0. 

10000000 
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Table 2.2. Young's modulus values for film former coatings. 

Coating E (kPa) 

3253 1129 

3265 1453 

40366 1110 

4345 205 

71446 1289 

71482 945300 

2.4.4 Discussion 

The polymer systems are all very soft in nature, as shown by the low 

Young's modulus values in Table 2.2. These values would be consistent 

with polymers that are of very low molecular weight. All of the polymers 

have a very high strain to failure that was beyond the maximum extension 

of the tensile machine. The exception to this high strain to failure was 

71482, which deviated from an initial linear slope at around 4% strain. 
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2.5 Coating Adsorption 

2.5.1 Introduction 

The industrial film formers were applied to sized glass fibres. A study was 

then carried out to quantify the resultant thickness of coated glass fibres. 

2.5.2 Experimental 

Sized E-glass fibres were selected from a fibre tow and taped at one end 

with double-sided tape. The resultant 'free' fibre length varied from 

around 4mm to upwards of 20mm. The glass fibre was then pushed into a 

sample tube containing a film former polymer coating and held for 3 

different times; 5 seconds, 15 seconds and 30 seconds. The coated fibre 

was then allowed to dry horizontally with the coated length free from any 

surface. This coating procedure was repeated twice for each coating, at 

each time. 

After allowing the coated fibres to air dry for 1 week, each fibre was then 

placed on a microscope slide and examined under a BH2 Olympus 

microscope using transmitted light and at x500 magnification. A camera 

fixed to the microscope, which allowed the capture of microscope images 

onto a computer. Analysing software (ImageTool v2.00) was then used to 
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measure these images. A problem with light microscopy is the poor depth 

of field associated with the technique. This becomes more pronounced 

when fibres are examined under light, as a fibre surface does not lie in one 

plane. Thus, when focusing on a coated fibre at high magnifications, the 

fibre can often appear to vary its diameter depending on where the 

microscope is focused. This was overcome by principally focusing on the 

outer part (i.e. the centre) of the fibre, which also tended to be when the 

fibre appeared to be of smallest diameter and not when blurring of the 

image could cause inaccurate reading of the fibre diameter. 

2.5.3 Results 

The mean diameters for each fibre were summed and divided by the 

number of fibres tested for each coating time. This resultant mean was then 

used to plot a graph of coating thickness against coating time. Error bars 

were calculated from the average of the standard deviations. A line of best 

fit was then applied to all data. Although this is clearly not the most 

accurate fitting line it is sufficient to calculate what times are required to 

apply a coating of the same thickness for each polymer coating. Initially, 

sized glass fibre diameters were measured and used as an initial (time = 0) 

point. The sized glass diameter was found to be 12.75pm with a 0.5pm 

standard deviation. Plots of coated fibre diameter with time are given 

below. 
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Fig. 2.2. Plot of E-glass fibre thickness with time in a suspension of 3253. 
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Fig. 2.3. Plot of E-glass fibre thickness with time in a suspension of 3265. 
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Fig. 2.4. Plot of E-glass fibre thickness with time in a suspension of 40366. 
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Fig. 2.5. Plot of E-glass fibre thickness with time in a suspension of 4345. 
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Fig. 2.6. Plot of E-glass fibre thickness with time in a suspension of 71446. 
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Fig. 2.7. Plot of E-glass fibre thickness with time in a suspension of 71482. 
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2.5.4 Discussion 

Most of the curves in Figs. 2.2-2.7 display similar characteristics, i.e. a 

steep slope followed by a plateau. This corresponds to an initial fast 

adsorption of the coating material. Once a layer has begun to build up on 

the fibre surface due to coating nucleation, the whole growth rate of the 

coating layer becomes slower as fibre-coating (in the suspension) 

interactions are replaced by weaker (and possibly repulsive) coating (on 

the fibre)-coating (in the suspension) interactions. However, the initial 

coating adsorption and growth will occur because of coating-fibre 

interactions, which will only stop when coating (on the fibre)-coating (in 

the suspension) interactions become greater than this. All of the film 

former coatings show a large variation in coating thickness along a glass 

fibre surface. This would suggest that droplets tend to form on the fibre 

surface for all of the film formers. Complete wetting of the fibre does not 

occur because either the chemistry of the coatings does not promote this or 

because the viscosity of the film formers in solution is too high. 

A qualitative measure of the affinity of the film formers for the glass fibre 

surface can be made by examining the rate of growth of the coating layer 

with time. A film former with a high affinity to glass will have a large 

gradient whereas little or no affinity will give a 'shallow' gradient. A 

comparison of all of the adsorption plots can be summarised in Fig. 2.8. 
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Fig. 2.8. Plot of rates of film former depositions onto E-glass fibre 

surfaces. 

All of the gradients are very similar in Fig. 2.8 apart from that for 71482. 

This would indicate that all of the film former coatings have approximately 

the same affinity for E-glass fibre except 71482, which shows a steeper 

gradient. However, due to the high level of scatter in measuring the coated 

fibre thickness, any differences between the deposition rate should be 

considered as small. 
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2.5.5 Conclusions 

Six polymer coatings have been characterised in terms of their adsorption 

onto sized glass fibres using light microscopy and image analysis 

techniques. Differences in the nature of this adsorption are small, thus 

indicating that the film formers have a similar affinity towards the surface 

of E-glass fibres. 

2.6 Thermal Behaviour 

2.6.1 Introduction 

Phase transitions within polymer systems are critical in governing overall 

material properties. In particular, the glass transition temperature, Tg, 

defines when a polymer changes from a relatively brittle material to a 

rubbery solid. Thermal analysis is an established technique for measuring 

Tg  values; in particular, Differential Scanning Calorimetery (DSC) is used 

herein to define the Tg  values of all of the film former coatings. 

2.6.2 Experimental 

Samples of approximately 15mg were cut from a coating film that had 

been prepared by casting the film former solution onto a glass microscope 
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slide and allowing to air dry for one week. Each film former sample was 

sealed in a miniature aluminium crucible. The crucible was pierced on one 

side so that any gas pressure, which could be produced during analysis of 

the sample, did not build up within the container. The sample plus crucible 

was then heated from —40°C to 220°C at a rate of 10°C per minute. The 

resultant DSC curves are presented below with an increasing endothermic 

scale normalised against sample weight for the heat flow axis. 

Normalised 
Heat Flow 

Fig. 2.9. DSC plots for six film formers. 

2.6.3 Discussion 

It is clear from Fig. 2.9 that there are no sharp transitions as the 

temperature is raised. Therefore, the coatings must be amorphous as 

crystalline solids show sharp peaks corresponding to phase changes such 
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as melting point, whereas amorphous solids melt over a temperature range 

because of their structural short range order (Turi, 1996). All of the 

coatings show a gradual phase change at around or just below room 

temperature. This phase change should correspond to the glass transition 

temperature, Tg. The estimated Tg  values taken from the DSC plots are 

given below. 

Table 2.3. Tg  values for film former coatings. 

Coating Tg  (°C) 

3253 5 

3265 5 

40366 6 

4345 7 

71446 12 

71482 22 

Most of the film formers show similar Tg  values, with only 71482 

deviating from Tg  values of below room temperature. This would be 

consistent with the mechanical data obtained, showing that 71482 is much 

stiffer than all of the other coatings simply because it remains below its 

glass transition temperature (the 'real' laboratory temperature was between 

15-20°C). 

25 



2.6.4 Conclusions 

Thermal studies indicate that all of the film formers are amorphous. The 

glass transition temperatures range from 5°C to 22°C, although generally 

there is little deviation between film formers of a similar chemistry. 

2.7 Coating structure 

2.7.1 Introduction 

The structure of the film formers is to be elucidated using X-ray diffraction 

(XRD). Thus, any amorphous or crystalline regions are to be found and 

compared with previous work using DSC. The technique of XRD is well 

established and relies on measuring the intensity of reflected x-rays at 

different diffraction angles. Peaks in intensity-diffraction angle plots 

correspond to reflections from characteristic planes in the polymer, with 

amorphous polymers giving broad peaks and crystalline polymers having 

sharp peaks (Krigbaum and Taga, 1979, Androsch et al, 1999). 

2.7.2 Experimental 

All of the film formers were solution cast onto glass microscope slides. 

After allowing the films to dry for one week, thus permitting complete 
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removal of the solvent, small pieces of film former were placed on thin 

hot-stage glass slides (Linkham Ltd.). The samples were placed in the 

chamber of a Philips X'Pert X-ray Diffractometer. A PW3373/00 copper 

X-ray tube was used to generate X-rays. Diffracted X-ray intensities were 

measured from angles of 20=2° to 20=60° at a step rate of 0.04° and a step 

acquisition time of 2s. 

2.7.3 Results 

The resultant XRD plots are given below. 
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Fig. 2.10. XRD plot for 3253. 

27 



500 
450 
400 
350 

A. 300 
49 250 

200 
150 
100 
50 

10 	20 	30 
2theta / ° 

Fig. 2.11. XRD plot for 3265. 
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Fig. 2.12. XRD plot for 40366. 
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Fig. 2.13. XRD plot for 4345. 
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Fig. 2.14. XRD for 71446. 
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Fig. 2.15. XRD plot for 71482. 

2.7.4 Discussion 

All of the film formers show broad peaks in the XRD plots. This clearly 

shows that the polymers are amorphous. The peak of strongest intensity is 

around 28=20° while 3253, 3265, 4345 and 71446 also show a very broad 

peak at 20=40°. A shoulder on the primary peak at 28 values lower than 

20° appears for 3265, 40366, 4345 and 71446, but these are extremely 

weak. The diffraction plot of a bare glass slide was also taken but no peaks 

were produced which were very strong or overlapped with any of the 

peaks from the film former. Thus, it can be said that the film formers are 

amorphous in nature as only broad peaks occur in all XRD plots. 
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2.7.5 Conclusions 

The film formers have been shown to have an amorphous structure using 

X-ray diffraction. Slight differences in each film former structure can be 

expected from the broad peaks appearing at different diffraction angles. 

2.8 Surface Topography 

2.8.1 Introduction 

The surface characteristics of a material are often critical in defining its 

behaviour. The surface properties can be grouped into two topics: surface 

topography and surface chemistry. This section seeks to ascertain the 

roughness or topography of the film former surfaces whereas the chemical 

properties of the surface will be focussed on in Chapter 8. 

2.8.2 Experimental 

The six different film formers were solution cast onto glass microscope 

slides. These were then allowed to dry at room temperature for one week 

so that all of the solvent was fully removed. The films were then taken and 

placed under a Quesant DI 3100 atomic force microscope with a Si3N4  tip 

(spring constant = 0.12Nm-1). The tip was moved towards the film former 
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surface until there was an increase in the cantilever deflection due to the 

influence of the sample surface. This type of scanning of a sample surface 

is often called "contact mode". Each film former was raster scanned over a 

51..tm x 5pm area and the data for the cantilever deflection with spatial 

position collected on a micro-computer. 

2.8.3 Results 

Three dimensional topography images were collected using AFM and 

these are displayed below. 
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Fig. 2.16. Surface topography of 3253 as examined using AFM. 

Fig. 2.17. Surface topography of 3265 as examined using AFM. 
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Fig. 2.18. Surface topography of 40366 as examined using AFM. 

Fig. 2.19. Surface topography of 4345 as examined using AFM. 
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Fig. 2.20. Surface topography of 71446 as examined using AFM. 
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Fig. 2.21. Surface topography of 71482 as examined using AFM. 
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2.8.4 Discussion 

The topography plots show that, generally, all of the surfaces are relatively 

flat. 3265 and 3253 have slightly rougher surfaces, i.e. larger peak to 

trough distances along the scanned surfaces, when compared with the other 

topography plots. This could be either due to a larger polymer particle 

dispersion size or because of solvent effects. However, it is not apparent 

that any large spherical structure exists from the AFM topography plots in 

Figs. 2.16 and 2.17. Thus, the rapid evaporation of solvent is a more 

probable cause due to a low polymer dispersion concentration or a slightly 

different solvent being used. 40366 and 4345 show a smoother surface 

when compared to the '3' series. It is just about possible to view small 

`bumps' on the surface. These should correspond to the particle size from 

the film former dispersion, which appears to be around 0.1µm. 71446 and 

71482 show the smoothest topography. Again, as in the case with the '4' 

series coatings, a 'bumpy' surface occurs due to the particulate nature of 

the film former dispersion, with an average particle size of around 1µm. 

2.8.5 Conclusions 

Atomic force microscopy has been used to determine the surface 

topography of six industrial film formers that have been solution cast onto 

glass microscope slides. The resultant surfaces show that all of the 
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polymers have a similar roughness, with a slight ranking order from rough 

to smooth of 3253, 3265 > 40366, 4345 > 71446, 71482. It was also 

possible to distinguish the particle size for some of the film formers. Thus, 

40366, 4345, 71446 and 71482 show that the particle size from the film 

former dispersion is about 

2.9 Overall Conclusions 

The film formers are very soft when compared with other commercially 

available polymers. This will occur because the polymers are of low 

molecular weights and have Tg  values below room temperature. Thus, 

mechanical testing shows that the polymer coatings are of low modulus. 

An exception to this is observed in 71482, which has a Young's modulus 

value far in excess of any of the other film formers because of a higher Tg  

value. 

The chemical structure of the film formers has been evaluated in two 

ways: by XRD and DSC. It is clear from both of these studies that the film 

formers are highly amorphous. The DSC plots also show that the Tg  values 

are around or below room temperature, which should often be the case 

with film formers as they are limited by two factors. The first is that the 

film former will spread more easily over the surface of a fibre if working 

above the Tg  of the coating material. This is because the movement of the 
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polymer chains above Tg  temperatures denotes more mobility, thus 

allowing for potentially more spreading (assuming that there is some 

affinity of the film former for the glass fibre). The extend of the 

temperature difference above the Tg  will also cause greater mobility. There 

is also a question of the actual processing on the glass transition 

temperature of the films. A disperse phase of polymer is required so that 

agglomerations do not cause large differences in thickness when coating 

the desired surface. To keep a polymer disperse in a solution the weak 

forces of attraction, i.e. van der Waals forces, need to be kept to a 

minimum. If the polymer in solution is of a higher molecular length, 

approximating to a high molecular weight, then inter-molecular van der 

Waals forces will also be correspondingly higher due to this increased 

length causing more chance for interaction. Therefore a relatively low 

molecular weight polymer is required to keep the polymer in solution. The 

consequence of using a low molecular weight polymer will be a low Tg  

value. However, once the film former is present and covering the surface it 

is necessary for a high stiffness to be attained by the coating and allow the 

transfer of stresses through the interphase. The elastic limit is also 

important, as the onset of plastic flow around the fibre will cause little or 

no transfer of stresses from the matrix to the fibre during composite 

mechanical loading. Thus, the present Tg  values show a compromise 

between the two desired characteristics of complete fibre surface coverage 

and high stiffness. 
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Finally, the topography of the films shows that a relatively smooth surface 

exists for all film formers. The area of study was quite small so it can be 

suggested that only micro-roughness was assessed. However, when 

considering that the film foimers are in a solution phase and the substrate 

(fibre) is a smooth cylinder, it is reasonable to deduce that the roughness 

will not vary significantly from the current level of study for most typical 

film formers applied in the solution phase. 

2.10 Predictions of Coating Characteristics on Interfacial Bonding 

As the polymer matrix used in this study is polypropylene, any bonding 

involving strong covalent or ionic bonding is discounted due to the 

difficulty in promoting these types of bonds within such a matrix. 

Therefore, as mentioned previously in the introduction, molecular 

entanglement, physically attractive forces and surface roughness must be 

assessed as these will occur between the coated glass fibres and the matrix. 

The surface roughness in each system is low and, combined with generally 

low film former Young's moduli, should ensure that mechanical keying is 

insignificant. Physically attractive forces can be significant and this will be 

dependent on the structure of the polymers and their chemical formulation. 

DSC and XRD studies have shown that the film formers are amorphous, 

while crystalline solids generally have a higher surface tension that can 
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promote adhesion, the chemistry can be such that a separate evaluation 

needs to be made (Chapter 6). 

Diffusion of film former into the matrix is something that can only be 

speculated on at this point. Because the polymers are amorphous, they melt 

over a temperature range. This would suggest that at the processing 

temperatures used it is possible that an amount of coating could entangle 

itself with the polymer matrix. However, as with the film former surface 

tensions, compatibility of the film former with iPP will need to be assessed 

and this issue is discussed in Chapter 7. What is important from the 

mechanical characterisation is that film former 71482 is much stiffer than 

all of the other film formers, while being more brittle. Therefore, while 

efficient stress transfer from fibre to matrix can occur (see Chapter 4), 

failure through yield of 71482 will occur at comparatively smaller strain 

values. 

Finally, film former thickness and coverage can be important in 

determining composite properties. However, because this is not the focus 

of the study, all E-glass fibres were coated to a coated fibre diameter of 

201.1m. This consistency overcame the variable of coating coverage from 

processing. By using the coating thickness vs. coating time plots in Figs. 

2.2-2.7, the approximate coating time to produce 201.tm coated fibres is 

given below in Table 2.4. 

40 



Table. 2.4. Times required for various film former solutions to form a 

20µm coated E-glass fibre diameter. 

Coating Time (s) 

3253 103 

3265 54 

40366 107 

4345 65 

71446 73 

71482 26 

Hence, model composite systems can be used throughout the study. A 

more complete evaluation of molecular entanglement and physically 

attractive forces is made, as shown in Chapters 7 and 6 respectively. 
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CHAPTER 3: FIBRE STRENGTH 

3.1 Introduction 

Composite strength is critically linked with interfacial behaviour. For a 

composite to have a high tensile strength and modulus, it is almost always 

the aim to increase the influence of the reinforcing fibre to its maximum. 

In composite materials, the interfacial quality controls the effect of the 

fibre on the overall composite properties. Poor adhesion between a fibre 

and matrix will cause the composite to be of low modulus whereas 

increasing adhesion raises the stiffness. 

There are two main reasons to study fibre strength within the context of 

this project. The first is to explain how the film former coatings affect the 

strength of E-glass fibres. Two types of defects, internal and external, are 

to be examined and an evaluation of how these affect the fibre strength can 

be made. The second reason is to use the strength data for 

micro-mechanical evaluation. As will be seen in Chapter 4, the results 

from fragmentation testing are dependent on the strength of a fibre as the 

number of breaks within the fibre is recorded during composite straining. 

Thus, a statistical fibre strength approach will be needed to accurately 

describe interfacial quality. 
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3.2 Literature Review 

A fibre is not perfect; instead there are many surface and internal flaws 

that are present along its length. The fibre will break at these flaws due to 

the lower strength that exists in these regions. Hence, the strength of the 

overall fibre is dictated by the weakest flaw. 

Experimental strength measurements will often produce a wide range of 

values, therefore a procedure is required to give a characteristic strength 

for a particular type of material. A statistical approach was devised in 1951 

(Weibull, 1951) that considered a fibre as made of small links, like a chain. 

This approach involves dividing the fibre up into small lengths, with a 

critical flaw in any of these small lengths (or links of a chain) causing 

failure of the whole fibre. Hence the model is called the Weakest Link 

Theory. The probability of failure in the fibre at a stress a can be written 

as: 

Pf = 1 exp (a - 	w 	 Eqn. 3.1 
ac  

Because au  is the strength that will not cause fibre failure then this is often 

considered to be zero, thus reducing the equation from three to two 

parameters i.e. a and ac. 
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To calculate the Weibull modulus, w, for a certain material it is usual to 

rewrite the above equation as: 

ln. ln. [ 1/ (1 - Pf )]= w ln a - w ln ac 	 Eqn. 3.2 

Hence a plot of ln.ln [1/(1-Pf)] against In a will give a gradient equal to the 

Weibull modulus, with an intercept of - w In ac. The Weibull modulus is 

also termed the shape parameter, while ac  is known as the scale parameter. 

Sometimes the gradient is not so easy to fit accurately to the data because 

two or more distinctive gradients exist within the data. This is because of 

the different failure mechanisms that can exist and give rise to different 

Weibull modulus values, which will be discussed below. 

