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Abstract 

The interaction between wood, hemp and viscose fibre with polypropylene 

matrices was investigated. Hot stage microscopic studies were used to observe 

the crystallisation of polypropylene in the presence of lignocellulosic fibres. a­

form transcrystallinity was observed on chemically pulped wood and hemp 

fibres, and thermomechanical pulp, and sporadic a-nucleation was observed on 

viscose and lyocel fibres. Methods of fibre chemical modification and nucleating 

agents were sought, in order to modify the crystalline form of the interphase to 

the ~-morphology. A calcium pimellate fibre treatment was used to generate a 

pseudo-transcrystalline morphology around TMP fibre in thin films of 

polypropylene. The deformation of this P-form interphase during tensile loading 

was observed, with visible stress whitening being limited to the interphase 

region, confirming the action of the interphase as a buffer zone. 

Composites of unmodified, succinylated and pimellate treated TMP and hemp 

fibres in polypropylene were formed and tested in tension and impact. Blends 

with TMP fibres gave lower strength and impact results than hemp blends 

because of the poor aspect ratio of the TMP fibre, with wide fibre bundles being 

visible when failure surfaces were observed by scanning electron microscopy. At 

low fibre loadings, the pimellate treatment gave an improvement in impact 

resistance and energy at break. Differential scanning calorimetry confirmed that 

P-a transformation had occurred. The pimellate treatment was not bonded to the 

fibre surface, so a P-spherulitic morphology was present in these test specimens. 

Further work was conducted to investigate a more permanent bond between the 

P-nucleant and the fib re, but this work was not scaled up. 

Differential scanning calorimetry of unmodified fibre blends revealed that there 

was a small proportion of P-form cylindritic material present, resulting from 

shear forces in the melt during pressing. The blends of succinylated fibre, and 

calcium ion exchanged succinylated fibre, in polypropylene gave a reduced 

cylindrite population, and demonstrated a reduction in toughness relating to the 

total absence of P-morphologies. 
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1 Introduction 

1.1 Thermoplastic matrices for natural fibre composites 

Since their development in the middle of the twentieth century, thermoplastics 

have taken on an increasingly large role in the spectrum of modem materials. 

The ease of forming moulded items, combined with the range of physical 

properties including toughness, flexibility and transparency give thermoplastic 

polymers a wide range of applications. Four main commodity thermoplastics 

dominate 85% of the market, these are polyethylene (PE), polypropylene (PP), 

polyvinyl chloride (PVC) and polystyrene (PS). Fillers and fibres are often added 

to thermoplastics to increase the strength of the material, to reduce the cost and to 

increase the resistance to softening at elevated temperatures. 

Numerous advantages have been proposed for the use of natural fibre as a filler 

and reinforcement in thermoplastics. Natural fibres have a good performance to 

weight ratio, they also cause less wear and tear of processing machinery than 

inorganic fillers (Kokta et al. 1992). Fillers can alter not only the mechanical 

properties but also properties such as softening temperature, allowing use in more 

demanding conditions (Balatinecz and Woodhams 1993). The renewable nature 

of natural fibres offers "green" benefits, and their widespread availability ensures 

a low price, plentiful supply and could reduce transportation costs. , 

When engineering fibres are added to polymers, such as polypropylene, an 

increase in flexural and tensile strength and modulus are generally seen. For 

instance, the Young's modulus may increase from 1.5 to 6.5 GPa, and the 

yield/fracture stress form 33 to 86 MPa, on addition of 30% glass fibre (Mccrum 

et al. 1997). However, when natural fibres are added the increase in modulus is 

not as great, and a decrease in tensile strength may be observed. These problems 

are suspected to relate to poor interfacial adhesion between the fibre and the 

polymer, so compatibilisers which enhance the interaction at the interface have 

been investigated. 
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Adhesion is most commonly a result of adsorption (a term encompassing 

chemical bonding and interaction) between the two components, with mechanical 

interlocking, diffusion and electronic interactions occurring in some cases 

(Kinloch 1987). Adsorption theory encompasses primary bonds ( e.g. ionic and 

covalent bonding), donor-acceptor bonds ( e.g. Bronsted acid-base interactions), 

and secondary bonds (e.g. hydrogen bonding and van der Waals interactions). 