The Weibull modulus is significant in terms of understanding the size of 

the flaws within the fibre. A large Weibull modulus (i.e. w > 20) will 

correspond to small strength variations along the fibre, thus stresses close 

to the characteristic strength ac, for a particular length, would give a high 

probability of failure whereas the failure stress for fibres with a low 

Weibull modulus will be more uncertain. 

As the length of the fibre increases then so does the number of flaws, 

hence the probability of finding a critical flaw (i.e. one that will cause 

failure under a specific load) increases. Therefore, the strength of the fibre 

44 



is length dependent and a scaling model based on the Weakest Link 

Theory can be used to describe this. If a fibre has z elements along its 

length that contain a flaw then the probability of fibre failure, Pf, can be 

written using Eqn. 3.1 as: 

Pf = 1 exp [ -z 

	

	 Eqn. 3.3 
ac  

The parameter z must be a function of the fibre dimensions, thus an 

expression can be given which relates the fibre lengths e.g. 11, 12  to their 

strengths e.g. a1, a2  by: 

ai = 62 (12_) 1 
	

Eqn. 3.4 
11 W 

Thus, it has been shown that the conventional way for measuring strength 

of materials does not hold for fibres and that the statistical approach above 

is far more applicable in giving a fibre strength-length relationship. 

Recent literature has reported the validity of a Weibull strength-length 

relationship and its interpretation, as discussed below. Populations of 

defects in E-glass fibres were found to group into three different failure 

modes at fibre lengths from 0.5 — 50mm (Schmitz and Metcalfe, 1967), 

with one particular type of failure mode only appearing at lengths shorter 

than 1mm. As described above, a multi-mode failure manifest itself as 
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multi-gradient curves on Weibull plots. Oxidation treatments on carbon 

fibres can produce detrimental effects by inducing surface pits, thus 

lowering fibre strength, even though functional group addition at the fibre 

surface can increase bonding to the matrix (Manocha, 1982). 

Organo-silane and sizing treatments for glass fibres have been shown to 

protect fibres against moisture attack and therefore preserve fibre strength, 

thus enhancing fibre properties in glass fibre-reinforced composites 

(Koenig and Emadipour, 1985). By increasing the number of alkoxy 

groups in an alkoxy-silane coupling agent, Gomez and Kilgour (1993) 

showed that glass fibre strength also increased. Better protection of the 

glass surface from surface flaws attributed to better bonding and 

increasingly complete network structure of the silane to the fibre surface 

was thought to be the reason. 

Zinck et al (1999) presented a bi-modal Weibull distribution to model two 

types of failure within glass fibres, essentially repeating the work of 

Schmitz and Metcalfe (1967). The cumulative distribution function to 

describe the probability of failure at a stress a was shown in to be: 

P(a) = 1 — p exp [ - (a/ai)wi] (l-p) exp (01a2)w2 
	

Eqn. 3.5 

where p is used to describe the fraction of failure modes 1 and 2. Note the 

Weibull and characteristic scale parameters w1, w2, ai and 62 
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corresponding to failure modes 1 and 2. Distribution curves (Weibull 

plots) for E-glass fibre systems treated with sizes showed non-linear 

behaviour, thus indicating bi-modal behaviour consistent with Eqn. 3.5. 

Slope changes correspond to mixed distributions based on two types of 

defect, evaluated as being internal and external. Extreme parts of the curve 

show only one type of defect. For the tested gauge length of 20mm, two 

types of defects were observed. Zinck et al pointed out that it is quite 

possible that the fraction of one mode of failure is so small that a 

uni-modal evaluation is reasonable. The study continued to discuss how 

the scale parameter is described as being related to the severity of a 

distribution, whereas the Weibull modulus gives the range of flaw 

distributions. For a silane bonded to a glass fibre surface, the siloxane 

bond was predicted to be broken before the critical stress intensity factor 

due to cracks initiating from the surface in the fibre was reached and 

failure in the fibre occurred. Finally, the idea of surface defects becoming 

healed by the addition of a size was evaluated and a fracture mechanics 

approach showed that a defect size above a threshold could not be healed 

by a silane network, thus confirming different failure modes within a sized 

fibre. 

Fibre bundles of average gauge length 8mm have been impact tested 

(Wang and Xia, 1997). Results showed that the E-glass fibre strengths 

were sensitive to both strain rate and temperature. Weibull distribution 
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plots showed rapid gradient changes, thus indicating two distinctive types 

of flaws. Shape parameters were found to be independent of strain rate and 

temperature, whereas scale parameters were not constant. 

The limitations of a bi-modal Weibull model were highlighted for carbon 

fibres (Pickering and Murray, 1999). Experimental strength data was found 

to deviate by up to 25% from predicted results using a bi-modal Weibull 

model, although this was for long gauge lengths. 

Wisnom (1999) summarised that Weibull theory is applicable only when 

there is one type of failure mode. Size effects were extensively assessed 

and ductile materials were shown to have a size dependence. Composites 

containing many fibres were shown to deviate from Weibull theory but a 

model treating the fibres as a bundle overcame this. 

Creasy (2000) measured the Weibull shape and scale parameters by testing 

glass fibre bundles instead of fibre filaments. This was supposed to give 

more reliable results, as the fibres are not extensively handled, thus 

lowering the chance of inducing additional flaws within the fibres prior to 

testing. By assuming that each fibre length is constant within the bundle, 

and a two parameter Weibull function can model each fibre, where the 

load is released upon fibre fracture is equally distributed amongst the 
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remaining fibres and the filaments' strength is independent of strain rate, it 

was shown: 

P(a) = A Ef  s exp [ - L (a/ao)m  I No 	 Eqn 3.6 

Where P(a) is the bundle load, A is the bundle area, Ef is the Youngs' 

modulus of the bundle, L is the gauge length, e is the applied strain and No  

is a product of the Weibull survivability function and the number of fibres. 

3.3 Aims of present study 

An evaluation of fibre strength, when E-glass fibres are treated with a film 

former, is required. Deviations in the flaw distribution from different fibre 

systems can be found and will be valuable in understanding how the 

failure mechanisms vary for each film former system. 

3.4 Experimental 

E-glass fibres of approximate diameter 12.f.tm were selected by hand from a 

fibre bundle. Each individual fibre was then fixed to a thin rectangular card 

frame using epoxy adhesive. The mounted sample could be easily slotted 

into the grips of a micro-tensile testing machine (Micro Machines, UK) 

and the sides of the card cut so that only the fibre is tested, as shown in 
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Cut lines 

Fig. 3.1. The internal length of the frame was 8 or 15mm, depending on 

length of fibre required for testing. 

Epoxy adhesive 	Card frame 
E-glass fibre 

Fig. 3.1. E-glass fibre preparation for strength testing. 

For fibre systems treated with film formers, the preparation was carried out 

as described in Chapter 2, to produce 201.tm coated fibre diameters. The 

fibres were tensile tested with a cross-head speed of 0.01mms-1. The 

resultant load-displacement curves were recorded using Biax 2000 

software that runs concurrently with the micro-tensile testing machine. A 

typical load-displacement curve is shown in Fig. 3.2. 
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Fig. 3.2. Typical load-displacement curve for an E-glass fibre tested in 

tension. 

The difference between the initial load and the maximum load attained was 

used as the failure load for the fibre. At least 20 fibres were tested for sized 

E-glass fibres (at lengths of 8mm and 15mm, both with an A1100 silane) 

and sized E-glass fibre systems with film formers 71446, 71482, 4345, 

40366, 3265 and 3253 at 8mm gauge lengths. This number of fibres has 

been shown to be sufficient to complete a statistical evaluation of fibre 

strength (Asloun et al, 1989). 

3.5 Results 

Data was analysed assuming the flaws along the fibre conformed to a 

Weibull type distribution. Maximum loads were used with a fibre diameter 

value of 12µm to calculate the stress in the E-glass fibre. All of the fibre 
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failure stresses for a particular system were ordered from lowest stress to 

highest stress. The probability of failure was then evaluated using the 

following estimator, which has been shown to be sufficient for specimen 

numbers less than 50 (Asloun et al, 1989): 

Pf =  - 0.5 
	

Eqn. 3.7 
N 

where i is the ranking number of the fibre stress (i.e. 1 is the lowest failure 

stress value and 20 is the highest stress value for 20 fibres tested), N is the 

total population tested (i.e. 20) and Pi is the probability of failure at the ith 

strength. Equation 3.2 was then employed to produce a Weibull plot for 

each fibre system. The resultant plots are given in Figs. 3.3-3.10. 
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16 

0 

In stress / GPa 

Fig. 3.3. Weibull plot for sized E-glass fibres treated with 3253. 

In stress / GPa 

Fig. 3.4. Weibull plot for sized E-glass fibres treated with 3265. 
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Fig. 3.5. Weibull plot for sized E-glass fibres treated with 40366. 

In stress / GPa 

Fig. 3.6. Weibull plot for sized E-glass fibres treated with 4345. 
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In stress / GPa 

Fig. 3.7. Weibull plot for sized E-glass fibres treated with 71446. 
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Fig. 3.8. Weibull plot for sized E-glass fibres treated with 71482. 
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In stress / GPa 

Fig. 3.9. Weibull plot for sized E-glass fibres at 8mm gauge length. 
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Fig. 3.10. Weibull plot for sized E-glass fibres at 15mm gauge length. 
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The Weibull modulus of each glass fibre system and the characteristic 

strength can all be obtained from the Weibull plots. From Equation 3.2, the 

Weibull modulus is simply the gradient of the data from a Weibull plot. 

The characteristic strength can be obtained from Weibull plots by finding 

the intercept at In On (1-P)) = 0. Thus, by plotting a linear trend line 

through all of the data in Figs. 3.3-3.10 the Weibull modulus, w, and the 

characteristic strength, lac, has been tabulated in Table 3.1: 

Table 3.1. Values of Weibull modulus and characteristic strength for 

various E-glass fibre systems. 

Coating w sac (GPa) 

3253 5.06 2.88 

3265 4.36 2.91 

40366 2.45 2.92 

4345 3.22 2.87 

71446 4.73 2.88 

71482 5.23 2.89 

8mm untreated 4.14 3.07 

15mm untreated 6.83 3.01 
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3.6 Discussion 

The Weibull modulus is used to describe the variation in strength for a 

fibre. As mentioned previously, the higher the value, the less variation in 

fibre strength, or the more homogeneous the flaw distribution. The 8mm 

untreated, 71482, 3253, 3265 and 71446 systems all have relatively high 

Weibull moduli, which indicate a more homogenous fibre. Hence, it is 

reasonable to assume that the coatings, or the silane, make the fibre surface 

more homogenous in nature and perhaps give a more complete fibre 

coverage. Coatings 4345 and 40366 give lower Weibull moduli, which 

indicates either incomplete coating coverage or a variation in the coverage 

causing a more variable concentration of stress. Finally, 15mm untreated 

fibres show the highest Weibull modulus. The flaw distribution should be 

more evenly distributed simply because of the increase in length and the 

chance of finding flaws concentrated at a point along the fibre is reduced. 

The Weibull modulus also indicates how many types of failure can exist 

because of the multiple gradients that can exist in a Weibull plot. As all of 

the Weibull plots (except 40366, which is considered later) fit well to a 

uni-modal Weibull fit then only one failure type exists. However, because 

the Weibull modulus varies for the each system, this single mode of failure 

may be modified by the applied surface treatment, as discussed below. 
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The scale parameters show that all of the fibre systems are similar. It 

would be expected that the 8mm untreated fibre system has a larger 

characteristic scale parameter when compared with the 15mm untreated 

fibre system due to a lower number of flaws being present in total. Thus, 

there will be a lower chance of finding a 'weaker link' and the fibre 

strength will be higher. It is interesting to note that the addition of film 

former lowers the fibre strength when compared with E-glass fibres 

without film former. It is highly probably that, considering the uneven 

coating thickness (shown in Chapter 2), stress concentration points exist 

within the film former coating. These stress concentration points will be 

exaggerated at more 'bumpy' regions on the film former surface. Thus, the 

smoother untreated E-glass fibre surface will have fewer stress 

concentration points and a higher characteristic strength as a result. 

All of the data in Figs. 3.3-3.10 have been fitted with a uni-modal Weibull 

distribution. The data have varying degrees of 'best fit' to the single line 

on each Weibull plot. A simple way to evaluate the deviation from a 

uni-modal Weibull distribution is to examine the R2  values (i.e. deviation 

of the data points from the linear trend line on each Weibull plot). The 

results are given below: 
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Table 3.2. R2  deviation values for Weibull plots of treated and untreated 

E-glass fibre systems. 

COATING R2  

3253 0.9662 

3265 0.9562 

40366 0.7068 

4345 0.9446 

71446 0.9687 

71482 0.9735 

8mm untreated 0.8855 

15mm untreated 0.9669 

Almost all of the glass fibre systems show a good fit to a uni-modal 

Weibull distribution. This is indicated by R2  values that approach an ideal 

fit of 1. Therefore, it is reasonable to assume that there is one dominant 

type of failure. Other failure modes could exist in these systems but their 

populations are so small that the tensile testing technique is not sensitive to 

this. The exception to the above statement are E-glass fibres coated with . 

40366. Thus, a bi-modal Weibull distribution can be applied to 40366. To 

account for the two types of failure modes, two linear trend lines can by 

applied to Fig. 3.5 to give: 
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Fig. 3.11. Weibull plot for sized E-glass fibres treated with 40366 showing 

bi-modal Weibull behaviour. 

The R2  values are 0.9011, for best fit line A (Weibull modulus of 0.99), 

and 0.9369 for line B (Weibull modulus of 5.62). Thus, a bi-modal 

Weibull distribution is far more accurate in describing the failure in these 

E-glass fibres compared with a uni-modal Weibull distribution due to R2  

values becoming closer to unity. The implication of a bi-modal fit is that 

two failure modes occur in E-glass fibres coated with 40366. As stated in 

the literature (Zinck et al, 1999), a bi-modal distribution suggests both 

internal and surface defects and this can be applied to the nature of fibre 

failure in the 40366 system. However, for all of the other fibre systems, the 

Weibull modulus appears to be in one grouping of a value similar to the 

higher Weibull modulus value of the 40366. Therefore, all of the fibre 
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systems share a common failure mode with 40366 having an additional 

failure mode corresponding to the Weibull modulus of 0.99. While the 

mode of failure cannot be extracted directly from our data, Zinck et al can 

again help in understanding the failure phenomena by inspecting their data 

on the Weibull moduli of the same E-glass fibre systems (without film 

former). The authors showed that the Weibull modulus was between 3.5 to 

5 for E-glass fibres, which are similar to the higher Weibull moduli groups 

with the film former coatings, and predicted that the failure would be 

internal in nature due to an industrial size promoting defect healing at the 

surface. It is reasonable to apply this to the results presented here, thus 

showing that all film former systems cause failure predominantly by 

internal defects in the fibre. The exception to this is film former 40366, 

which appears to also have a significant population of failures caused by 

surface defects. Two important observations account for an increase in 

surface induced failure compared to the other film formers used. As shown 

later in Chapter 6, the adhesion forces between E-glass fibres and 40366 

are high. Also, the coating time required to produce a 201.1m coated fibre 

diameter is the largest for 40366 (Table 2.4). The reason for this relatively 

long coating time must be due to some degree of repulsion between 40366 

polymer particles in the emulsion. When the fibre is submerged into the 

emulsion, initial coating will be rapid due to the high interaction forces 

between 40366 and the fibre surface. However, more repulsive interactions 

between the 40366 on the fibre surface and 40366 particles in the polymer 
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emulsion will cause an increase in the time required to produce a thicker 

coating. Thus, it is possible that this high degree of repulsion, shown in 

40366 having the longest coating time, produces micro-voids in the 

coating itself. The resultant coated fibre will be strongly bound to the fibre 

but have defects close to the fibre surface. As the fibre is tensile tested, 

cracks can propagate from these defects and towards the fibre leading to 

stress concentrations at the fibre surface. While defects within the film 

former itself can occur for other film formers with long coating times, 

specifically 3253, the weak interfacial adhesion can lead to crack 

deflection at the fibre surface. This would be less significant for a more 

strongly adhering film forming, as is the case for 40366. 

3.7 Conclusions 

It can be seen that E-glass fibres treated with an industrial size, film 

formers and at different fibre lengths display variable mechanical 

properties. The mechanical strength behaviour of each fibre system was 

characterised using a Weibull distribution. The resultant Weibull plots 

were sensitive to the different film formers present on the fibre surface as 

well as changes in fibre length. The film formers were shown to vary the 

Weibull modulus of E-glass fibres and cause the fibre to fail by internal 

defects. However, the overall strength of the fibres was largely unchanged. 

A bi-modal Weibull distribution was shown to model the behaviour of 
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E-glass fibres coated with 40366 far better than a uni-modal Weibull 

distribution, probably causing an increase in the flaw density at the fibre 

surface. This highlights how a film former can modify the flaw population 

within a fibre and how the Weibull plot is sensitive to this. Ultimately, the 

film formers at the coating thickness used lowered E-glass fibre strength 

slightly and this was probably as a result of the uneven film former 

thickness that promoted stress concentrations along the coated fibre 

surface. These results are also to be used for subsequent interfacial 

evaluation through fragmentation testing in Chapter 4. 
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CHAPTER 4: FRAGMENTATION TESTING 

4.1 Introduction 

An established way of testing a single fibre micro-composite specimen is 

to strain the sample coupon and measure the number of breaks occurring 

within the fibre. This is known as the fragmentation test and is useful for 

evaluating the interfacial quality in a micro-composite system. The 

principles behind the test are simple. As the matrix is strained then the 

fibre reinforcement will also be strained. However, because of differences 

in the stiffness of the constituents, the fibre will be strained less than the 

matrix. This difference, or lag, causes stresses to occur at the fibre-matrix 

interface. If the interface is relatively stiff then the shear lag between the 

fibre and matrix will be small, resulting in a relatively high fibre strain that 

causes many breaks in the usually brittle reinforcing material. Conversely, 

a relatively flexible, low modulus interface allows the difference in strains 

between fibre and matrix to be large. On loading, matrix strain will 

increase with a correspondingly smaller increase in fibre strain. The fibre 

will suffer few breaks because of this small strain and the stress at the 

interface due to shearing of the matrix over the fibre will be high, with 

interfacial failure probably occuring. If the number of breaks in the fibre 

reaches saturation where no further breaks appear then an evaluation of the 

interface between the fibre and matrix can be made. Thus, different surface 
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treatments on fibre surfaces and their effect on single fibre 

micro-composite mechanical properties can be evaluated. 

4.2 Aims 

It is the aim of this chapter to show how E-glass fibres treated with six 

industrial film formers and a polypropylene matrix behave during 

fragmentation testing. Results will not only show how the film former 

affects the overall adhesion properties between coated fibre and matrix but 

will also be used later in the evaluation of dominant bonding mechanisms 

at the interface. 

4.3 Literature Review 

Cox (1952) performed one of the first analyses of stresses in a composite 

system. Individual short fibres were considered to be dispersed within a 

resin system, with the fibres either overlapping or lying end to end. Lateral 

stiffness in both the fibre and matrix were assumed to be the same, thus 

simplifying the analysis to that along the fibre axis. The difference in 

displacement between the fibre and matrix was used in a shear lag type 

model with a perfectly elastic interface i.e. no debonding occurred between 

the fibre and matrix. The load in the fibre, at any point x, was shown to be: 
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P=Ef Af s[ 1 —cosh(131/ 2—x)1 	 Eqn. 4.1 
cosh (J 1 / 2) 

The constant p was related to the material properties and the mean 

separation between fibres in a composite. From the above the mean load in 

a fibre can be written as: 

Pmean = Ef Af E { 1— tanh ( 1/ x) 1 	 Eqn. 4.2 
( 1 / 2) 

An early alternative to the Cox model is the Kelly-Tyson model (1965). 

The latter authors observed that a composite containing less than a critical 

volume fraction of brittle fibres in a ductile matrix shows multiple fibre 

fracture until all fibre lengths are below a critical length lc. At this point the 

matrix around the fibre fragments no longer transmit enough stress to 

cause further fibre fracture. If the matrix is ideally plastic then the 

interfacial shear strength, T, is constant and a force balance will give: 

JL 
„„. If  2 	„r  . dz 	 Eqn. 4.3 

Thus, the maximum interfacial shear stress can be written as; 

tmax  = rf_qf  = of 
	 Eqn. 4.4 

lc 	2(1c/d) 

It is important to note that the strength of the fibre, of, corresponds to the 
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critical fibre length. Equation 4.4 has been widely used due to the ease by 

which the strength of the interface, tmax,  can be related to the critical 

fragment length, lc, when a single fibre composite is strained. However, 

the model is often implemented even when the matrix is not plastic. As the 

Kelly-Tyson model only assumes yield failure at the interface then 

interfacial fracture or debonding events may be inaccurately modelled. 

Dibenedetto (1991) suggested that failure can occur in three ways: i) fibre 

fracture, if interfacial bonding is strong and matrix strength is high, ii) 

debonding, initially at the fibre ends, which propagates to the fibre centre if 

the interface between the fibre and matrix is weak, iii) matrix cracking 

initiating from fibre ends if the interface is strong but the matrix is of low 

strength. These types of failure were observed in micro-composite systems 

by Drzal and Madhukar (1993). Because shear stresses are highest there, 

fibre ends are usually at least partially decoupled from the matrix, leading 

to an ineffective length where stresses are not transmitted to the fibre, and 

reduced fibre load bearing occurs. An ineffective length is the fibre length 

where the axial stress is built up and so is less than the maximum stress at 

the middle of the fibre. Fraser et al (1983) stated that the fibre cannot break 

within the ineffective length and must be withdrawn from real fragment 

lengths when calculating values such as Weibull parameters. It was also 

established that the ineffective length is only lc  when complete debonding 

has occurred. 
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Experimentally, Dibenedetto (1991) noted that at least 7-10% elongation of 

the composite is required to induce full fibre fragmentation in glass fibre 

micro-composites and to reach fragmentation saturation, i.e. no further 

breaks occur when continuing to strain the micro-composite. 

The critical fragment length has often been taken as being 4/3 of the mean 

fragment length, from work by Oshawa et al. (1978). This result is derived 

from considering that all fibre fragments lie between the critical fibre 

length, lc, and le/2. Fibre fragments cannot be above a length le  as they will 

break into shorter fragments. Fragments of length lc  can only break in the 

middle (where the maximum fibre load will occur) to lengths of 1e/2. This 

gives a fragment length ratio (1c:lc/2) of 2:1 and the midpoint of a fibre 

fragment distribution curve will give a critical fibre length equal to 4/3 of 

the mean fragment length. However, because the fibre strengths are length 

dependent, this ratio is usually exceeded due to a higher fibre strength at 

smaller fragment lengths, resulting in a lower chance of fibre breakage. 

Thus, the fibre fragment populations at around 1e/2 will be smaller than 

those close to lc, resulting in the ratio becoming larger than 2:1. 

Folkes and Wang (1987) reinforced the applicability of the Kelly-Tyson 

model by testing E-glass fibre/polypropylene systems using a variety of 

fibre surface treatments. Interfacial shear strengths ranged from 20-46 MPa 

depending on the surface treatment despite the shear strength of the 
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polypropylene matrix being only 21 MPa. Although the critical fibre 

lengths gave an accurate representation of fibre treatments, it was 

speculated that ;lax  values were larger than matrix shear strength values 

because of an over-estimation of fibre strength. Dibenedetto (1991) 

acknowledges that le  values are more sensitive to surface treatments and 

temperature than fracture energies and states that, although tmax  often 

exceeds the shear yield strength of the matrix, due to a lack of 

consideration for the failure mode, the lc  values are important as they 

correlate well with changes in stiffness, tensile strength and shear strength 

of composite materials. 

Many studies on fragmentation phenomena have been undertaken. These 

include the attempts by Harris (1978) to model the interfacial pressure due 

to matrix shrinkage. Drzal (1990) changed the matrix properties through 

varying the length of a cross-linking agent but maintained the chemistry of 

the system. It was found that the shear modulus of the matrix influenced 

the interfacial shear strength, thus thermoplastic matrices, which often 

have a lower moduli than thermosets, can give lower ti values during 

fragmentation testing. Drown et al (1991) followed on from previous work 

and examined the mechanical properties of the interphase region while 

isolating specific chemical interactions between the fibre and matrix. 

Increased toughness and modulus of the interphase was shown to increase 

fibre matrix adhesion. Chen et al (1996) showed using finite element 

70 



analysis that the shear stresses at a coating-matrix and fibre-coating 

interface are complex for a glass fibre-phenolic coating-epoxy resin 

system. At high applied strains there are peak and plateau shear stresses 

which at the coating-matrix interface approximate to the tensile yield 

strength divided by root three of the matrix. Further analysis of glass 

fibres, in thermoplastic matrices, was conducted by Pisanova et al (1997). 

The limitations of how the mean fragment length was related to the critical 

fibre length was highlighted and a modified Kelly-Tyson equation was 

used incorporating a correction factor, K, to describe the distribution of 

fibre lengths from lc  to le/2. Thus, the equation below was used: 

tmax K ()ILI 
	

Eqn. 4.5 
2 mean 

It was found that, for the glass fibre systems in the study, a K value of 0.93 

could be accurately used. 

Interface models have been produced which have a higher level of 

sophistication when compared to the Cox and Kelly-Tyson models. 

Whitney and Drzal (1987) used a model based on an exact far field 

solution and an approximate transient solution to give the axial normal 

stress ax  in a fibre as: 

ax  = [ 1— (4.75 x' + 1) ] C4.75x' 	 Eqn. 4.6 
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where x'=x / lc. The interfacial shear strength can be derived from this as: 

= -4.75 IA Al so  x' e-435x' 	 Eqn. 4.7 

where p. = [Gm  / (Ef  - 4vfG.]. The resultant interfacial shear stress profile 

if found to give a maximum value near the fibre ends but drop to zero at 

the fibre ends. Termonia (1987) gives a similar result to Whitney and Drzal 

by modelling a fibre in a matrix and calculating stresses by computational 

methods. The strain in the fibre was shown not to start from zero because 

load is transferred across fibre ends, something not assumed by the Cox 

model. The interfacial shear stress showed a maximum close to the fibre 

ends, which then drops drastically to zero as the matrix is approached i.e. 

exactly at the fibre end. 

Interfacial evaluation using energy of fracture has been an alternative to 

stress based analyses. One of the earliest energy based approaches for a 

compressive fragmentation was carried out by Outwater and Murphy 

(1970). The model is also valid for tension and gives the energy required to 

fully debond the fibre, ri, as: 

Ti = [ (am  Ef t 	- (4 X /0:)2  d / 8 Ef 	 Eqn. 4.9 

Mullin and Mazzio (1971) derived a similar equation except that Ti  is six 
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times smaller but assumes an initial debond length of at least le, whereas 

Outwater and Murphy assume an infinitesimally small initial crack. The 

most recent energy based approaches are yet more accurate but rather 

cumbersome. An example of this was derived by Zhou et al (1999) and is 

given below: 

= rf  afc02  1-(1-t)2  + t(4 — t) — 2 S Ef rf2  [DN  t2  + (1 — t)2 
	

rf  f rf  
4 Ef , 	3 	I3N  Ld 	Ld 	4 	Ld 	2 Ld  

Eqn. 4.10 

The later equation considers the frictional contribution within debonding 

zones. However, the analysis is quite long and does not significantly 

improve on the Kelly-Tyson model for describing different surface effects. 

4.4 Experimental 

Single fibre micro-composites were produced, for fragmentation testing, as 

follows. E-glass fibres were coated with the six different film formers to 

produce a coated fibre diameter of 201.tm, as described in .Chapter 2. The 

samples were allowed to dry at room temperature for one week. Fibres 

were then placed between two sheets of isotactic polypropylene 

(Goodfellows, UK, thickness 0.1mm, MFI: 9.3) and taped with heat 

resistant tape to a lower sheet of release film (as shown in Fig. 4.1), which 

was resting on a thin steel plate. The tape was folded before fixing the 
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glass fibre to it so that the fibre would stay within the middle of the two 

iPP sheets and not move around during processing, which could induce 

kinks and misaligned fibres. Aluminium spacers (thickness 0.2mm) were 

placed at each side of the iPP films and another release film was placed 

over the whole set-up. A second steel plate was placed over the first plate 

to complete a 'sandwich' arrangement. This sandwich was then transferred 

to a Carver hot-press. Hot-pressing was carried out at 200°C and 14kPa for 

8 minute. 

Steel Plate 

Release Film 

Spacer 

Heat-Resistant Tape 

iPP Film 

Glass Fibre 

Fig. 4.1. Hot-press set-up for production of model composites. 

After pressing, the micro-composite sheet was quickly removed from the 

hot-press and allowed to air cool. From the resultant sheet, 

micro-composite samples of dimensions 15mm x 8mm x 0.2mm were 
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produced using a sharp knife and template. Optical microscopy of the 

micro-composites showed that no fibre breakage occurred due to the 

cutting of the samples from the parent sheet. 

Single fibre micro-composites were gripped between the jaws of a 

micro-tensile machine (Micro Machines Ltd., UK). The initial grip 

separation was set to 8mm so that the sample would be sufficiently gripped 

at each end. Tensile tests were performed at a strain rate of 0.01mms-1  to a 

final grip separation of 12mm, corresponding to a strain of 50%, which 

should easily induce full fragmentation saturation of the composite. 

Samples were carefully examined at the grips to ensure that slipping did 

not occur. 

Tested specimens were transferred to an optical microscope (Olympus 

BH2). Transmitted light was used to examine the number of breaks along 

the fibre length. A total of at least 300mm of fibre length was examined 

(>30 samples) and the number of fibre fragment breaks recorded. Further 

micro-composite samples were submerged in liquid nitrogen for 15 

minutes and fractured by hand. The resultant fractured surfaces were 

lightly coated (25nm) in gold by sputtering and examined by Scanning 

Electron Microscopy (Jeol JSM T-220A SEM). Although the failed 

cross-sections are clearly different to the types of failure observed in 

fragmentation, a qualitative assessment of the strength of the various 
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interfaces in each micro-composite system was made. 

4.5 Results and Analysis 

The average fragment lengths for each coated glass fibre composite are 

given in Table 4.1. 

Table 4.1. Average fibre fragment lengths for various coated fibre systems. 

Coating Av. Fragment Length (..im) 

3253 906 

3265 1048 

40366 751 

4345 1722 

71446 712 

71482 1239 

The SEM micrographs for each coated fibre system are given below. 
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Fig. 4.2. SEM micrograph of a failed fibre coated with 3253. 

Fig. 4.3. SEM micrograph of a failed fibre coated with 3265. 
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Fig. 4.4. SEM micrograph of a failed fibre coated with 40366. 

Fig. 4.5. SEM micrograph of a failed fibre coated with 4345. 
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Fig. 4.6. SEM micrograph of a failed fibre coated with 71446. 

Fig. 4.7. SEM micrograph of a failed fibre coated with 71482. 
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The interfacial shear strength is to be assessed using the Kelly-Tyson 

model (Eqn. 4.4) which, although it does not give accurate interfacial shear 

strength values (see literature review), is thought to be adequate for 

evaluating differences in the coated fibre systems. However, there are 

some questions arising from its use. The interfacial shear strength, Tmax, is 

dependent on the fibre strength at the critical fibre length, lc. Thus, it is 

necessary to calculate this fibre strength at lc. As shown previously in 

Chapter 3, the fibre strength varies for different systems. However, the 

strength variation is assumed to be small as the fibre length varies from 

that of the original measured length of 15mm down to the fragment length. 

Thus, the strength of the coated E-glass fibres from Chapter 3 are used to 

calculate interfacial shear strengths. The Kelly-Tyson model assumes a 

sample fragment length of 2:1. Although this is not usually true, as shown 

in the literature review, it is sufficient to use this and thus equate the 

average fragment length to 3/4  lc  for the purposes of interfacial evaluation. 

The interfacial shear strength for each micro-composite system is shown in 

Fig. 4.8. 
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Fig. 4.8. Interfacial shear strength, T, for various coated fibre systems. 

4.6 Discussion 

Coating 4345 shows a far lower interfacial shear strength than the other 

film formers. All of the other coatings show similar interfacial shear 

strength values, with 71446 and 40366 being the highest. This result seems 

to be consistent with the SEM failure micrographs in Figs. 4.2-4.7. Fibres 

coated with 71446 and 40366 showed a far smoother fibre surface on the 

failure micrographs, suggesting adhesive failure, when compared with the 

other fibre systems. This suggests that the coating-matrix interface is 

usually weak except in the case of 71446 and 40366, where the 

fibre-coating boundary is weakest. It is interesting to note how the 

mechanical properties of the coating affect results. By far the stiffest film 

former is 71482, as shown in Chapter 3. This coating also shows a low 
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strain to failure so that high straining, as is the case in our fragmentation 

testing, causes coating yielding. This result can be confirmed by examining 

the SEM failure micrograph for 71482. All of the other film formers have 

far higher strain levels before plastic deformation occurs. Therefore, in all 

cases apart from 71482, the coating will not fail. It is also clear that 71446 

and 40366 must bond more strongly to polypropylene than to E-glass 

fibres. The chemistry is essentially the same in all the series of film 

formers with the same initial number, therefore it is doubtful that any 

chemical bonding will occur with the glass fibres. This is sensible, as any 

chemical bonding would show similarities in a particular series. For 

example, if poly-acrylics such as 4345 and 40366 promoted covalent 

bonding between the coating and the fibre then failure away from the fibre 

surface should be observed. As the chemistry does not promote any strong 

bonding it is reasonable that other factors, i.e. surface roughness, 

physically attractive forces and/or coating entanglement, could be a 

dominating bonding factor. 

A more general deduction can be made from all of this work. The overall 

interfacial shear strength is governed by the weakest interface in the 

system. For the film formers examined, the micro-composite will fail at its 

weakest interface. In the observed cases this limiting factor appears to be 

the coating-matrix interface. The two coatings that show the highest 

interfacial shear strengths also seem to have a stronger coating-matrix 
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interface, when compared with the other film former systems. Thus, the 

weakest interface shifts to the fibre-coating boundary. Finally, the 

interfacial shear strengths produced with the film formers are at least 

comparable with typical industrial E-glass +A1100/iPP composites, which 

show an interfacial shear strength of around 6MPa (E. Mader et al, 1996) 

or lower (J. L. Thomason and G. E. Schoolenberg, 1994). 

4.7 Conclusions 

E-glass fibres have been coated with six different film formers and 

glass-coating-polypropylene micro-composites produced. These 

composites have been tested using the fragmentation test. The effects of 

changing the interface with the film formers have then been evaluated 

using a Kelly-Tyson model. It was found that the film formers produced 

micro-composites with variations in interfacial shear strengths, with 71446 

and 40366 showing the highest values. A mechanism has been proposed 

which states that film formers raise the overall interfacial shear strength of 

a micro-composite if the film former improves the bonding between the 

coating and the matrix, thus inducing failure at the fibre-coating interface. 

Another requirement is that the film former does not plastically flow at low 

strain. 
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CHAPTER 5: STRESS TRANSFER INVESTIGATIONS USING 

RAMAN MICRO-SPECTROSCOPY 

5.1 Introduction 

The previous chapter focussed on how the application of industrial film 

formers as a coating on E-glass fibres altered the mechanical properties of 

a model single fibre/polypropylene composite through fragmentation 

testing. As a complementary technique, this chapter seeks to evaluate the 

efficiency of the stress transfer from the matrix to the fibre by modifying 

E-glass fibres, thus making them usable for Raman spectroscopy, and then 

monitoring the strain in the fibre when an external strain is applied to a 

model composite. The E-glass fibres are to be modified by mixing single 

wall carbon nano-tubes (SWCN) within an industrial 'size' that is applied 

to the fibres. Film former coatings can then be applied to the modified 

fibres and the stress transfer within glass/iPP model composites measured 

by obtaining the Raman spectrum of the SWCNs. As SWCNs have a 

characteristic peak that is strain sensitive, the actual strain in the fibre can 

be found, assuming that the strains in the fibre, size and SWCNs are all 

identical. 
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5.2 Literature Review 

Practical methods for measuring the strain in the fibre as a 

micro-composite is deformed have generally been limited to birefringence 

studies on the matrix around the fibre, and Raman spectroscopy studies of 

peak shifts in Raman active materials (Young et al, 1992, Lee and Sang, 

1997). Although highly successful, Raman spectroscopy is limited to 

materials that show a peak in the Raman spectrum that is sensitive to 

mechanical strain. Unfortunately, for this present study, glass fibres show 

poor Raman spectra when examined using conventional Raman He-Ne 

lasers and cannot be monitored in situ during composite straining. Efforts 

have been made to overcome this by applying Raman active coatings to 

glass fibres (Stanford et al, 2000) but this is fundamentally flawed as the 

chemistry of the interface is changed because of the coating. Nano-tubes 

have shown promise as strain sensors in a variety of media, including 

liquids under various pressures and polymers (Wood et al, 1999, Zhao et 

al, 2001). The Raman spectrum of these SWCNs has been shown by these 

authors to change when contained within fluids and polymers. Specifically, 

the D*  Raman peak from the SWCN spectrum is seen to shift upwards 

from 2610cm-1, which is a typical value for SWCNs in air. This shift is due 

to hydrostatic compression as well as thermal contraction because of 

certain polymers cooling round the nano-tube. However, the wavenumber 

can be lowered by application of a tensile strain to a polymer containing 
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SWCNs, although the wavenumber cannot return to the equilibrium state 

at 2610cm-1  due to the environment around the SWCNs exerting a 

hydrostatic pressure on the tubes themselves. 

5.3 Experimental 

E-glass fibres with a diameter of approximately 12i_tm were used 

throughout this work, as measured optically in Section 2.5.3. The carbon 

nano-tubes were single walled and supplied by GA Ltd., UK. Film formers 

were provided by Vinamul Ltd. and have the designation and chemistry as 

shown in Table 2.1. Single wall carbon nano-tubes (SWCN) were 

dispersed in a solution of silane A1100 at a concentration of 5 wt. %, thus 

ensuring that the amount of SWCNs to be eventually deposited on the 

E-glass fibre surface was low and did not significantly affect the fibre 

surface chemistry. The solution underwent sonification for 30 minutes to 

keep the SWCNs from coagulating together. The resultant solution was 

then placed in a burrette. A small lead weight was fixed to the ends of 

virgin glass fibres using urethane acrylate glue. After allowing the glue to 

dry at room temperature for 24 hours, the glass fibres were then held in the 

silane/SWCN solution for 10 minutes by taping one end of the glass fibre 

and clamping while lowering the lead weight end into the burrette. The 

experimental set-up is given in Fig. 5.1. 
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Clamps 

Burrette 
Silane + SWCN solution 

Glass fibre 

Lead weight 
Clamp stand 	 

Fig. 5.1. Experimental set-up for applying a silane + SWCN solution to 

glass fibres. 

The treated glass fibres were then allowed to dry at room temperature in a 

vertical position, thus providing orientation of the SWCNs in the silane 

along the fibre axis due to flow effects. Once completely dry after 1 week, 

the fibres were then fully prepared for composite processing. However, 

first the glass fibre system was calibrated so that the wavenumber shift 

could be related to the strain in the fibre. The above treated glass fibre was 

mounted on a rectangular card frame which resulted in a free fibre length 

of 15mm within the card frame. The card frame with fibre was placed 

between the grips of a home made micro-tensometer and the sides of the 

card cut. A Renishaw micro-Raman spectrometer with a He-Ne laser was 

used to focus on the middle of the glass fibre. Calibration was performed 

by straining the fibre with the micro-tensometer and taking the Raman 
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spectrum at regular intervals. The straining was carried out at 0.01 mms-1  

but stopped during spectrum acquisition. Each spectrum was obtained over 

a 30 second period. 