The interaction between the natural fibre and the thermoplastic matrix may be 

considered to rely upon a mechanical component, and secondary bonding, as 

there is no primary chemical bond established. The secondary bonding is poor 

because the dipole-dipole interactions between the polar fibre and non-polar 

matrix are very limited. 

It is possible however that substantial gains can be made by better understanding 

of the interaction which already exists between the fibre and the matrix. In 

particular, there is a growing level of interest in the macromolecular phenomena 

which occur in polymers when they are in contact with fibres. 

1.2 Review of materials 

1.2.1 Thermoplastics 

Of the many thermoplastics available, only a relatively small number have been 

considered suitable for combination with natural fibres. Polyethylene, 

polypropylene, polystyrene and polyvinyl chloride have sufficiently low melting 

points to allow blending with natural fibres below 220°C, the temperature at 

which thermal degradation of the fibre becomes significant (Youngquist 1999). 

An increasing number of companies are producing plant fibre - thermoplastic 

composite blends, and manufacturing a wide range of products using this 

material. In a study by the USDA Forest Products Laboratory (Youngquist 1995, 

English et al. 1996) trial packages of wood fibre - polypropylene blend pellets 

were sent to a range of plastics moulders, and the products successfully formed 
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ranged from coat hangers and flashlight cases, to lawnmower trim and vacuum 

cleaner parts. 

Automotive interior panels and trim continue to be a large market for plant fibre 

filled thermoplastics. An early manufacturer was American Woodstock, who 

produced extruded polypropylene and wood sheet material for moulding into car 

interior panels (Wolcott 1996). Many of the large car manufacturers have now 

adopted wood, kenaf or hemp fibre filled polypropylene for interior panels. The 

panel producers include Automotive Industries, Visteon and the Louisiana 

Pacific Corporation (Youngquist 1995, Lavisci 1999, Sackinger 1999, Sudol 

1999). 

Another rapidly established market is that for plastic lumber decking. Wood 

filled thermoplastic planks have a pleasant quasi-natural appearance, with the 

colour and texture of the wood fibres. The material challenges traditional 

wooden decks by being marketed as being splinter free. Many companies have 

set up production of extruded lengths of lumber, and often these operate under 

licence from producers such as Trex, Strandex or Ein, using a patented process 

and material. 

TREX uses polyethylene recycled from grocery bags and shrink wrap, and wood 

waste from woodworking. Strandex is approximately 2/J oak fibre from saw dust, 

and recycled milk bottles to which a proprietary blend of thermoset resins and 

process additives have been added. EINwood can contain up to 60% wood flour, 

in polyethylene, polypropylene, acrylonitrile butadiene styrene, polyvinyl 

chloride or polystyrene matrices. ChoiceDek, another brand, contains cedar fibre 

and polyethylene. Some products such as SmartDeck planking incorporate 

foaming agents, to reduce the mass of the extruded product by creating a 

honeycomb core. 

A further development is shown by Celloboard who use sections oflumber to 

form a range of park benches and picnic tables, or DuraSkid who offer pallets. 

Companies such as the Andersen Corporation produce a range of extruded 
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profiles for joinery uses, such as window and door frames or railings from wood 

filled PVC. 

1.2.1.1 Polypropylene 

Polypropylene is a commodity thermoplastic which is used in a wide range of 

applications both un-filled and with particulate filler or fibre reinforcement. It 

has a higher melting point than polyethylene, allowing use at higher temperatures 

without softening, but it is also more rigid and less tough, which can cause 

problems at sub-zero temperatures (McCrum et al. 1997). PP is extensively used 

in injection moulded articles (30% of US polypropylene market),.and is often 

moulded with a fibre reinforcement. About a quarter of the market is fibre 

production, and a tenth of the market share is film manufacture. Only a very 

small component of the market is extruded sheet or profiles (Killough 1995). 