Fibres treated with the silane/SWCN solution were also coated with the 

film formers 3253, 3265, 4345, 40366, 71446 and 71482. The film formers 

have different coating characteristics and the time required for each film 

former to deposit on a glass fibre with a resultant coated fibre diameter of 

2011m was determined as described in Section 2.10 and Table 2.4. 

Once coated with film former, the fibre was placed between two sheets of 

isotactic polypropylene (Goodfellows Ltd., MFI: 9.3). The sheets were 

hot-pressed at 200°C under 14kPA of pressure for 8 minutes between two 

sheets of Kapton release film. The micro-composite was cut into a thin 

rectangle of dimensions 25mm x 5mm x 0.15mm and placed between the 

grips of a micro-tensometer. The sample was strained at 0.01mms-1  but 

stopped periodically. The Raman spectrum was taken by focussing the 

laser on the middle of the fibre, just on the edge of the fibre diameter. At 

times other than recording a Raman spectrum the laser was blocked so that 

heating of the micro-composite did not occur. Each micro-composite 

system was strained to approximately 10%. The fibre fragmented during 

straining and care was taken so that the laser was always focussed well 
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away from any fibre breaks but still approximately at the centre of the 

original fibre length 

5.4 Results 

The typical Raman spectrum for the silane/SWCN on a glass fibre and the 

same fibre within polypropylene is given in Figs. 5.2 and 5.3 respectively. 

A calibration plot of the shift of the D*  peak with an applied strain for an 

E-glass fibre treated with silane + SWCNs is shown in Fig. 5.4. Optical 

microscopy pictures of the fibre/silane+SWCN/film former/matrix are 

shown in Fig. 5.5. It can be seen that the coatings are not completely 

homogenous, thus causing some problems in collecting Raman spectra at 

any point along the fibre surface. When each micro-composite system was 

strained the change in the Raman spectrum was recorded. The D*  peak at 

around 2630 cnf l  was monitored in all systems and a shift was observed. 

The resultant shifts with strain for each coated fibre system are displayed 

in Figs. 6.6-6.11. 
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Fig. 5.2. Raman spectrum of SWCN on an E-glass fibre. 
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Fig. 5.3. Raman spectrum of treated E-glass fibres within a matrix o 

polypropylene. 
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Fig. 5.4. Plot of D*  wavenumber shift with strain for SWCN/silane/E-glass 

fibre. 
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Fig. 5.5. Optical pictures of an E-glass fibre treated with a silane + 

SWCNs in a coating of a) 3253, b) 3265, c) 4345, d) 40366, 71446, f) 

71482 and a matrix of polypropylene. 
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Fig. 5.6. Plot of D*  shift with strain for an E-glass fibre/silane + 

SWNT/3253/iPP system. 
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Fig. 5.7. Plot of D*  shift with strain for an E-glass fibre/silane + 

SWNT/3265/iPP system. 
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Fig. 5.8. Plot of D*  shift with strain for an E-glass fibre/silane + 

SWNT/40366/iPP system. 

Fig. 5.9. Plot of D*  shift with strain for an E-glass fibre/silane + 

SWNT/4345/iPP system. 
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Fig. 5.10. Plot of D*  shift with strain for an E-glass fibre/silane + 

SWNT/71446/iPP system. 
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Fig. 5.11. Plot of D*  shift with strain for an E-glass fibre/silane + 

SWNT/71482/iPP system. 
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The above sets of data for D* shifts against strain were plotted together on 

one plot ( Fig. 5.12) for comparative reasons. 

Fig. 5.12. Plot of D*  shift against strain for glass fibre composites with a 

variety of film formers. 

5.5 Discussion 

It is clear from all of the optical pictures in Fig. 5.5 that the silane + 

SWCNs coated E-glass fibres are enclosed by a layer of film former. When 

the Raman active micro-composites are strained there is an initial problem 

involved with the orientation of the SWCNs. A random orientation will 

cause only a small percentage of the SWCNs to be strained along their 
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length, thus showing broad D*  peaks with little, if any, shift during 

straining. However, the sample preparation produced a sharply defined D*  

peak at a data acquisition time of 30 seconds for each spectrum in all 

samples, as shown in Fig. 5.13, thus displaying high SWCN orientation. 
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Fig. 5.13. Spectrum of the D*  peak from an E-glass fibre/silane + 

SWNT/3265/iPP system. 

The plots summarised in Fig. 5.12, indicate how the stress is transferred 

from the matrix to the fibres themselves. The wavenumber shift in each 

plot corresponds to the fibres straining due to the applied strain. As the 

SWCNs are within the size on the fibre surface and are strained with the 

fibre, the D*  peak in a SWCN spectrum will shift to a lower wavenumber. 

The wavenumber decreases from around 2630cm-1  because initially the 

SWCNs are in compression when contained within a dense medium (in 

this case a size surround by film former), as shown by the work of Wood 

et al (1999). The slight difference in the initial wavenumber value will be 

due to the differences in the compressive forces acting on the nano-tubes 
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because of the presence of the film former. Straining of a sample 

containing SWCNs will release this compression, resulting in a change in 

the wavenumber, until interfacial failure after which no further stress 

transfer can occur. Hence, after the decrease in wavenumber with strain, 

the wavenumber remains unchanged due to either interfacial fracture or 

yielding of the polymer around the treated fibre itself. The actual strain in 

the fibre due to the applied strain can be calculated by first measuring the 

gradient drop of wavenumber with applied strain from Figs. 5.6 to 5.11. 

The calibration plot (Fig. 5.4) can then be used to convert the wavenumber 

shift to a 'real' strain as the plot gives the change in wavenumber with 

strain acting on the fibre. From Fig. 5.4, the wavenumber shift per strain 

was found to be 2.4735cm-1  per 1% strain. The actual strain per unit of 

applied strain so determined is given in Table 5.1. 
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Table 5.1. Strain in treated fibres from model E-glass fibre/iPP composites 

with the fibres coated with a variety of industrial film formers, as 

examined using Raman spectroscopy. 

Film Former Used dWN/dc dEfibrekleappi 

3253 1.61±0.07 0.65±0.03 

3265 1.00±0.08 0.41±0.03 

4345 0.33±0.32 0.13±0.13 

40366 1.79±0.41 0.72±0.17 

71446 2.85±0.06 1.15±0.02 

71482 2.05±0.25 0.83±0.1 

The coatings that promote efficient stress transfer, from best to worst, are 

71446, 71482, 40366, 3253, 3265 and 4345 from Table 5.1. Film former 

4345 seems to be particularly bad as the strain in the fibre per unit strain is 

very low. The most effective coating, 71446, shows the ideal behaviour of 

straining perfectly with the matrix as the % strain in the fibre is the same 

as the applied strain. The change in fibre strain with applied strain is 

slightly bigger than the maximum value of one but can be assumed to be 

one due to experimental error. However, this result should be treated with 

caution as the fibre is not directly being examine, rather the response of the 

SWCNs is examined and the interface between the silane and SWCN is 

assumed to be perfect. Therefore only a ranking of the stress transferring 

ability of each coating should be made. A comparison of the stress 
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transferring ability of the film formers as measured by the Raman 

micro-spectroscopic method presented herein with fragmentation data 

from the previous chapter is shown in Fig. 5.14. The functions of stress 

transfer, dWN/dE from the Raman work of this chapter and ti from 

fragmentation testing, are normalised against the highest value from each 

set of data. 
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Fig. 5.14. Plot of the efficiency of stress transfer for E-glass fibres coated 

with a variety of film formers, in an iPP matrix, as measured using two 

techniques. 

Fig. 5.14 shows that using SWCNs as strain sensors within model 

composite systems is effective in determining the stress transfer from the 

matrix to the fibre. This is highlighted by comparison with the more 

established technique of fragmentation testing. However, SWCNs as strain 
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sensors are not perfect and there is one particular deviation that needs to be 

discussed. From Fig. 5.14, coating 71482 shows a higher ability to transfer 

stress from Raman studies compared with fragmentation data. The reason 

for this must be due to the properties of the coating itself, previously 

shown to be much stiffer than the other coatings but with a lower yield 

point. What is unusual from Fig. 5.12 is that the wavenumber drop for the 

D*  peak of SWCNs as the composite is strained does not plateau as for the 

other film former samples. Instead it appears to decrease in wavenumber 

even after its apparent yield point (shown to be around 4% in Chapter 2). 

Thus, the forces acting on the SWCNs in the 71482 system are not directly 

related to the applied load. As the nano-tubes are initially in compression 

due to the wavenumber being higher than the wave for nano-tubes in air 

(Wood et al, 1999), any application of strain along the fibre axis will begin 

to relieve this compressive force. Poisson effects on the nano-tubes should 

be considered to be negligible as the diameter of the SWCNs are small, at 

around 50nm (Lourie, Cox and Wagner, 1998). When interfacial failure 

occurs, the SWCNs will be held in compression, as there are no further 

forces acting on them to relieve this compression. However, for the 71482 

system, there may still be a sufficient transfer of stress from the matrix to 

cause a release of the compressive forces but small enough so that no large 

scale fragmentation of glass fibres in an iPP matrix can occur. 
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5.6 Conclusions 

Nano-tubes have been successfully mixed with an industrial silane and 

applied to an E-glass fibre surface. Sample preparation causes some degree 

of orientation which gives a defined Raman spectrum showing the 

presence of a strain sensitive D*  peak both with the treated fibre in air and 

in a polypropylene matrix. The shift of the D*  peak during single fibre 

composite straining can be used to evaluate the quality of the interface 

when E-glass fibres are treated with different film formers possessing 

various adhesion properties. Therefore, small concentrations of SWCNs on 

reinforcing fibres, thus keeping the chemistry at the fibre surface largely 

unmodified, monitored by Raman spectroscopy can be used as a simple 

and effective way to evaluate interface qualities. 
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CHAPTER 6: SURFACE CHARACTERISATION 

6.1 Introduction 

The properties of a material are dictated by the bulk and of the surface. 

Measurements of surface energies can often be complex as there are many 

techniques available. Two techniques are presented here that probe the 

surface behaviour of the six industrial film formers: atomic force 

microscopy (AFM) used in force mode and inverse gas chromatography 

(IGC). These techniques were selected due to their ease of use for film 

former samples and the ease of specimen preparation. 

6.2 Literature Review 

One of the first observations of the phenomena of surface energies was 

made by Wilhelmy and subsequently expanded on by others (e.g. 

Adamson and Gast, 1997, Garbassi et al, 1998). This initial observation 

involved pulling a thin plate from a liquid surface when the plate was 

parallel to the surface, and measuring the weight of the plate. It was found 

that the force needed to pull the plate from the liquid was greater than that 

required to pull the plate up in free space, with the difference attributed to 

the surface tension of the liquid. The surface tension that causes the 

increase in plate weight is due to the phenomenon of the bulk being 
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attracted to the surface so that the free energy of the surface will be 

minimised. The free energy of the surface is always higher than that of the 

bulk because the bulk is a continuous chemical structure whereas the 

surface has to be discontinuous. The attraction of the bulk to the surface 

tends to reduce the number of molecules at the surface region, causing an 

increase in the intermolecular distance at the surface. As this increase in 

distance requires work to be done, this work can be returned to the system 

when the surface returns to a normal configuration similar to that of the 

bulk. It is this release that causes surface tension and surface free energy to 

exist. Surface attractive forces can be generally attributed to two main 

groups: acid-base interactions and van der Waals forces. Acid-base 

interactions occur when chemical bonding can be initiated between two 

constituents, where one can be considered an acid and the other a base. A 

weaker, but more widespread, attractive mechanism is due to van der 

Waals forces. These interaction forces are split into dispersion forces, polar 

forces and hydrogen bonding. Dispersion (or London) forces arise from 

internal electron motions that are independent of dipole moments, which 

can cause attraction to occur. Polar (or Keesom) forces occur when 

permanent dipoles induce a dipole within a polarisable molecule. This can 

then induce dipole-dipole interactions. Dispersion forces are usually 

weaker than polar forces but are universial in all materials. The strongest 

type of van der Waals force is exhibited in hydrogen bonding. When a 

hydrogen atom is bonded to a strong electronegative atom such as a 
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flourine, then the electron withdrawing effect of this component on the 

hydrogen causes it to become a positive dipole. Thus, atoms with a 

negative dipole can form 'hydrogen bonds' with this positive dipole. The 

effect of surface tension or surface free energy can be shown using a liquid 

droplet on a solid sample surface (Fig. 6.1) 

YLV 

Fig. 6.1. A liquid droplet at equilibrium on a solid surface. 

The surface tensions at the three boundaries of solid, liquid and vapour 

phases are given as ysL, 7Lv and ysv. A relationship between these phases 

can be written as: 

Ysv = Yst. YIN cos (I) 	 Eqn. 6.1 

Thus, if the liquid should wet the solid completely, (11, = 00, and Eqn. 6.1 

can be re-written as: 

Ysv 	YLv 	 Eqn. 6.2 
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Thus, from Eqn. 6.1, if the surface free energy of the solid, ysv, is high (as 

measured in the laboratory) then the liquid phase should give a more 

complete coverage. However, when using the liquid droplet contact angle 

experiment the probe liquid must have a finite equilibrium contact angle 

and a spreading pressure which is either negligible or known. Because the 

component of the spreading pressure is difficult to evaluate and the liquid 

phase can also give misleading results if viscosity is high, other techniques 

are often employed to find the surface free energy of a sample. 

6.2.1 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) was first developed by Binnig et al 

(1986) for imaging of sample surfaces. However, the presence of an 

adhesive force between the tip and . a sample surface has led to the 

production of force-distance plotg (Weisenhorn et al, 1989, Weisenhorn et 

al, 1992), also known as using AFM in force mode. The technique has 

been applied to a variety of surfaces, including glass and PTFE (Suzuki et 

al, 1998), thermoplastic particles and fibres (Colton et al, 1996) and even 

biological systems such as antibody-antigen interactions (Willemsen et al, 

1998). Force-distance plots are usually similar in appearance, typically 

shown below: 
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Fig. 6.2. Typical force-distance plot using AFM in force mode. 

The vertical axis represents the force acting on the AFM cantilever. At 

point a on the plot, the tip is far enough away from the sample so that no 

interactions occur and the force acting between the tip and sample is zero 

(i.e. free space). The tip comes close enough to the sample surface so a 

repulsive force causes a cantilever deflection away from the sample 

(indicated by a movement in the positive y direction force axis). At point 

b, the tip snaps into contact with the surface when the attractive forces 

between the tip and sample surface exceed any repulsive forces. Once the 

tip is in contact with the sample surface the cantilever starts to bend away 

from the sample surface and leading to the line at point c. When the 

sample is retracted from the tip there is an immediate unbending of the 

cantilever shown by the line at point d. At point e the cantilever will bend 

away from sample surface as the tip is still in contact with the sample due 

to adhesive forces. As these adhesive forces are overcome the tip snaps 
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away from the sample surface, shown as point f, and the force on the 

cantilever is the same as the initial force acting on the cantilever in free 

space. The energy required to separate the tip from the sample surface is 

shown in Fig. 6.2 as the closed triangular area. Errors occur when 

comparing between different equipment and samples due to the inaccuracy 

in deciding how much of the tip interacts with the sample. Thus, a 

normalised energy per unit area should be a better unit to describe the 

interaction energy. However, if the same tip is used throughout and each 

sample topography is approximately equivalent then the energy of 

separation is sufficient to characterise adhesion. 

6.2.2 Inverse Gas Chromatography 

Gas and vapour adsorption onto a solid surface has been a classical method 

of sample characterisation (Adamson and Gast, 1997). Until recently this 

technique could only be used for samples where the interaction between 

the probe and sample surface was high. Therefore, interactions within the 

probe would be negligible when compared with probe-sample interactions. 

Gas chromatography changed this situation by using probe vapours at very 

low concentrations (Garbassi et al, 1998), thus keeping interactions 

between probe molecules at a minimum. A derivative of gas 

chromatography is called inverse gas chromatography, where the "inverse" 

denotes that the sample is the stationary phase whereas in conventional 
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chromatography the sample is the moving phase. The basic parameter that 

is usually used (Lloyd, Wand and Schreiber, 1989) in IGC is the relative 

retention volume, VN, which is defined as the amount of an inert carrier 

gas that is required to elute a probe gas and is given as: 

VN = J Q 	tref) 
	

Eqn. 6.3 

where J is the James-Martin compressibility factor (Conder and Young, 

1979), which corrects for the pressure drop along a column, Q is the 

volumetric flow rate of the carrier gas, tR  is the retention time of the probe 

and tref is the retention time of a non-adsorbing reference gas. The standard 

molar Gibbs free energy, AG°, of an adsorbate can be related to retention 

volumes using: 

AG°=RT1nVN +C 	 Eqn. 6.4 

where C is a constant depending on the reference state of the adsorbed 

molecule. A link between AG° and the retention volume has been proposed 

by Dorris and Gray (1979) using: 

WA  = AG° 
	

Eqn. 6.5 
amol 
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The difficulty in using Eqn. 6.5 is due to measuring the molar area of the 

adsorbate, amoi. However, Dorris and Gray successfully estimated and 

tabuated the results for a variety of molecules. Where van der Waals forces 

are the only interactions to occur across the probe-sample interface, the 

work of adhesion can be written in terms of the surface free energies due to 

dispersive forces of the solid sample, ysD, and the probe vapour in its liquid 

phase, yL  , thus: 

= 2  ( y LD y sD 0.5 	 Eqn. 6.6 

Combining Eqns. 6.4 and 6.5 with the above, the retention volume can be 

related to the surface free energy of the sample by: 

AG° = R T In VN  = 2 a moi( yLD ysp )o.5 	 Eqn. 6.7 

Thus, by plotting R T In VN  vs. amoI( YLD)" for a series of probes that only 

interact with the sample using van der Waals forces, a straight line from 

the plot will have a slope equal to 2( ysD)". Non-dispersive interactions 

such as acid-base character have been previously determined by Schultz et 

al (1987). However, because the polypropylene matrix used in this study is 

only able to weakly bond using van der Waals forces, then only van der 

Waals surface characteristics of the film formers are required. 
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6.3 Experimental 

6.3.1 Aims 

This Chapter aims to measure the surface free energy of the six industrial 

film formers using two completely independent techniques: atomic force 

microscopy and inverse gas chromatography. As the film formers will be 

used with a matrix of iPP, the study will be limited to measuring the van 

der Waals component of film former surface interactions. 

6.3.2 Atomic Force Microscopy 

6.3.2.1 Experimental 

Six industrial film formers were solution cast onto glass microscope slides 

and allowed to dry at room temperature for 1 week. The film former 

characteristics are described in Chapter 2. All solid film former samples 

were evaluated using a Quesant DI 3100 AFM in force mode. A Si3N4  tip 

was used throughout with a height:base ratio of 2:1 and a cantilever spring 

constant of 0.12Nm-I. Prior calibration of all axis for force-distance plots 

was required as only the x-axis, corresponding to the cantilever 

displacement, was known. To calibrate, the AFM tip was brought into 
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contact with a hard steel surface. As the AFM tip displacement is cycled, 

so as to produce a classic force-distance plot as shown in Fig. 6.2, the 

cantilever will be bent with the tip in contact with the hard surface. The 

unit force per unit displacement can be found by measuring the gradient of 

a force-distance plot beyond where the tip is in contact with the surface. As 

the spring constant of the cantilever is known then the unit force is simply 

given as: 

Unit Force 	= Cantilever Spring Constant 
Unit Displacement 

The calibration gave a unit force of 3.48nN per 0.029µm of displacement. 

6.3.2.2 Results 

The corresponding force-distance plots for each film former examined are 

given below and are similar to the 'ideal' plot in Fig. 6.2, except with the 

x-axis reversed. 
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Fig. 6.3. AFM Force-distance plot for 3253. 
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Fig. 6.4. AFM Force-distance plot for 3265. 
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Fig. 6.5. AFM Force-distance plot for 4345. 
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Fig. 6.6. AFM Force-distance plot for 40366. 
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Fig. 6.8. Force-distance plot for 71482. 

6.3.2.3 Discussion 

It is clear from the force-distance plots presented in Figs. 6.3-6.8 that 

71446 requires the largest energy to separate the AFM tip from the film 

former surface. As each square in Figs. 6.3-6.8 has been calibrated to be 

0.029µm long and 3.48nN high, the small triangular area corresponding to 

the energy required to move the tip away from the film former surface can 

be found. The results are given in Table 6.1. 
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Table 6.1. Energy required to move AFM tip away from sample surface. 

Coating Separation Energy (pJ) 

3253 6.5 

3265 17.1 

4345 21.6 

40366 44.5 

71446 1186.1 

71482 34 

The above table should be treated with caution as the actual contact area is 

not known. AFM tips can indent softer materials and give higher values 

than expected for separation energy. However, given that all of the film 

formers are of similar stiffness it was seem reasonable to conclude that 

71446 has a very high energy to separation, followed by 40366. 

Interestingly, as 71482 is far stiffer than all of the other film formers, the 

contact area of the AFM tip should be the smallest for this polymer. Thus, 

the surface free energy of 71482 should be much higher than the recorded 

value in Table 6.1 if the actual area of contact could be normalised. 
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6.3.3 Inverse Gas Chromatography 

6.3.3.1 Experimental 

E-glass fibre bundles, each coated with one of the six industrial film 

formers, were provided by Vinamul Ltd. Each bundle was packed into a 

glass IGC column (silane treated so that no interactions would occur 

between the probe gas and column wall). All sorption studies were 

performed using an SMS-iGC with helium as a carrier gas and undecane, 

decane, nonane, octane and heptane as the probe gases due to their 

interaction with the film former only being weakly van der Waals. 

Analysis of each film former system with each probe gas was carried out at 

25°C maintained by an environmental chamber around the IGC column, 

The concentration of each probe gas was 0.05p/po and the flow rate was 

10m 

6.3.3.2 Results 

A typical plot used to find the length of time required for a probe gas to 

pass completely through the column is shown in Fig. 7.9 for the 3253 

system. 
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Fig. 6.9. IGC retention time for the 3253 system using undecane as a probe 

gas. 

Fig. 6.9 shows features universal to all retention time plots. The first sharp 

peak at the far left is the IGC detector response due to the carrier gas first 

being introduced into the column. The second small peak just to the right 

of this is the detector response to a non-interacting marker and the major 

broad peak is the response of the detector to the probe gas itself. The 

retention time of the marker, which is the time value between the sharp 

peak on the far left and the small peak just to the right, corresponds to tref 

in Eqn. 6.3. The retention time of the probe, tR, is simple the distance 

between the sharp peak on the far left and the apex of the broad peak. As 

the probe gas becomes lighter, moving from undecane to heptane, then the 

retention time of the probe gas in the column is progressively shorter. 

From Eqn. 6.3, the retention volume, VN, will decrease in value as the 
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probe retention time is shortened. Therefore, as extrapolated from Eqn. 

6.7, a plot of RT In VN against amol {( YLD)°31/2 will result in the following 

plot: 

• Undecane 
■ Decane 

Nonane 
Octane 

• Heptane 

a (gamma^1/2)/2 

Fig. 6.10. Plot of RT1nVN  against arm' [( 1113)"]/2  for a 3253 using IGC 

with a variety of probe gases. 

From 6.10, a linear fit of all of the data points gives a gradient equal to 

Dx 0.5 (ys ) , which corresponds to the surface free energy due to dispersive 

interactions. Thus, ysp  can be found for all of the film former samples and 

the values are tabulated in Table. 6.3. It should be noted that the SMS-iGC 

software (SMS-iGC Analysis Macro Suite v1.1 Advanced) comes 

complete with values of the probe gas cross-sectional area and surface 

tension. The latter are shown in Table. 6.2 with subsequent experimental 

reproducibility of 3%. 
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Table. 6.2. Values of surface tension and cross-sectional area for probe 

gases. 

Probe Surface Tension (Jm-2) Cross-sectional 	Area 
(m2)  

Undecane 0.0247 8.1E-19 

Decane 0.0234 7.5E-19 

None 0.0227 6.9E-19 

Octane 0.0213 6.3E-19 

Heptane 0.0203 5.73E-19 

Table 6.3. IGC measures values of 75D  for E-glass fibre bundles coated 

with various film formers. 

Film Former YsD  (mLnf2) 

3253 40.59 

3265 37.3 

4345 43.7 

40336 51.64 

71446 57.73 

71482 52.53 
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6.3.3.3 Discussion 

The probe gases used essentially try to reproduce the interaction of an 

isotactic polypropylene matrix with a film former coating. Although the 

coverage of the probe gas on the film former surface will be small, the 

sites of highest energy will be initially covered. While it is difficult to say 

if the coating coverage is complete on the E-glass bundles, all of the 

surface tension values vary for each film former system. These values 

highlight the fact that only the film former was examined, not any 

properties of the fibre itself (if the probe interacted with the fibre surface 

and not the coating, then all of the surface tensions would be the same). It 

is also assumed that the film formers are homogeneous in nature. 

Therefore, the values in Table 6.3 reflect on how iPP will interact with the 

film former coating, with higher ysi)  values giving an increased interaction. 

6.4 Overall Discussion 

A comparison between surface tension measurements from AFM and IGC 

is not easily achieved because of the differences in data acquisition. IGC is 

essentially a surface based technique that will obtain surface tension data 

irrespective of the properties of the sample. The values obtained using the 

technique are quantitative and importantly give the surface interaction per 

unit area, which is the surface tension. AFM data are not as easily usable, 
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as described in Section 6.3.2.3, due to the contact area remaining 

unknown. However, a plot of the surface free energy (for IGC) or 

interaction energy (for AFM), normalised against the maximum value 

from each experiment, can be produced, as shown below. 

3253 40366 71446 71482 3265 4345 
Film former 

Fig. 6.11. Plot of normalised surface tension function for various film 

formers, measured using IGC and AFM. 

It can be clearly seen from Fig. 6.11 that 71446 has the highest surface 

tension as measured independently using IGC and AFM. IGC then shows 

that 71482 and 40366 also have a high surface tension while AFM seems 

to be insensitive to these high surface tension values. For 71482 this 

insensitivity could be due to the relatively high stiffness of the film former 

causing a small contact area with the AFM tip, thus giving an apparently 

small energy required to separate the AFM tip from the 71482 surface. 

However, generally the energy required to remove an AFM from a surface 
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of 71446 is significantly higher than for the other film former systems. 

This higher separation energy must be due to large interaction forces 

between the component of 71446 and the AFM tip. The chemistry of 

71446 and 71482, from Table 2.1, shows that both are styrene-acrylics. 

While no current literature deals with styrene-acrylic interactions, it would 

be expected that the styrene groups will give a stronger interaction with the 

inert AFM tip through van der Waals forces. Functional polar groups such 

as the acrylics and vinyl acetates will probably tend towards small 

attractions or even repulsions with the AFM tip. The ratio of functional 

groups within each co-polymer system will also be critical in dictating how 

strong interactions are with other surfaces but are beyond the scope of this 

study. Therefore, it can only be assumed that the styrene groups in both 

71446 and 71482 promote a high adhesion with an AFM tip compared to 

the other film formers. While 71446 shows a high energy required to 

remove the AFM tip from its surface, 71482 shows a much lower energy 

required to separate the AFM tip from the polymer surface due to a much 

smaller tip-polymer contact area. Overall, the IGC measurements are far 

more reliable in determining how the film formers will interact with a 

polypropylene matrix than AFM force-distance plots. The probe gases 

reproduce the chemistry of a polypropylene matrix far more accurately 

than an AFM tip, although both are relatively inert. Again, the IGC data 

gives high interaction values for 71446 and 71482. This should be due to 

non-polar interactions between the styrene and alkane probe gases. The 
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other group that could potentially promote increased (non-polar) 

interactions with the alkane probes is polyethylene, contained within 3253 

and 3265. However, from Fig. 6.11, this is not the case. This must be due 

to the presence of the polar acetate groups within the polymer system 

which will reduce the non-polar interaction and possibly limit the 

accessibility of the polyethylene to the probe gas. 

6.5 Overall Conclusions 

The surface tension of the six industrial film formers has been measured 

using two different techniques. While AFM suffers from uncertainty in 

knowing the contact area between the AFM tip and sample surface, both 

techniques clearly show that 71446 has the highest surface tension. AFM 

proves to be insensitive to subtle changes in the surface properties of the 

other film formers, probably due to variations in the mechanical properties 

of the film formers themselves and unique chemical interactions between 

the film former and the AFM tip, whereas IGC can distinguish that 40366 

and 71482 have only slightly lower surface tension values than 71446. 
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CHAPTER 7 FILM FORMER — MATRIX COMPATABILITY 

7.1 INTRODUCTION 

Systems that are composed of two or more polymer systems are often 

complex. Many polymers do not form discrete phases with a fixed 

boundary between the components. Instead, mixing can occur which 

results in a far more diverse system than the simple components that were 

originally used. This mixing is complex and kinetic, thermodynamic and 

non-equilibrium conditions come into consideration. However, the basic 

requirements for mixing and compatibilisation of two or more polymers 

(Tselios et al, 1998) can be simplified to: 

1) high dispersion of one polymer into another; 

2) formation of chemical bonding between the two constituents; 

3) stable chemical bonding between constituents, which allow interactions 

from the melt phase during processing to a fully cooled situation; 

4) any type of reaction times must be smaller than the time required to 

process the sample. 

For E-glass fibres coated with film formers, the polypropylene matrix 

should ideally have a high degree of compatability with the film former. 

This causes molecular entanglement and allows the film former to act as a 

compatabiliser between the fibre reinforcement and the matrix. Although 

the film former—matrix interface can be complex, this chapter attempts to 
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evaluate if any of the commercial film formers show mixing behaviour 

with isotactic polypropylene. Three methods are presented, thermal 

analysis, visual analysis using SEM and a general theoretical approach 

using group contribution theory. 

7.2 Literature Review 

Isotactic polypropylene has been shown to be a composite in itself, with 

the amorphous and crystalline regions within the structure having different 

solubilities at different temperatures (Drain, Murphy and Otterburn, 1983), 

thus indicating non-homogeneous behaviour. Critical in the solubility of 

the iPP as a whole in this study was the glass transition temperature of the 

iPP at around 98°C and it was proposed that the amorphous region of 

polypropylene may dissolve preferentially to the crystalline regions. This 

solubility increased rapidly above the Tg  of iPP. Polymer diffusion in 

semi-crystalline polymers has been investigated using poly-ether-imide 

(PEI) and poly-aryl-ether-ketone-ketone (PEKK) (Lustig, Van Alsten and 

Hsiao, 1993). The co-polymers were found to be miscible with each other 

at all compositions in their melts. However, low combinational entropies 

of mixing for the two polymers, and for all polymer systems in general, 

mean that entropic barriers exist. Semi-crystalline matrices only further 

enhance this problem. Thus, it was proposed that enthalpies of mixing 

between two polymers are negative to induce miscibility. In a PEI — PEKK 
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system, the transport of PEI also competes with the crystallisation of 

PEKK. It is also implied from this work that diffusion in amorphous 

regions is much easier than compared with a crystalline component. 

Polymer blends have been extensively evaluated so that the effect of 

polymers on the properties of iPP can be found. Studies of polyethylene 

(PE)—polypropylene blends have been carried out which show that PE 

disrupts iPP crystallisation (Noel and Carley, 1984). This results in iPP 

spherulites becoming smaller and more irregular in shape. Fracture 

cross-sections show that the lower molecular weight PE forms small 

spheres when processed with iPP. The sphere size increases with 

increasing wt.% of PE. At 50 wt.% the PE — iPP blend showed a mixed 

phase system, with spheres of iPP and PE present throughout. Increasing 

the amount of PE beyond 50 wt.% causes a PE matrix to exist with small 

iPP spheres. Qualitative analysis of failed samples using SEM show that 

PE spheres are attached with tendon like strings to the surface of iPP. 

Small 'bits' are also present on the PE particles, indicating that strong 

interfacial adhesion occurs between the two phases. However, with high 

PE content in the blend, iPP particles are very smooth, thus indicating poor 

adhesion between the two polymers at this increased PE content. iPP 

blends with poly-styrene-silane (PSS) and polystyrene (PS) have been 

investigated using SEM and DSC (Asuke, Chien-Hua and West, 1994). 

PSS showed phase separations at very low concentrations (1 wt.%) with 
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iPP while PS—PSS blends had improved miscibilities due to the presence 

of styrene in both systems. DSC of PSS—PS and PSS—iPP blends showed 

that the PSS peak was still present when blended with iPP but disappeared 

when analysing the highly miscible PSS—PS system because of the high 

molecular dispersion that existed. 

Analysis using DSC has proven to be easy to use and highly effective in 

evaluating the degree of polymer blend mixing. An erucamide was shown 

to dissolve into iPP using DSC, yet retain its structure (Quijada-Garrido, 

Barrales-Rienda and Perena, 1997). The amide fraction appears to dissolve 

into the amorphous region of iPP until this region reaches saturation if the 

wt.% of amide is increased. Generally, the amide did not show much 

miscibility with iPP and this was shown with Tg  of the blend, which was 

not strongly dependent on composition. As well as examining changes in 

the Tg  shifts during mixing, the melting temperature for polymer blends, 

using DSC, has been shown to be sensitive to mixing for a variety of 

polymers (Ha, Ko and Cho, 1997). The mechanical properties of these 

blend were briefly examined and it was found that the tensile strength 

decreases with increasing addition of elastomeric material while the 

elongation to break increased. The effect of compatibiliser in polymer-

blends should give a shift in the melting points of the constituents towards 

a single peak. However, for iPP—low density PE (LDPE) blends, both 

constituents still remain immiscible, as shown with DSC (Tselios et al, 
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1998). Addition of LDPE to iPP lowers the tensile strength compared to 

pure iPP but compatibiliser causes the lowering of the strength to be less 

pronounced. It was noted that the blend will always have a lower tensile 

strength because LDPE has a lower strength than iPP. However, iPP—

LDPE at a wt.% of 27/75 shows an even lower strength than for LDPE 

(without compatibiliser), indicating the effect of immiscibility on strength 

properties. Tg  values have been examined in order to explain the 

interaction of chitin modified polymers with poly-vinyl-chloride (PVC) 

(Aoi, Takasu and Okada, 1997). It is generally regarded that a single Tg  

value shows miscibility in polymer blends. The Tg  of PVC was shown to 

shift to lower temperatures within increasing wt.% of chitin, up to a limit 

of 20 wt.%. A shift of the Tg  of PVC more towards that of modified chitin, 

which possess a lower Tg, is indicative of polymer miscibility. Above the 

20 wt.% fraction of modified chitin, two Tg  values appeared. This shows 

that immiscibility exists, causing micro-phase separation due to a 

saturation of chitin within PVC. Broadening of the DSC curves was also 

found with some blends and this confirms that there are local concentration 

fluctuations. These occur at around 20 wt.% of chitin i.e. where the mixing 

is almost at saturation. Because chitin is an amorphous polymer and PVC 

is largely crystalline, a depression in the melting point of the blend 

indicates miscibility and a strong interaction between the components. 
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Gerard and Chambert (1996) sought to improve the mechanical properties 

at the interface in composites based on epoxy and iPP matrices by using 

silanes that are compatable with the matrix. Glass fibres treated with silane 

were used with poly-ethylene-vinyl-acetate (PEVA) and 

poly-ethylene-methyl-acrylate (PEMA) grafted onto the silane. For an 

epoxy matrix the impact resistance of the composite was increased as the 

PEVA—PEMA content was increased, up to 30 wt.%. This impact 

resistance increase was attributed to good miscibility between the grafted 

silane and epoxy. At higher wt.%, the PEVA—PEMA existed above a 

saturation point within the epoxy matrix, leading to no further increase in 

impact strength. Addition of a cross-linking agent to PEVA and PEMA 

also raised the impact resistance although electron microscopy 

micrographs showed that particles of PEVA and PEMA formed within the 

matrix. This clearly showed that the miscibility has decreased but the 

interface between the PEVA—PEMA and epoxy had been increased, 

leading to an improved impact strength. Thus, impact strength was related 

to homogeneity of a system and chemical adhesion within the system. This 

was then applied to an iPP system and similar results were shown with the 

addition of a cross-linking agent. Crystallinity was again examined and it 

was shown that the elongation to failure, which decreases as the degree of 

crystallinity increases, is higher when introducing a cross-linked 

PEVA-PEMA is used. Strain to failure was also dependent on the bonding 
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that existed within the co-polymer and iPP, as poor adhesion causes low 

strain to failure. 

Mechanical properties of polymer blends were also highlighted for iPP 

using a minor component of butadiene-styrene block co-polymer (SBS) 

(Saroop and Mathur, 1997). The SBS elastomer blended with iPP reduced 

the yield stress, tensile strength and modulus but increases the elongation 

to break 'of the resultant blend. Stress-strain curves were also used to 

calculate the failure energy, with iPP—SBS blends showing higher energies 

than simple iPP systems. However, iPP — SBS blends were a two phase 

system with the SBS forming spheres within the iPP matrix even at low 

concentrations. 

Modelling of polymer blends has been used to determine that polymer 

systems minimise their free energy and this tendency is so strong that 

phase structures that have the lowest free energy will always from, even 

under non-equilibrium conditions (Guo, Gvozdic and Meier, 1997). 

Further addition of different sized polymers with the same chemistry to 

iPP has been recorded for natural terpene resins (Cimmino et al, 1999). 

The Tg  of the blend changes because of the homogeneity attributed to 

miscibility. SEM confirms this with terpene particles showing high 

bonding to the iPP matrix. The chemistry of terpenes can be changed and 
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terpenes with large lateral side groups, which results in the increase in the 

free volume of the polymer, show better mixing. 

While the interaction that exists from polymer to polymer is important, the 

effect of polymer molecular weight has also been studied (Radonjic, 1999). 

Examples include SBS co-polymers in iPP — PS blends where a lowering 

of the molecular weight causes an increase in the miscibility between the 

SBS and the blend. 

Although polymer blends are commonly analysed with techniques such as 

DSC and SEM, these are by no means the only techniques available. Other 

developments have been as diverse as electron spectroscopic imaging 

(Horiuchi, 1999), ellipsometry (Yukioka and Inoue, 1993), neutron 

reflection (Fernandez, 1988) solid state NMR (White and Brant, 1998) and 

bending of small polymer blend beams (Tomba, and Carella, 1999). 

7.3 Experimental 

7.3.1 Aims 

The aim of this chapter is to examine the characteristics of polymer blends 

formed between six industrial film formers (3253, 3265, 40366, 4345, 

71446 and 71482) and iPP. In particular, the phase morphology needs to 
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be assessed so that any adhesional processes, which might exist through 

miscibility within the polymer blend, can be deduced. The thermal 

behaviour is often a strong indication of the degree of mixing and is 

utilised herein. SEM is also used on specimens so that direction 

observation of phase morphology can be found. Finally, a simple 

theoretical model based on the contribution of chemical groups within each 

polymer, known as group contribution theory, is exploited. 

7.3.2 Differential Scanning Calorimetry 

7.3.2.1 Experimental 

Polymer blends of the six industrial film formers with iPP were prepared 

by solution casting each film former onto a glass microscope slide and 

allowing to dry for 1 week. Small film former pieces were then cut from 

the resultant film and placed with films of iPP (Goodfellows, UK, MFI: 

9.3, 80% crystallinity) on a thin glass slide mounted on a Linkham 

hot-stage. The weight fractions of each film former within the polymer 

blend were calculated from how much film former would be present in a 

`real' composite if the fibre reinforcement was at 30wt.%. The mass ratio 

of iPP to film former was found to be approximately 5:1. The hot-stage 

was used to heat each polymer blend from room temperature to 200°C at a 

rate of 50°C per minute and hold for 8 minutes. This program was used as 
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it closely resembled the processing conditions for micro-composites 

production using a hot-press. The formed blends were then allowed to air 

cool. Approximately 5mg of each sample was transferred into an 

aluminium pan and sealed. The pan was placed into a Perkin—Elmer DSC 

so that thermal analysis could be performed with experiments carried out 

under a nitrogen purge and a heating program from -40°C to 140°C at 

10°C min4  to determine sample Tg. 
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7.3.2.2 Results 

The DSC curves are shown below for the film former-iPP samples. 