The microstructure of polypropylene is altered by a large number of factors 

during processing, and this has considerable influence over the mechanical 

properties. The development of crystalline structures such as spherulites within 

polypropylene is reviewed in chapter 2. 

1.2.2 Natural fibres 

There are a wide range of natural fibres available from agriculture and forestry 

which show potential for use as reinforcement in thermoplastic composites. 

Agricultural fibres can be fibre-crops, such as hemp, flax, jute or sisal fibre, or 

residues from other agricultural crops such as bagasse from sugar cane, coconut 

husk fibre or chopped pineapple leaf fibre. The wide range of fibres can be 

grouped into broad categories according to the plant morphology. The various 

bast fibre producing plants are annual dicotyledonous plants, with long fibre in 

their stems. Woody perennial plants also contain suitable fibre, and fibre from 

both monocotyledonous, and dicotyledonous, plant species have been used. 
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Bast fibres, such as hemp, flax, jute, kenaf and ramie, are harvested from the 

outer portion of the long stems of the plant. The fibres are long (0.8 to 3.0 cm), 

and the fibre bundles used in composites can be up to 1.8m long (Hughes 2000). 

Monocotyledons, such as palms, have very long fibre in their leaves, for example 

sisal and pineapple leaf fibre (George et al. 1996, Kalaprasad et al. 1997). Short 

lengths of woody fibre from bamboo have also been investigated (Chen et al. 

1998). 

Woody plants contain fibres which are much smaller in length (an average 

softwood fibre is 3.3mm) than the bast fibres, but these fibres may also be used 

as reinforcement in thermoplastic matrices. Fibre bundles from mechanical 

pulping can be 1.5cm long, although there is considerable variation both in length 

and thickness because of the stochastic nature of the mechanical pulping process. 

Fibres from chemical pulping methods are better separated into individual fibres, 

so fibre length and diameter are then directly controlled by tree species and 

growth conditions. 

The morphology and chemistry of hardwood fibres varies considerably between 

species, and is more diverse within the tree, than softwood fibres which are 

relatively uniform. A considerable degree of variation may also be imparted by 

the pulping process used to separate the fibres. Mechanical pulping processes 

such as thermomechanical pulp (TMP) production, tend to leave a high lignin 

content, whereas chemical pulping methods remove a considerable amount of 

lignin, leaving cellulose and hemicellulose. 

1.2.2.1 Cellulose, hemicellulose and lignin 

The simplest chemical constituent of the wood cell wall is cellulose, and this is 

also a dominant constituent of bast fibres. Cellulose is a polysaccharide of 

anhydroglucopyranose units, bound by P-(1-4)-glycosidic linkages. The P­

position of the -OH group on Cl requires that the next glucose unit be inverted, 

so the repeat unit is cellobiose, as shown in figure 1.2.1 (Fengel and Wegner 

1989). 
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Figure 1.2.1 Structure of cellulose, showing two cellobiose repeat units (Fengel and Wegner 
1989). 

The flat straight morphology of the cellulose chain allows good packing between 

chains, and the many hydroxyl groups allow hydrogen bonding between chains. 

Thus cellulose has a tendency to crystallise (figure 1.2.2). In naturally occurring 

cellulose the crystalline structure is termed cellulose I, and was proposed by 

Meyer and Misch (1937) with subsequent minor alterations. Cellulose I has a 

monoclinic form, with ~=83°, a=0.82nm, b=0.79nm and c=l.03nm (where c is 

the chain axis). 

(a) (b) 

. \ 
·. \ 

b~\ 

Figure 1.2.2 Crystal lattice of cellulose (a) cellulose I, (b) cellulose II 

The other main crystalline form which cellulose may adopt occurs in regenerated 

cellulosics, and is named cellulose II (figure l .2.2b ). In this form the.chains are 

antiparallel, and the packing allows for hydrogen bonding between additional 

chains. Cellulose II is therefore thermodynamically more stable than cellulose I, 

and cannot be reconverted to cellulose I (Sjostrom 1993). The dimensions of 

cellulose II are reported to be ~=63°, a=0.80nm, b=0.90nm, c=l.03nm (Fengel 

and Wegner 1989). 

Hemicellulose is also a polysaccharide, but it contains a greater diversity of 

monomer units than cellulose, so the polymer is amorphous. There is also a 

greater incidence of chain branching and the degree of polymerisation is lower 

than in cellulose. The type ofhemicellulose varies between tree species, with 
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galactoglucuronomannans, and arabinoglucuronoxylan, being the principal 

hemicelluloses in softwoods. Hardwood hemicellulose is predominantly 

glucuronoxylan with a small quantity of glucomannan and other polysaccharides 

(Sjostrom 1993). 

Lignin is the third major component of woody plant cells. It is a phenolic 

polymer with phenyl propane as the basic unit, these units can be any of syringyl, 

guiacyl, or p-hydroxyphenyl in form. There is a very large degree of randomness 

in structure as a wide range of bonds can occur between units. Consequently 

lignin is an amorphous polymer, with many branches and cross links (Fengel and 

Wegner 1989). 

1.2.2.2 Hardwoods and softwoods 

There is considerable variation in fibre morphology and chemistry between tree 

species. The softwoods ( coniferacae) can be considered to be fairly uniform in 

size and shape, as the dominant cell type is the tracheid, making up 97% of the 

wood by weight. Tracheids range in size from 2.0 to 9.0mm, and from 0.015 to 

0.060mm in width (Olesen and Plackett 1999). The tensile strength of individual 

softwood tracheids was determined by Robson and Hague (1995) to be 0.85GPa. 

Talcing the mean values as 3.3mm by 0.033mm, the aspect ratio of the fibre 

(length divided by diameter) is 100. 

The tracheid has several distinct layers, each with a characteristic chemistry and 

microfibrillar arrangement (figure 1.2.3). The primary wall is the first cell wall 

to be formed within the tree, and has a random arrangement of micro fibrils , and a 

high lignin content. There is also a middle lamella between tracheids which 

consists almost exclusively oflignin. This secondary cell wall is laid down 

inside the primary wall after the wood cell has taken its full shape. The 

secondary wall consists of three layers, the S1 layer has several alternate layers of 

microfibrils aligned in a helix around the cell at a high angle to the cell axis, 

giving radial strength. The S2 layer is the thickest cell wall layer and is the main 

component of the cell. It has micro fibrils at a small angle to the fibre axis, giving 
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longitudinal strength. The S3 layer is a thin coating on the inside of the cell, this 

again contains microfibrils at a large angle to the fibre axis, giving radial 

integrity. 

S3 

S2 

S1 

. . . 
: . :. : . ... : . 

Secondary 
cell wall 

Primary cell wall 

Middle lamella 

Figure 1.2.3 Softwood tracheid and its microfibrillar structure. 

Hardwood cells show more variation both within the tree, and between species. 

There are four major cell types, these being vessels, ray parenchyma, longitudinal 

parenchyma and fibres. Of these, only the fibres can be considered to be 

structural, with the other cell types relating to transportation of water, and storage 

of food, within the tree. Thus the ray and longitudinal parenchyma and vessel 

cells are wider, and have relatively thin cell walls, which renders them of lesser 

importance from the composite manufacture's point of view. 

The fibre cells are the structural element of hardwoods, and tend to have very 

thick cell walls. While they are similar in shape and structure to the tracheids of 

softwoods, they are shorter. The cell dimensions are in the region of 1.0mm 

(range 0.3 to 2.5mm) in length, and 0.020mm (0.010 to 0.045mm) in width, 

giving an aspect ratio of 50. 

For further information on the microstructure of wood, or the location of 

chemical constituents within the cell wall, the reader is referred to comprehensive 

reviews by Panshin and Dezeeuw (1964), Desch (1981), Wilson and White 

(1986), Fengel and Wegner (1989), Sjostrom (1993). 
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1.2.2.3 Bast fibres 

Bast fibres are separated from the plant stem by retting and then decorticating. 