3265 

. 3253 

40366 

4345 

71482 

71446 

too 
1.90 

ao 	40 	 0 	 20 40 	 ao 
Tamperature CC) 

100 

9/1/0024045 

Fig. 7.1. DSC plots for film former-iPP blends. 

7.3.2.3 Discussion and Conclusions 

Comparison of Tg  values of the film former-iPP blend and the pure film 

former samples, taken from the DSC analysis in Fig. 3.9, are shown in 

Table 7.1. It would seem apparent that all of the film formers do not show 

any large degree of miscibility with polypropylene. It would be expected 

that the amorphous region of the iPP would provide the more favourable 

region for dissolution of the film formers. Although the re-processing of 

the iPP film will change the degree of crystallinity it is assumed the 

amorphous content of 20 wt.% will either remain the same or increase. 
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Therefore there should be a sufficient weight fraction of amorphous iPP to 

ensure that saturation mixing of the film former does not occur. The 

differences between the Tg  values before and after, mixing are 

approximately equal, as shown below. 

Table 7.1. Comparison between Tg  values for film former and film former 

within iPP. 

Film Former Tg  of FF / °C Tg  of FF + iPP / °C 

3265 6 8 

3253 5 5 

40366 6 5 

4345 -5 -8 

71446 15 12 

71482 22 26 

While there are small differences in the Tg  values between the film former 

and film former in iPP, these differences are not significant enough to 

show any miscibility effects. Increased broadening of the peaks is the only 

feature that changes upon melting the film former with iPP. This shows, 

from previous work (Aoi, Takasu and Okada, 1997), that local fluctations 

are present due to polymer immiscibility. Thus, from DSC studies, the film 

formers are immiscible with the iPP matrix. 
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7.3.3 Scanning Electron Microscopy 

7.3.3.1 Experimental 

Specimens were prepared identically to the ones for DSC studies. Once 

cool, samples were sputter coated in gold to produce a thin (25nm) 

conducting Au layer on the surface of each sample. Analysis was 

performed using a Jeol T-220 Scanning Electron Microscope. 

7.3.3.2 Results 

Direct observation of the morphology of the blend could be clearly seen 

from scanning each sample surface in plan view. The SEM micrographs 

are given below. 
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Fig. 7.2. SEM micrograph of 3253 (top) and iPP. 

Fig. 7.3. SEM micrograph of 3265 (top) and iPP. 
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Fig. 7.4. SEM micrograph of 40366 (top) and iPP. 

Fig. 7.5. SEM micrograph of 4345 (top) and iPP. 
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Fig. 7.6. SEM micrograph of 71446 (top) and iPP. 

Fig. 7.7. SEM micrograph of 71482 (t and iPP. 
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7.3.3.3 Discussion 

Examination of the SEM micrographs above show that there are a variety 

of different morphologies between the film formers and iPP. 3253 

possesses a strong, clearly defined boundary when in contact with iPP. 

This would indicate that the two phases are very much separate and that 

mixing is retarded. The SEM micrograph is also revealing for coating 

morphology after processing and 3253 shows that it is continuous and 

largely homogenous. The 3265-iPP sample is similar in morphology to 

3253-iPP, as would be expected as the chemistry is largely the same. 

Differences are observed within the more 'honeycomb' morphology of the 

coating itself, small spheres that exist on the surface of the iPP and a 

boundary that does not appear to be as strongly defined as in the previous 

case. All of these observations can be explained because of the lower 

molecular weight of the 3265 due to the lower viscosity of the casting 

solution. This molecular weight will result in lower thermal stability of the 

coating, which can give rise to a more 'honeycomb' structure after thermal 

processing. Thus, this porosity can be attributed to factors such as 

degradation of the coating or the onset of melting. Lower molecular weight 

constituents will also tend to diffuse more quickly and easily when 

compared to higher molecular weights, as shown in the literature review. 

Therefore, an increased solubility in the melt state must cause small 

amounts 3265 to diffuse into the iPP. Upon cooling, the 3265 then 
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solidifies to produce micro-domain spheres. Casual observation of the 

chemistry of the 3 series would lead us to believe that the ethylene part of 

the co-polymer may give limited solubility with iPP. In contrast, 40366 

and 4345 are poly-acrylics with the latter having a cross-linking agent. 

40366 shows a boundary but this is not strongly defined. Interestingly, a 

large number of dark regions can be seen from Fig. 7.4. As it appears that 

no major mixing exists between the two constituents, these dark regions 

cannot be micro-domains of a different phase. This is backed up by the 

observation that they only appear within the coating and not the iPP. 

Hence, the only reasonable explanation must be that thermal processing 

affects the coating, possibly causing degradation at the temperatures used. 

4345 does not have these dark regions from SEM analysis. In contrast, the 

coating is smoother and homogenous, an indication that the cross-linking 

agent promotes continuity within the system. A marked boundary between 

the iPP and 4345 is proof that the phases are immiscible. 71446 shows a 

very faint front line with iPP, the weakest of all of the coatings. Closer 

examination of this boundary is shown in Fig. 7.7. Defects are widely seen 

in the lower half of the SEM micrograph. Defects in iPP during processing 

is a major problem when producing films and it is because of this that all 

the micro-composite systems were hot-pressed. However, in this study the 

iPP was not pressed so the micro-cracks or defects were seen. The defects 

do decrease in number as we move towards the 71446 at the top of Fig. 

7.7. This gradual decrease in the number of defects and the high degree of 
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homogeneity within a pure 71446 surface indicates that there is a 

constituent gradient from the iPP to 71446. This shows a compatibility for 

71446 with iPP. 

Fig. 7.7. SEM micrograph of the boundary between 71446 (top) and iPP. 

Finally, 71482 gives a much more defined boundary when compared with 

71446. The white band at this boundary is due to the charging affect as the 

iPP and coating are at two different levels, with the height drop suffering 

from being weakly coated with gold. Thus, the sample is not so good at 

electrical conduction within an electron beam. A more detailed SEM 

micrograph was taken so that a better contrast could be observed. This is 

shown below. 
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Fig. 7.8. SEM micrograph of 71482 (bottom) and iPP at x5000 mag. 

From the SEM micrograph in Fig. 7.8, the boundary between 71482 and 

iPP is clearly very strong and well defined. Thus, as opposed to the 

cross-linked version, 71482 shows no sign of any high degree of mixing 

with iPP. 

Overall, all the film formers show no extensive mixing with iPP. This 

would not be expected as all of the co-polymer film formers possess polar 

groups such as acetates and acrylics that will always be incompatible with 

the non-polar methyl groups of iPP. Only ethylene and, to a far lesser 

extent, styrene are non-polar so it would be expected that if any solubility 

occurs, it would be with the 3 and 7 series co-polymers. However, while 
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71446 shows the weakest boundary and conforms to this prediction, the 

only other co-polymer that is similar is, unusually, 40366. Poly-acrylics 

should not show any large mixing behaviour and a strong boundary layer 

between the 40366 and iPP is expected. There are two comments to make 

on this phenomena; the first being that 40366 does seem to degrade and 

while the whole mechanism of this is beyond the scope of this study, it is 

possible that this modification of the film former could promote a weaker 

boundary layer. The second point considers the role of the cross-linking 

agent. 4345 is cross-linked whereas 40366 is not but 4345 shows a clear 

boundary with iPP. In opposition to this, 71446 is cross-linked whereas 

71482 is not and yet the weaker boundary with iPP is with the cross-linked 

species. As shown in the literature review, compatibility is sometimes 

enhanced with a cross-linker if this promotes greater affinity for the 

cross-linked species with the matrix. Hence, cross-linked poly-styrene 

acrylic shows a greater affinity for iPP than cross-linked poly-acrylic. As 

the differences between the 7 and 4 series is essentially the addition of 

styrene to the repeat unit of the polymer then this gives strength to the 

prediction that styrene, because of its relatively weak polarity, could show 

limited solubility with iPP. 
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7.3.4 Theoretic Predictions of Polymer-Polymer Compatibility 

7.3.4.1 Aims 

This section seeks to give a third alternative to predicting the compatibility 

or degree of mixing between the film formers and iPP. Whereas 

experimental techniques always tend to give more accurate results, it is 

important to see how the chemistry of the groups within each polymer can 

influence the phase morphology of the film former-iPP sample. 

Flory-Huggins parameters, x, are extensively used to characterise 

polymer-polymer interactions and this is to implimented in conjunction 

with calculated solubility parameters. 

7.3.4.2 Introduction 

A simple scheme based on Flory-Huggins theory (Paul and Newman, 

1978) is used herein. This scheme is best used to predict polymer-polymer 

interactions in the absence of solvent as the theory works better when the 

polymers of interest have similar thermal expansion coefficients, which is 

often not the case for polymers in solvents. The scheme also does not 

predict the influence of hydrogen bonding. However, the scheme is 

applicable to the film former-iPP systems as there is no solvent involved 

and hydrogen bonding cannot exist with iPP to any great extent. 
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7.3.4.3 Theory 

Step 1. The solubility parameter should be calculated for each polymer in 

the blend. This is calculated using Equation 7.1 below. 

6= pE Fi /M 	 Eqn. 7.1 

The density, p can be simplified to unity for most polymers. Fi  is the molar 

attraction constant and must be used in conjunction with the molecular 

weight, M, of the group to calculate the solubility parameter, 6. It should 

be noted that molar attraction constants for all the chemical groups must be 

summed together and each group divided by it own molecular weight. The 

values of molecular attraction constants were taken from the literature 

(Paul and Newman, 1978). Components that do not adhere well to molar 

attraction constant values are compounds that associated i.e. form dimers, 

such as acids and alcohols. 

Step 2. The Flory-Huggins parameter for a binary system of polymers, xab, 

is then related to the solubility of each component, 5a  and 6b  by: 

Xab= (Vr/RT)( Oa -  Oa 	 Eqn. 7.2 
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The reference volume or molar volume, V„ is very similar for polymers 

and can be taken to be 100cm3m01-1  (Paul and Newman, 1978). Thus, if the 

interaction between polymers are calculated at room temperature i.e. T = 

298K, equation 7.2 simplifies to: 

Xab = 	Ol
2 	 Eqn. 7.3 

6 

Step 3. If compatibility is to be found, the critical interaction parameter, 

(Xab)cr, has to be calculated from: 

(Xab)cr = 1 [ 1 + 1 2  
2 (xaf5 (xbr.5 

Eqn. 7.4 

As xa, the actual degree of polymerisation, can be difficult to find 

accurately, a good approximation is to use xa  = Ma  / 100, where Ma  is the 

molecular weight of the polymer. 

Step 4. If Lb  > (xab)„ then the two polymers should be incompatible at 

some percentage composition. The greater the difference betweenxxab  and 

(Xab)cr, the smaller the range of compositions with which the polymers will 

be compatible within. 

Step 5. If the weight fraction of each component is known then the 

specific interaction parameter, (Xab)sp, can be calculated using Eqn. 7.5. 
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(xab)sp = _L [ 1  (POsp + _L ((i)b)sp I 	Eqn. 7.5 
2 Xa 	Xb 

where (y)sp  is the weight fraction of each polymer at the specific 

interaction concentration. If Xab sp then phase separation will 

probably occur at the composition used. 

7.3.4.4 Application of Theory 

The scheme used is based on polymer solubilities calculated initially from 

the chemical groups present within each polymer. For the 3 series we have 

acetate and ethylene. For the 4 series there is a poly-acrylic, specifically 

methyl-methyacrylate. The 7 series is similar to the 4 series with the 

addition of styrene. Thus, the groups considered for each coating is given 

in Table 7.2. 
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Table 7.2. Chemical groups of each film former polymer. 

Polymer Chemical Groups 

3253 -CH2-, -0-, >C=0, -CH3  

3265 -CH2-, -0-, >C=0, -CH3  

40366 -CH3, >C=0, -0- 

4345 -CH3, >C=0, -0-, cross-linker 

71446 -CH3, >C=0, -0-, C6H5- cross-linker 

71482 -CH3, >C=0, -0-, C6H5- 

iPP -CH3  

From previous work (Paul and Newman, 1978), the values of each 

chemical group used are tabulated below. 

Table 7.3. Group Molar Attraction Constants. 

Group Molar Attraction / (cal/cm3)0'5mor1  

-CH3  147.3 

-CH2  131.5 

-C6H5  702.84 

-0- 114.98 

>C=0 262.98 

The solubility parameters for all of the film formers and iPP can be easily 

calculated from the values in Table 7.3. Interactions parameters, xab, can 
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then be found for the film former and iPP using the tabulated Fi  values and 

equation 7.1. The results are tabulated in Table 7.4. 

Table 7.4. Solubility and interaction parameters. 

Coating 8  Lb 

3253, 3265 9.0 0.0767 

40366, 4345 8.90 0.1411 

71446, 71482 8.96 0.0912 

iPP 9.82 N/A 

The parameter for critical interaction, (xab)e„ cannot be calculated directly 

as the molecular weights of each system is not known. However, the 

molecular weight of the iPP can be assumed to be much higher than that of 

the film former, xa>>xb from Equation 7.4, where a is the film former 

component and b refers to the iPP. This assumption is approximately true 

as film formers, by their nature, have to be of low molecular weight to 

exist as a dispersion (see Coating Characterisation, Chapter 3). As (xab)cr  is 

inversely proportional to the molecular weight, the smallest values it can 

be will be no more than around 0.05 (for a molecular weight of 1000). 

Thus, for comparative purposes this value can be used. The predicted 

miscibility can finally be found from step 5. As the weight fraction of the 

iPP is much larger than that of the film former, Eqn. 7.5 can be reduced to: 
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(Xab)sp 	_L [ 1 ((Pa)sp l Eqn. 7.6 
2 Xa  

As described above, if the molecular weight of component a, i.e. the iPP, is 

large then, from Eqn. 7.6, l/xa  will become tend to zero. Thus, (Xab)sp will 

also tend to zero.. A comparison of the interaction parameters, Xab from 

Table 7.4 with the assumed (xab)sp  value of zero suggests that the phase 

separation will occur due to the condition Xab >-= (Xab)sp being true. 

7.4 Overall Discussion and Conclusions 

All the film formers are largely immiscible with the matrix polymer of iPP. 

This is not surprising as the majority of polymers do not mix together very 

well. DSC studies and theoretical approaches clearly show that the film 

formers and iPP do not show miscibility. However, this statement is true 

only for the scale that is being studied i.e. large systems. The film 

former-iPP boundary is much harder to describe and this is beyond the 

scope of DSC and the theoretical approach of group contribution theory. 

Calorimetry, while sensitive, cannot detect if there is any mixing just at the 

iPP-film former front as the amount of material compared to the whole 

sample mass is simply too small. Group theory suffers from trying to 

predict what happens to the morphology of a sample as a whole and does 

not possess the sophistication to model local effects. Only SEM analysis 

has the capacity to observe any small scale changes in the morphology of 
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the binary polymer systems. All of the polymers show immiscibility from 

SEM micrographs apart from 71446 and 40366, where a weaker boundary 

at the film former-iPP front is observed. As all of the film formers were of 

similar thickness there cannot be any doubt that some degree of localised 

mixing does occur for 71446 and 40366. The cross-linking agent would 

seem to affect the mixing ability within each series of polymers but this 

effect is not constant between series e.g. cross-linked poly-styrene-acrylate 

improves compatibility with iPP whereas a cross-linked poly-acrylic 

shows lower compatibility than its uncross-linked equivalent. Thus, in 

conclusion, 71446 shows the greatest mixing ability with iPP followed by 

40366. This mixing ability is localised at the film former-iPP boundary. 

All of the other film formers form strong boundaries with iPP, indicating 

little affinity towards forming blends. However, all results suggest that 

mixing is not significant enough to suggest that this is the dominant 

bonding mechanism between the industrial film formers studied and iPP. 
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CHAPTER 8: CRYSTALLINITY 

8.1 Introduction 

Crystallinity in isotactic polypropylene is an important phenomena that is 

often altered by the addition of reinforcing fibres. For glass fibres in iPP, 

processing conditions can induce preferential nucleation of iPP onto the 

fibre surfce from the melt phase if the reinforcement was sheared through 

the melt of iPP before the onset of solidification. However, the effect of 

glass fibre surface modification has not been sufficiently studied in terms 

of the influence of film former. This chapter seeks to quantify parameters 

that can influence the nucleating ability of iPP when a glass fibre has 

sheared the melt. Specifically, the chemical structure of the film former 

coatings are to be investigated at a range of temperatures using Wide 

Angle X-ray Diffraction (WAX). Resistance of the iPP melt to fibre 

removal is also to be measured so that interaction effects such as fibre 

roughness or film former-iPP affinity can be probed. 

8.2 Literature Review 

iPP crystallises into three different forms: a, 13 and y. a and [3 are formed 

by changing thermal conditions whereas y crystals form only under high 

pressure. When observing crystalline growth in a melt it is usual to see 
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crystals of spherical symmetry (spherulites) to form (Padden and Keith, 

1959). Spherulites can be considered radially symmetrical and optically 

uniaxial hence a dark cross is observed in the spherulite under polarising 

conditions. Spherulites can form nuclei that are either pinpoint or fibrilar 

and these shapes will continue to grow in the melt until hindered by other 

spherulite growth. 

The forms of a and i3 spherulites are varied but Padden and Keith 

attempted to group them as follows: 

Table 8.1. Grouping of crystalline forms of iPP by Padden and Keith. 

Type Form Optical Activity Formation Temp. / °C 

I a +ve radial birefringance <134 

II a -ye radial birefringance >138 

I + II a Mix of type I + II Varies 

III p +ve radial birefringance <128 

IV p +ve radial birefringance 128-132 

However, while the above is generally used as a classification system, 

Awaya (1988) showed that there is even more mixing between the above 

groups. 
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Each crystallite consists of molecular chains arranged into fibrils (Varga, 

1992). In a spherulites these fibrils run at a tangent and radially. The 

optical character of the a spherulite is dependent on the ratio of tangent to 

radial fibrils. The 11 spherulites are different to a spherulites as they only 

contain radial spherulites that causes the form to have slightly different 

properties, i.e. melting point, when compared with the a form. The 

crystallography of each form also differs, with a crystallising in a 

monoclinic until cell and fl as hexagonal. 

The thermal properties of each form of iPP are not absolutely defined, 

rather the melt history (Varga, 1992, 1986) plays a dominant role in 

thermal properties, especially the melting point and crystallisation point. 

The melt history affects the crystallinity because when iPP is in the melt 

there is a certain amount of order that can still exist with respect to the 

polymer chains assuming that the time is not sufficient to allow random 

order to be established. Hence, melting temperature can subsequently alter 

crystallisation temperatures on re-cooling (i.e. more chain order in the iPP 

melt will give a higher crystallisation temperature due to the presence of 

nuclei that still exist in the melt, thus acting as high crystallisation points). 

Changing the crystallisation temperature will also change the spherulite 

morphology (Varga, 1992). If the crystallisation temperature is raised due 

to a high polymer chain order within the melt then the number of potential 
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nucleation sights is increased. Thus, more spherulites will start to grow at 

the crystallisation temperature until eventually hindered by the presence of 

near neighbours and hence an overall smaller spherulite size will exist. 

It is possible for the presence of a surface to induce crystallisation if the 

surface has a high enough nucleating ability with respect to the polymer 

melt. One of the first studies (Hobbs, 1971) with carbon fibres and iPP 

observed that certain types of carbon fibre caused spherulites to form along 

the fibre surface and grow in a columnar manner parallel to the fibre 

length. This growth along the fibre surface is often termed the 

transcrystalline (TC) layer. Hobbs then speculated that a particular form of 

carbon fibre had an atomic network which had low energy sites (i.e. C-C 

bonds) that aligned well with the iPP when the polymer crystallised in a 

monoclinic (a) form due to the polypropylene having a helix like structure. 

Further studies (Chaterjee and Price, 1975) examined a series of substrates 

and their effect on producing TC layers in iPP melts. It was observed that 

iPP, nylons 6, 66 and 610, and polyethylene terepthalate gave TC layer 

growth whereas poly(2,6-dimethyl phenylene oxide), atactic poylstyrene 

and aluminium substrates gave no surface nucleation. From using these 

substrates the following rules could be made: 1) cystallinity is necessary 

but not sufficient in itself for the substrate to give strong nucleation 2) 

similarity of chemical structure or unit cell of substrate with the 

crystallising polymer does not enhance or reduce the nucleating ability of 
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the substrate 3) Surface energies of the substrate are independent of 

nucleating abilities. Campbell and Qayyum (1980) reinforced the 

statements made above and sought to ex-plain the effect of fibres on bulk 

crystallisation by considering heterogeneities in the bulk, such as catalyst 

residues or dust particles which could be absorbed onto fibre surfaces. As 

the fibre volume fraction increases then there may be some overall 

increase in attractive, possibly polar, forces which exist between the 

heterogeneities and fibre surface causing a build-up of nucleating sites by 

the fibre surface. The mobility of the heterogeneities will also be affected 

by temperature; as the temperature falls then so will the mobility of the 

contaminant heterogeneities. This hypothesis was used to explain 

experimental data between iPP and a single Nylon 114 fibre acting as a 

substrate. At high crystallisation temperatures the spherulite growth rate 

was lower on the fibre surface than in the bulk due to fast diffusion of 

heterogeneities and adsorption at the fibre surface. These adsorbed species 

will have reduced nucleating ability. At lower crystallisation temperatures 

the heterogeneities will still be attracted to fibre surfaces but at a slower 

rate. 

Glass fibres show no preferential crystallisation along the fibre surface 

compared with the bulk due to their amorphous nature. However, when 

shear stresses are induced in the melt (Gray, 1974) through pulling a glass 

fibre out of the iPP then a transcrystalline front was observed along the 
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fibre. Further studies (Devaux and Chabert, 1991) showed that 

crystallisation of the 13 form is predominant along fibre surfaces after 

shearing and crystallising isothermally at temperatures below 138°C but 

failed to take into account any melt memory effects. Varga and 

Karger-Kocsis (1993) clarified the situation by taking melt temperatures 

up to 200°C for 5 minutes thereby removing any residual order that could 

exist between polymer chains. Isothermal crystallisation above 140°C 

yielded a spherulites at the glass fibre surface, whereas a crystallisation 

temperature between 130-140°C yielded the 13 modification. It was also 

shown by the same authors that shearing of glass fibres sometimes 

produced a and 3 modifications even if the temperature range for 

crystallisation of the p form was used. This occurred because 

heterogeneities would still be present near the fibre surface to promote a 

formation. However, [3 growth would far exceed a growth and be present 

at a far greater magnitude. When re-melting of the composite occurred it 

was noted that the p phase melted first at 166°C indicating a lower stability 

when compared with the a form. 

Another factor that can influence TC layers around fibres has been found 

to be molecular weight of the iPP melt (Folkes and Hardwich, 1984). 

Polypropylene of different melt flow indices (which correspond to 

different molecular weights of the polymer chains) were used to produce 

160 



TC layers around Terylene fibres. The lower molecular weights of 

polypropylene caused frequent nucleation on the fibre surface, thus 

providing a large lateral front, whereas higher polypropylene molecular 

weights produced less uniform TC layers with some parts of the fibre 

unable to facilitate nucleation. The reasons for these differences were 

judged to be caused by longer polymer chains possessing more disorder 

because of their greater length thus becoming more difficult to order in the 

process that is required to produce TC layers. 

Comparisons between nucleating abilities of crystalline species and 

sheared melts in the presence of short glass fibres were made by Iroh and 

Berry (1993). Rates of crystallisation were measured for systems of iPP, 

iPP with a sodium benzoate nucleating agent, iPP with short glass fibres 

and iPP with short glass fibres plus the nucleating agent. The composite 

systems were prepared using an extruder which provided shearing of the 

melt around the glass. The nucleating agent improved crystalline growth 

by 50% in the iPP but had little effect in the glass reinforced systems. 

HoWeyer, the sheared glass fibres produced two to three orders of 

magnitude higher rates of crystallisation when compared with the iPP and 

nucleating agent. Hence, the shear effects and presence of glass fibres were 

far more effective in raising crystallisation rates than using nucleating 

agents. The shear around the glass fibres produces high molecular 
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orientation of the polymer chains, as first described by Campbell and 

White (1984). 

The production of TC layers around glass fibres has been previously 

shown to be possible with shearing of the melt around the fibre or through 

the use of a nucleating agent. Huson and McGill (1985) briefly 

summarised how lack of a TC layer around a glass fibre in a polypropylene 

matrix caused no debonding but gave a reduction in yield elongation 

during micro-mechanical testing. Studies were mainly based on copper 

wires in polypropylene. The results were not conclusive but 75% of 

samples that exhibited TC layers failed by fibre pullout whereas —75% of 

fibres without TC layers failed by fibre breakage. It was calculated that 

compressive forces on a fibre were large, therefore a fibre would have to 

thin sufficiently during elongation to cause pullout. When a TC layer was 

present the thinning of the fibre did not have to be as much as the thinning 

required without a TC layer to induce pullout. This statement of fibre 

pullout indicates a lower interfacial shear strength and this was found by 

Folkes and Wong (1987) for glass fibre filled polypropylene composites 

with a TC layer. However, Schoolenberg and van Rooyen (1993) showed 

that the highest interfacial shear strength for iPP-aramid fibres occurred 

when the TC layer was largest. 
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Tests involving glass fibre laminate structures, with and without TC layers, 

have shown that flexural strength and modulus have increased with TC 

layers due to the higher strength of the TC (Folkes and Wong, 1990). 

Failure mechanisms were also observed in 3-point bend tests which 

resulted in samples with TC layers having an increase in strain energy 

release rates. A contradiction to this was found in impact testing (Folkes 

and Hardwich, 1987) where the TC lowered the impact strength of the 

composite. Although this seems at first strange, the speeds of fracture for 

impact were much faster than those in 3-point bends, therefore causing a 

different failure mechanism. Finally, the interlaminar shear strength was 

found to increase with TC layer thickness, thus indicating enhanced 

adhesion, although the effect was not large. 

Damage at the interface with different forms of transcrystallinity was 

studied by Wagner et al (1993). An a and fl form of a TC layer were 

produced on separate glass fibres through the use of selective nucleating 

agents. Single fibre composite tests, such as fragmentation, were then used 

to observe fracture mechanisms in the micro-composite. The a TC layer 

caused initial failure fracture to occur in the TC layer but subsequent 

propagation into the bulk matrix. The cracks showed pathways through 

spherulites in the bulk matrix with further cracking, which leads to the 

phenomena known as treeing. However, with a 13 TC layer, the crack 

damage is limited to the apparently weaker TC zone. 
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Thus, it has been shown that the crystallisation of iPP around glass fibres 

can vary due to effects of coating and 'shearing the melt'. These 

crystallinity effects have been found to change composite properties 

although the exact mechanism and result of this is confusing and not fully 

understood. 

8.3 Aims 

The effect of fibres coated with film former, silane and untreated, i.e. no 

film former or silane, on the glass fibre nucleating ability in sheared melts 

of iPP is investigated. By measuring the thickness of the TC layer around 

the fibres with time, a quantitative evaluation of different nucleation rates 

for each fibre system can be made. More importantly, the crystallisation 

behaviour around sheared glass fibres may be important in further 

characterisation of the film former properties. 

8.4 Transcrystallinity investigations for glass fibre systems 

8.4.1 Experimental 

Isotactic polypropylene was used throughout this study. An untreated 

E-glass fibre with one end bound in tape was selected and placed on a 

0.1mm thick iPP film (Goodfellow Ltd., UK, MFI: 9.3). The whole system 
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was then sandwiched between two glass slides and placed on a hotstage. 

The fibre was then pulled slightly to ensure that straight alignment 

occurred. The micro-composite was then melted by taking the temperature 

up to 200°C and maintaining for 5 minutes, thus destroying any melt 

memory effects. Air cooling was the used to give a 10°C loss per minute. 

At 160°C 'shearing of the melt' was applied by simple holding the tape at 

the end of the fibre and pulling this by a distance of 4cm over a period of 2 

seconds. Thus, an approximate velocity of 2cms-1  was used. 

The cooling was stopped at 138°C and isothermal crystallisation was 

induced. Pictures of the growth of a transcrystalline zone were acquired 

using an Olympus BH2 microscope fitted with a camera and image 

analysing software. The acquisition time was taken to be every 30 seconds 

for a period of two minutes after the isothermal crystallisation. 

Experiments for 'melt shearing' were repeated for an E-glass fibre treated 

with a silane and E-glass fibres treated with a silane and coated with 

various polymers, with resultant diameters of 201.tm (as described in 

Chapter 3), as well as using unsheared melts to compare the effect of the 

shear. 
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8.4.2 Results 

It was found that unsheared samples produced no preferential nucleation 

on the fibre surface. Sheared samples produced nucleation around the fibre 

as well as spherulitic growth within the melt. When the micro-composites 

were fully crystallised, the differences in crystal structure for sheared and 

unsheared samples are evident as illustrated in Fig. 8.1 and Fig 8.2. The 

sheared sample in Fig. 8.2 was then slowly remelted at 10°C min-1. At 

185°C the crystalline sheath around the fibre started to melt and this can be 

observed in Fig. 8.3. Rates of growth of TC layers were found for all fibres 

by measuring the transcrystalline layer thickness with time using the image 

analysis equipment. Coated fibres 71446 and 4345 were particularly 

difficult to measure as the TC layer was more uneven than other samples. 

However, all TC layer growth rates were found and repeated for clarity. 

The averaged TC layer thickness with time plot is given below, in Fig. 8.4. 
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Fig. 8.1. Optical micrograph of an E-glass fibre in iPP that was unsheared 

before matrix solidification. 

Fig. 8.2. Optical micrograph of an E-glass fibre in iPP that was sheared 

before matrix solidification. The white arrow shows the TC layer 

thickness. 
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Fig. 8.3. Optical micrograph of a remelted glass/iPP composite at 185°C. 

The blurred central area shows the void where a TC layer used to exist. 
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Fig. 8.4. Graph showing variation of TC layer thickness with time for 

various glass fibre systems. 

8.4.3 Discussion 

From Fig. 8.3, it is clear that there is a crystalline growth of iPP that differs 

in thermal properties from that of bulk iPP. As stated in the literature 

review, the 13 form of iPP has a lower thermal stability than the .a form. It 

is therefore reasonable to predict that the TC layers formed during these 

experiments are predominantly of the R  form. The crystal growth rates 

show a clear picture of 71446 promoting a far higher nucleation rate of iPP 

compared with any of the other fibre systems. 4345 shows a slightly higher 

nucleation rate than most other fibre systems but the clarity of this is not so 

defined as compared to 71446 due to the relatively uneven crystalline front 

growth that can sometimes give deviations of 50% in the TC layer 
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thickness. Thus, 4345 is not a comprehensive promoter of transcrystallinity 

whereas 71446 shows far clearer evidence. 

8.5 Forces Acting on Fibre Systems during Melt Shearing 

8.5.1 Aims 

E-glass fibre systems are to be pulled out of melts of iPP and the force 

required to move the fibre per unit length measured. Thus, variations in the 

forces that are present during 'shearing of the melt' can be found for each 

fibre system. 

8.5.2 Experimental 

E-glass fibres were selected and coated in a variety of film former systems, 

as described in Chapter 3. Each fibre was separately attached to the 

moving grip of a micro-tensile testing machine and wrapped around a 

teflon spool attached to the other grip. The non-fixed fibre end could then 

be placed over a sheet of iPP that was resting on a hot-plate (Fig. 8.5). 
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Fig. 8.5. Experimental setup for measuring the force required to pull a 

glass fibre from an iPP melt (plan view). 

The hot-plate was calibrated to give an iPP melt temperature of 160°C 

previous to the experiment. The starting distances between the tensile 

grips, the spool to the iPP sheet and the length of the iPP sheet were kept 

constant throughout the experiments. Each glass fibre was placed onto the 

iPP film and the film melted to 160°C using a heating rate of 

approximately 10°C per minute. Once at 160°C, the glass fibre was cut at 

the far edge of the iPP sheet using a knife, thus ensuring that the length of 

glass fibre within the iPP was constant. The glass fibre was held within the 

iPP sheet for 5 minutes so that the approximate conditions of the previous 

experiment (Section 8.4) were reproduced. The fibre was then pulled 

through the iPP melt at a rate of 0.05mms-1. Unfortunately, this was the 
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limiting speed of the tensile testing machine, which was far lower than the 

200mms-1  used in the previous experiment. The load-displacement curve 

for each sample was recorded for pullout distances of 20mm and repeated 

5 times for each fibre system. A typical load-displacement curve is shown 

in Fig. 8.6. 
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Fig. 8.6. Typical Force-Displacement plot for a coated E-glass fibre pulled 

from a melt of iPP at 160°C. 

A calibration plot of a fibre moving over an unmelted sheet was also taken 

for each system. Thus, contributions of frictional forces due to the fibre 

moving around the spool could be taken away from results simply by 

subtracting these calibration plots from the experimental plots. 
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8.5.3 Results 

The maximum force required to pull the fibre through the melt of iPP was 

recorded for each system. The calibration plot was then used to subtract 

the force contribution from friction between each fibre system and the 

equipment within the experiment. The maximum load for each fibre 

system is given below, with each sample system tested at least six times. 

Table 8.2. Average maximum loads for fibre systems pulled through an 

iPP melt at 160°C. 

Fibre System Average Max. Load / N 

3253 0.24782 ± 0.02269 

3265 0.23061 ± 0.04249 

40366 0.21809 ± 0.09232 

4345 0.26085 ± 0.01944 

71446 0.29910 ± 0.03210 

71482 0.22299 ± 0.06801 

Untreated 0.19569 ± 0.00721 

+ silane 0.19561 ± 0.00668 

The values from Table 8.2 can then be normalised against the fibre system 

that gives the highest resistance to melt pullout, to give: 
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Fig. 8.7. Normalised pullout load of various fibre systems from a melt of 

iPP at 160°C. 

8.5.4 Discussion 

All the pullout plots displayed three regions. The first involved the fibre 

being free from any tension due to separation of the tensile grips. This 

gave an initial base-line' starting from zero displacement. As any slack in 

the fibre was taken up with the extension of the grips, a second region 

appeared. This was the build-up of load as the fibre was pulled through the 

melt. A final plateau region was reached as the load required to pull the 

fibre through the melt became approximately constant. From the 

normalised data in Fig. 8.7, E-glass fibres coated with 71446 show a 

slightly larger resistance to being pulled through the iPP melt, whereas 

uncoated fibre show the smallest resistance. This increased resistance will 
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be due to two factors, the chemical interaction between the coated fibre 

and iPP melt, and the surface roughness of the coated fibre. It would seem 

apparent that the application of film former coatings to glass fibres would 

increase the surface roughness. Therefore, the film former systems show a 

higher resistance to being pulled out of an iPP melt than the uncoated glass 

fibres. 

8.6 Film Former Structural Changes During iPP Crystallisation 

8.6.1 Aims 

The structure of the film formers have previously been shown to be 

amorphous from DSC and XRD investigations in Chapter 3. However, it is 

possible that this structure could change at elevated temperatures. 

Therefore, XRD is to be employed in situ to investigate the structure of 

each film former while the temperature is changed. 

8.6.2 Experimental 

The experimental work herein is essentially the same as that carried out in 

Section 3.7. However, a calibrated temperature stage was mounted inside 

the XRD chamber to control the temperature of the sample. All the film 

formers have been shown to be amorphous at room temperature but 
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crystallisation of components at elevated temperatures could cause 

preferential nucleation of iPP on a coated fibre surface. 

All film formers were solution cast onto glass microscope slides and 

allowed to dry for one week. The resultant films were transferred onto thin 

hot-stage glass slides (Linkham Ltd.). The samples were placed onto a 

home-made calibrated temperature stage fixed within the chamber of a 

Philips X'Pert X-ray Diffractometer. A PW3373/00 copper x-ray tube was 

used to generate x-rays. The sample was initially calibrated so that the 

x-ray beam passed through the centre of the specimen and did not graze 

the surface. This was done by measuring the intensity of the beam without 

the presence of the sample. The sample was then moved within the beam 

so that the intensity was half of the original value. Diffracted x-ray 

intensities were measured from angles of 20=2° to 20=60° at a step rate of 

0.04° and a step time of 2s. The temperature stage was used to heat each 

sample to 200°C, where an XRD scan was taken. The sample was then 

air-cooled to 138°C and a further XRD scan was recorded. The sample was 

allowed to air-cool to 100°C and a final scan was then obtained. Thus, any 

changes in the film former after heat treatment could be assessed. The 

contribution of the mounting glass slide was also taken so that any peaks 

present in film former XRD plots could be distinguished from those due to 

the glass slide. 
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8.6.3 Results 

The XRD plots for each film former at 4 temperatures, as well as for the 

mounting glass slide, are given below. 
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Fig. 8.8. XRD plots for 3253 at various temperatures. 

Fig. 8.9. XRD plot of 3265 at various temperatures. 
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Fig. 8.10. XRD plot of 40366 at various temperatures. 
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Fig. 8.11. XRD plot of 4345 at various temperatures. 
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Fig. 8.12. XRD plot of 71446 at various temperatures. 
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Fig. 8.13. XRD plot of 71482 at various temperatures. 

8.6.4 Discussion 

All the XRD plots show no sharp peaks that is associated with a crystalline 
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phase. Instead, a broad peak centred at 20 = 20 exists within all the film 

formers. 3253, 3265 and 71482 have a structure that is resistant to elevated 

temperatures as the XRD plots for these samples are consistently the same 

at all the temperatures probed. 40366 shows a broad secondary peak at 

20 = 10° but this peak is reduced in intensity at 200°C and disappears after 

changing the temperature down to 138°C. This would suggest that the 

secondary peak is a due to a limited heat resistant component of 40366, 

which is removed upon sample heating. 4345 shows formation of a 

component at 200°C that gives an additional broad peak at 20 = 10°. This 

peak then gets less intense as we cool. Finally, 71446 shows a general peak 

broadening at all elevated temperatures. Despite the differences in the film 

former structure upon sample heating, no film former becomes crystalline. 

Therefore XRD proves that, although small structural changes can occur 

within certain film formers, all the film formers studies remain amorphous 

throughout the temperature ranges used. 

8.7 Overall Discussion and Conclusions 

The film formers on E-glass fibres induce differences in the resultant TCL 

thickness when the fibre is sheared through the iPP melt. It is interesting to 

note that the growth rate of the TCL, shown as the gradient in the TCL 

thickness with isothermal crystallisation time in Fig. 8.4, is different with 

these coatings. This is unexpected as growth of a 13 TCL around the fibre 
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should be constant for all film former systems, only the TCL nucleation 

could change due to differences in the nucleating ability of the substrate. It 

can also be argued that there should be no change in the TCL thickness 

with isothermal crystallisation time for any of the film former systems as it 

is the melt-shearing of the fibre that provides polymer orientation around 

the fibre surface, leading to subsequent development of a TCL. Thus, it is 

clear that the interaction between the iPP melt and the coated fibre surface 

causes ch'anges in the thickness of the TCL in a unique way. 

The interaction between the coating and melt is not influenced by any 

coating crystalline morphology because, at the processing temperatures 

used, the coatings remain amorphous. The increased interaction between 

the fibre and iPP melt also manifests itself as an increased force required to 

pull the coated fibres from the polymer melt. All of the film former 

samples require a larger force to pull the fibre through the melt, per unit 

area, than the smoother E-glass fibres without a film former treatment due 

to surface roughness. However, the interaction between the coated fibre 

and melt cannot be due to fibre roughness alone as 71446, which promotes 

the thickest TCL, has been shown in Section 2.8 to have a relatively 

smooth surface. Therefore, it is most likely that the strong van der Waals 

interactions between iPP and 71446, as shown in Chapter 6, cause a more 

rapid growth of the TCL. 
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While the iPP will not crystallise on any of the fibre systems due to the 

amorphous nature of the substrate, melt shearing promotes TCL growth 

due to polymer chain orientations during the shearing process. It is 

probable that a high film former interaction with the iPP will produce a 

relatively large shear gradient during melt shearing, i.e. there will be 

polymer chain orientation further away from the fibre length, 

perpendicular to the fibre axis. Thus, nucleation sites that develop into the 

resultant TCL will occur at greater distances from the fibre surface, with 

nucleation sites closer to the fibre surface having a higher degree of 

polymer orientation around them, due to the larger shear gradient at this 

point when compared with nucleation sites at larger distances from the 

fibre. As the crystallisation time increases, the nucleation sites will grow 

and develop into a TCL. However, nucleation sites further away from the 

fibre may either grow more slowly, due to less polymer orientation when 

compared with the polymer chains closer to the fibre surface, or initiate 

nucleation at longer isothermal crystallisation times. Observation of this 

phenomenon under the optical microscopy show only the areas of highest 

nucleation density because the limit of the microscope resolution. 

Therefore, while the nucleation sites may all grow at the same rate, only 

the sites of highest nucleation density are initially observed. As the 

isothermal crystallisation time increases, the nucleation sites further away 

from the fibre surface grow in size until they can be observed optically. 

This whole effect gives the apparent observation of the TCL growing 
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outwards from the fibre surface, when actually the growth is due to 

nucleation sites developing into crystalline areas of different sizes. 

E-glass fibres coated with 71446 have an increased resistance to being 

pulled through a melt of iPP. The same coating also induces a thick 

transcrystalline layer when applying isothermal crystallisation to iPP. This 

increased resistance can be attributed to a high affinity between the coated 

fibre and the polymer melt as well as surface roughness. It is proposed that 

this increased affinity causes a greater orientation of polypropylene chains 

within the melt when compared with other fibre systems. An increased 

polymer chain orientation could then be responsible for greater increases in 

TC thickness around E-glass fibres. Coating 71446 enhances this polymer 

orientation in the melt due to its high van der Waals interaction and surface 

roughness, whereas all of the other film formers show a similar growth rate 

because of an approximately similar surface roughness and an interaction 

with the iPP melt that is probably not sufficiently strong enough to 

promote any further orientation. 
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CHAPTER 9: DISCUSSION AND CONCLUSIONS 

9.1. Discussion of Experimental Work 

Through this study, the effect of the film former coatings on adhesion 

between E-glass fibres and a matrix of isotactic polypropylene was 

investigated. Specifically, the mechanism of the interaction between film 

former and the iPP, which is difficult to adhere to because of its lack of 

chemical reactivity, was pursued. 

The mechanical properties of the film formers were evaluated in Chapter 2 

and it was found that, from DSC and XRD studies, all of these coating 

were amorphous and soft due to a glass transition temperature below room 

temperature, with the obvious exception of coating 71482. The surface 

topography was found to be quite smooth (i.e. no large peak to trough 

surface deviations) and vary by very little for each film former, shown in 

Figs. 2.16-2.21 using atomic force microscopy. It was not apparent which 

film former would be the most suitable reinforcement coating for 

reinforcing iPP with E-glass fibres from these mechanical properties. 

Coating 71482 was significantly stiffer than the other film formers but 

possessed a far lower strain to failure. Therefore, the stress transfer across 

a stiffer interlayer can cause more efficient stress transfer (Hayes et al, 
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2001) but a low coating strain to failure can result in a more rapid failure 

of this interface during tensile straining. 

Before measuring the fibre-matrix adhesion in model composite systems 

using standard fragmentation testing, the behaviour of E-glass fibres 

coated with film former was examined so that any possible strength 

variations because of the presence of the film former on the reinforcement 

surface could be assessed. This was an important exercise to carry out as 

misleading fibre-matrix adhesion from fragmentation data could result 

from incorrect measurements of fibre strength, i.e. film formers causing a 

significant lowering of fibre strength will give a higher number of 

fragment breaks during micro-mechanical testing but this does not imply 

that stress transfer from the matrix to the fibre is improved. Slight 

decreases in the fibre strengths were found in Chapter 3 when E-glass 

fibres were coated with film former. While the failure mode was 

predominantly by internal defects initiating fibre failure (Section 3.6), 

increases in stress concentrations at the fibre surface due to the presence of 

the coatings were considered to be sufficient to lower the fibre strength. An 

extreme case of an increase in the fibre surface flaw population was seen 

with coating 40366. A deviation from a uni-modal Weibull distribution 

(which accurately modelled the fibre strength for most of the film 

former-fibre systems) to a more accurate bi-modal Weibull distribution 

(Fig. 3.11) was evidence that the enhancement of surface defects occurred 

185 



when coating E-glass fibres with 40366. Differences in the failure 

mechanism using 40366 did not significantly change the effective fibre 

strength but highlighted how a soft coating can change the failure modes of 

a comparatively stiffer substrate. 

Fragmentation testing was then carried out in Chapter 4 using the strength 

data measured from the fibre strength testing. Thus, any residual effects of 

the coating on the E-glass fibre strength could be accounted for, leaving a 

full and conclusive test of stress transfer in a model composite using 

fragmentation testing. The results of fragmentation testing showed that 

there were differences in the stress transfer from the matrix to the 

reinforcing fibre for the various film former systems, resulting in different 

interfacial shear strengths as displayed in Fig. 4.8. While some coatings 

such as 4345 gave low interfacial shear strength, suggesting that it might 

be better to not coat the reinforcing fibre at all, some film formers, 

specifically 71446 and, to a lesser extend, 40366, improve the stress 

transfer within a model composite system. A nov complimentary/ 

technique was developed, which sought to reinforce the observations of the 

fragmentation data, using single wall carbon nano-tubes (SWCN) and 

Raman spectroscopy. The strain in the E-glass fibres, which cannot be 

measured directly by Raman studies because the glass is Raman inactive, 

was measured by examining the shift of strain sensitive peaks in the 

Raman spectrum of SWCNs contained in a sizing on the E-glass fibre 
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surface (Chapter 5). This allowed a comparison of the fibre strain with the 

applied strain to be made, which evaluated the stress transfer in each film 

former system (Fig. 5.12). Ultimately the technique was successful for the 

majority of film former systems but difficulties arose when assessing how 

the measured strain in the SWCNs varied for coating 71482. However, a 

strong correlation in results obtained with SWCNs as micro-strain sensors 

and with fragmentation testing was found, as shown in Fig. 5.14. A full 

examination of the effectiveness of each film former coating on promoting 

stress transfer from the matrix to the reinforcing fibres has been made and 

results show that coating 71446 is the most effective surface treatment in 

reinforcing iPP with E-glass fibres. E-glass fibres coated with 40366 also 

show a high level of adhesion with the polymer matrix. 

Once the level of adhesion was established for all of the film former 

systems, the mechanism of this adhesion was investigated. Forces between 

two surfaces are governed by various adhesive mechanisms, as 

summarised in Fig. 1.1. As previously discussed in Chapter 1, 

polypropylene remains largely chemically inert, which simplifies the 

adhesion process to mechanical interlocking, physical attraction and 

compatibility through polymer diffusion. The processes that have been 

assessed throughout this work presented herein are summarised below in 

Fig. 9.1. 

187 



1, 
Phisicz1 forces 

'of attraction 

PArad adhesion proceses' 

SWCN as 
micro-strain sensors 

Fragmentation testing 

iSpei cific adlieSion processes] 

kloleCu1r corn pattility 

Adhesic0 Testang. 

AFM 
	

DSC 
	

SEM 
	

Theoretical 	IGC 	AFM 
approaches 

Fig. 9.1. Schematic representation of the experimental evaluation of 

adhesion within this thesis. 

The issue of mechanical interlocking was resolved using AFM in Section 

2.8 and found to have little variation between the film former coatings. It is 

also apparent that the softness of the film former coatings, measured from 

the stress-strain curves in Fig. 2.1, will not increase adhesion through 

mechanical interlocking. Thus, the majority of the specific interaction 

characterisation work focussed on physical forces, such as surface tension, 

and film former-matrix compatibility. 

There are many ways of measuring the surface tension of polymers but no 

one technique is used consistently throughout the literature due to 

drawbacks with all surface tension measurements. Atomic force 

microscopy used in force mode and IGC were favoured over more routine 

methods such as contact angle experiments as the film former was of the 

same phase as that measured during fragmentation and Raman studies i.e. 
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the film former was a solid. Thus, parameters such as melt viscosity, an 

important component to take into account when performing contact angle 

experiments, were excluded from consideration. As with all techniques, 

AFM and IGC suffer from interpretation problems. The first obvious 

difficulty was experienced with AFM. Using AFM in force mode is not a 

completely non-destructive technique. The contact of the AFM tip with a 

polymer surface is not a precise contact, especially with soft polymer 

surfaces. Besides, a point contact will not be particularly useful as the 

energy then required to separate the AFM tip from the polymer surface 

will be extremely small and it is possible that the instrument resolution 

would not be sufficient to detect any differences in this separation energy. 

An increase in contact area provides problems due to the actual area of 

contact not being known. From Chapter 6, it was apparent that for the film 

formers that had a similar Young's modulus, i.e. all of the film formers 

with the exception of 71446, their adhesion behaviour could be ranked 

using AFM in force mode because of the similar film former deformations 

under the contacting tip. Coating 71482 proved to be more difficult to 

characterise due the polymer having a glass transition temperature above 

room temperature. This meant that 71482 was always far stiffer than the 

other film formers and would show an increase in deformation resistance, 

therefore giving a reduced contact area when the AFM tip came into 

contact with its surface. Thus, the separation energy values from Table 6.1 

were treated with caution, as these values were not normalised against 
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contact area. Another important issue was the chemical nature of the AFM 

tip. An AFM tip has to be chemically inert to image surfaces. The 

interaction between the AFM tip and film former samples is presumed to 

be through weak van der Waals interactions and not through chemical 

bonding. Therefore, an indication of how film formers interact with a 

matrix of polypropylene, i.e. by van der Waals forces, is a close 

approximation when substituting the iPP phase with that of an AFM tip. 

Inverse gas chromatography solves the major problem of the contact area 

associated with AFM work. Gas probe molecules can be considered to be 

point like contacts and should not deform the polymer sample in any way. 

The probe alkanes also mimic the characteristics of a polypropylene matrix 

fairly accurately. Thus, a precise measurement of the dispersive component 

of the film former surface energy, and the force that will be used to interact 

with polypropylene, can be found. The only drawback concerns the 

concentration of probe gas used in the experiments. As described in 

Section 6.2.2, a low concentration of probe gas is used to evaluate the 

surface tension of the sample surface. The probe concentration has to be 

low so that inter-probe interactions can be excluded from the interpretation 

of experimental data. This will cause a small percentage of the sample 

surface to be covered by probe gas molecules. Any significant second 

phase can therefore cause inaccurate surface energy measurements as the 

gas probe molecules will interact preferentially with the phase of highest 
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surface tension. However, from the AFM and SEM studies throughout this 

work (Figs. 2.16-2.21 and Figs. 7.2-7.7), the particulate film former 

coatings do not appear to show anything but a homogenous phase. 

Therefore, IGC is clearly the most convincing technique for evaluating the 

surface energetics of the film formers. From the surface energy studies, 

coating 71446 shows the highest surface free energy as summarised in Fig. 

6.11. This observation correlates well with the composite interfacial testing 

in Chapters 4 and 5, and proves that the surface free energy is the adhesion 

mechanism that is most responsible for improved bonding between glass 

fibres coated with film former and a matrix of polypropylene. Coating 

40366 also has a high surface free tension and a good correlation with the 

same composite interfacial testing data further proves the latter statement. 

The one exception to comparisons of surface tensions with mechanical 

testing is coating 71482. However, a relatively low strain to failure, as 

shown in Fig. 2.1, and the presence of high yielding during composite 

straining (examined in Fig. 4.7, albeit not when the composite was strained 

during tensile testing but still a valid observation) leads to the conclusion 

that, while high adhesion does indeed exist between 71482 and the 

polypropylene matrix, the coating yielding prevents any further stress 

transfer from the matrix to the fibre. Thus, for a film former to be an 

effective adhesion promoter, both high surface tension and high strain to 

failure are desirable properties, which are clearly apparent in coating 

71446. 
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The nature of the high dispersive interactions cannot be accurately 

discussed on a molecular level because of the unknown monomer unit 

ratios for all of the film former polymers. While industry cautiously guards 

the publication of such data, reasonable assessments can be attempted. All 

of the film formers contain polar groups; vinyl acetates for 3253 and 3265, 

and acrylics for 4345, 40366, 71482 and 71446. There are also groups that 

will interact through non-polar dispersive forces; ethylene for 3253 and 

3265, methyl groups in 4345 and 40366, and both methyl and styrene 

groups for 71446 and 71482. It is clear from these lists that, if iPP will 

only interact using non-polar interactions, then 71446 and 71482 

potentially have more non-polar groups in their composition. The 

non-polar styrene group is also sterically bulky and could possibly 

dominate the surface properties of the film formers. Coating 40366 also 

shows a high surface tension but 4345 does not. This would indicate that 

40366 has a higher concentration of methyl groups, compared to 4345, 

which can undergo interactions with polypropylene. Thus, significant 

proportions of non-polar groups in 71446, 71482 and 40366 can explain 

why the measured surface tensions of these polymers are high during the 

surface energetics characterisation carried out throughout Chapter 6. 

Compatibility through mixing of the film formers with polypropylene can 

also enhance adhesion. Chapter 7 detailed the requirements for mixing and 

the experimental methods used to carry out miscibility studies. Some of 
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these analytical techniques, specifically DSC and SEM, were employed as 

methods of evaluation. A complementary theoretical approach based on 

Flory-Huggins interaction parameters was also used to predict film 

former-iPP miscibility. It was apparent that DSC and theoretical 

approaches could only predict miscibility on a bulk scale. Scanning 

electron microscopy was more applicable for examining diffusion at the 

polypropylene-film former boundary, where any limited small scale 

miscibility would be present. Both DSC and theoretical approaches 

revealed that none of the film formers significantly mix with iPP to any 

appreciable degree. The chemistry of the film formers would definitely 

correlate with this observation as the polar groups contained within the 

film formers will not show compatibility with the non-polar iPP matrix. 

The presence of the non-polar groups such as methyls, ethylenes and 

styrenes can reduce this effect but the ratio of non-polar groups to polar 

groups is apparently not large enough to promote any significant mixing 

within the bulk from our studies (certainly not within the processing times 

used). SEM analysis did show that 71446 and 40366 showed some limited 

miscibility with iPP due to a less well defined film former boundary with 

the matrix. Again, this small scale miscibility must be associated with the 

presence of the non-polar methyl and styrene groups of 40366 and 71446, 

which are more abundant than the non-polar groups in the other film 

formers. The high surface tensions of 71446 and 40366 will also be 

important in increasing the interaction with iPP, which fulfills the criterial 
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of Tselios et al (1998) when mixing occurs only when bonding between 

two (or more) constituents is possible. 

Finally, the interaction forces between coated E-glass fibres and the 

polypropylene in the melt phase were characterised. X-ray diffraction work 

showed that no degree of crystallisation occurred within any of the film 

formers at the temperatures used. Shearing of E-glass fibres through 

polypropylene melts produced transcrystalline layers around the fibres 

themselves but the presence of a film formers enhanced this TCL 

thickness. Measurements of the pullout forces acting on each displaced 

coated fibre system showed that there was a relationship between the 

surface roughness and the forces required to pull a fibre out of the polymer 

melt. However, as shown from the AFM studies of the film former 

roughness in Chapter 2, coating 71446 was not particularly rougher than 

any of the other film former samples yet showed the highest resistance to 

being pulled out of the polypropylene melt. While a component of this 

pullout must be attributed to the coated fibre roughness, there must be an 

additional component that raises the pullout resistance. Examination of the 

surface tension of 71446 can again provide the answer, as the high 

interaction with polypropylene must induce an increased pullout resistance. 

It is unclear why 40366, which also has a high surface tension, does not 

show a similar preference to grow thick TCLs. As all of the film formers 

show an approximately similar ability to grow TCLs, apart from 71446, 
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then there must be a critical interaction parameter with the melt consisting 

of both surface roughness and physically attractive forces. Below this 

critical interaction parameter, the polymer chains in the melt orientate due 

to the surface roughness of the fibre producing a shear gradient within the 

melt. Physical attractive forces are largely ineffective in chain orientation, 

probably because of the relatively high shear speed used. However, coating 

71446 shows a strong interaction with the polypropylene melt, which 

causes ftirther iPP chain orientation. This interaction through van der 

Waals type forces is large enough to be considered despite the high 

shearing speed, whereas the physically attractive force interactions 

between the other film formers and the melt is not large enough to be 

`seen' by the polymer chains in the melt. 

Thus, coating 71446 reinforces isotactic polypropylene with E-glass fibres 

more effectively than any other film former applied to the fibre surface. 

The mechanism of this adhesion is primarily through van der Waals type 

forces, as shown using AFM, IGC and, more indirectly, with 

transcrystallinity studies. 
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CHAPTER 10: CONCLUSIONS OF THE THESIS 

The conclusions of the thesis can be summarised as follows: 

1. Film former 71446 is the most effective film former for transferring 

stresses from an isotactic polypropylene matrix to an E-glass fibre. 

2. The primary mechanism of adhesion for industrial film formers with a 

polypropylene matrix is through physically attractive, van der Waals type 

interactions. 

3. Film formers have little effect on the strength of the E-glass fibres 

themselves. Coating 40366 was shown to change the failure population 

from predominantly internal fibre defects to fibre surface defects. 

4. The use of single wall carbon nano-tubes as strain sensors, monitored 

using Raman spectroscopy, is an effective novel method for assessing the 

stress transfer in model composite systems. 

5. Film formers generally show little, if any, miscibility with isotactic 

polypropylene. 
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6. Inverse gas chromatography is a more suitable technique than atomic 

force microscopy, operating in force mode, for assessing the surface 

tension of film formers and then relating this to fibre-matrix adhesion. 

7. The formation of transcrystalline layers around a E-glass fibre sheared 

through a melt of isotactic polypropylene is modified by the application of 

film formers to the fibre surface. The mechanism of transcrystalline layer 

formation is thought to be predominantly due to the increased fibre surface 

roughness causing chain orientation in the melt, although strong van der 

Waals type interactions, as displayed with 71446, can also cause additional 

chain orientation and a subsequent increase in the transcrystalline layer 

thickness. 
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CHAPTER 11: FUTURE WORK 

While the examination of the performance of industrial film formers is 

technologically relevant, the hindrances in not knowing the exact chemical 

composition of each film former can make ultimate composite 

performance difficult. Future work into this area should involve exact 

formulation of known film former coatings where the only variation in 

each film former system is differences in the numbers of chemical groups. 

Thus, the contribution of specific chemical groups such as the acetates, 

acrylates and styrene groups used in this study can be quantified. 

Environmental effects on the performance of film formers is another issue 

yet to be properly evaluated. Processing conditions and humidity may all 

be important in determining the overall mechanical behaviour of the film 

former, which in turn can modify the overall composite behaviour. 

Finally, SWCNs show potential as nano-straining devices with Raman 

spectroscopy. The orientation of nano-tubes in media such as a silane 

needs to be proven directly but a wide variety of composite materials can 

be assessed in terms of the fibre, or indeed the matrix, response to loading 

in situ, while essentially changing the properties of the material by very 

little. 
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