This gives fibre bundles, or technical fibres, which are too long for use in 

extrusion based thermoplastic composites, being up to 1.8m in length. The fibre 

bundle contains many individual cells. These are long and narrow with a very 

high aspect ratio. Flax fibre, for example, is 5 to 50mm in length, 15 to 35µm in 

width, and the average aspect ratio is 1200. For hemp fibre the cells are 5 to 

55mm long and 125 to 375µm wide, the average aspect ratio is 1000 (Weindling 

1947). 

The bast fibre tends to have a much greater proportion of cellulose than woody 

plant fibres. The cellulose content of flax has been reported to range from 71 to 

90%, with hemicelluloses being 14 to 21 % and pectins, lignin and extractives 

making up the remainder. Similarly, cellulose makes up 74 to 86% of the hemp 

fibre cell wall, with 18 to 20% hemicellulose, 4% lignin and a small quantity of 

pectin and extractives (Hughes 2000). The degree of polymerisation of cellulose 

in bast fibres is much greater than that in wood fibres. 

The tensile strength of hemp has been reported as ranging from 0.31 to 0.75GPa, 

while flax is stronger (0.50 to 0.90GPa). The Young's modulus of hemp is-30 to 

600Pa, and for flax it is 50 to 70GPa (Ivens et al. 1997). 

1.2.2.4 Regenerated cellulosics 

There are many types of regenerated cellulosic fibres relating to the range of 

solvents and spinning processes employed. Regenerated cellulosics have an 

incredibly good aspect ratio, but the structure of the cellulose is different to that 

present in the wood microfibrils with a greater amorphous content. The 

crystalline portion of regenerated cellulosics has a cellulose II crystalline 

structure (figure 1.2.2). The textile industry reports problems with tenacity 
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( especially when wet), and is unlikely that this cellulose has the same level of 

strength as natural fibres. 

One of the main regenerated cellulose fibres is viscose, or rayon, produced by the 

xanthate process. The process involves the reaction of carbon disulfide and 

alkali (sodium hydroxide) with cellulose to give a thiocarbonated hydroxyl group 

(cellulose-O-C(=S)-S-Na). Xanthation is carried out at 25-30°C for 

approximately three hours. Alkali can be used before xanthation to mercerize the 

cellulose and reduce the degree of polymerisation to 200-400 (Laszkiewicz et al. 

1990, Sjostrom 1993). After xanthation sodium hydroxide solution is used to 

dissolve the cellulose xanthate, giving an orange viscous liquid called viscose. 

Fibres are spun in a spinning bath with sulphuric acid and salts such as zinc 

sulphate and sodium sulphate. 

A number of other solvent systems are also employed. The most recent new 

process for formation ofregenerated celluloses uses N-methylmorpholine-N­

oxide in water as a solvent (Guthrie and Manning 1990). The generic name for 

this form of cellulosic fibre is lyocel, and it includes products such as Tencel™ 

(Accordis). 

1.2.3 Typical compatibilisers 

The interaction between natural fibres, which have a polar surface chemistry, and 

thermoplastics such as polyethylene or polypropylene, which have a non-polar, 

olefinic chemistry, is generally poor. A wide range of compatibilisers have been 

investigated to enhance the interaction between the two phases. In some cases, a 

chemical bond is sought between the compatibiliser and the fibre, or the 

compatibiliser and the matrix. Other compatibilisers, such as stearic acid, act 

simply as dispersion agents. 

Research into polypropylene matrix composites has revealed the potential of 

maleic anhydride-graft-polypropylene (MAPP), polymethylpolyphenyl 

isocyanate (PMPPIC) and silanes for enhancing bonding (Lu et al. 2000). 
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1.2.3.1 MAPP 

Maleic anhydride-graft-polypropylene can be used, or formed in situ by reactive 

processing of maleic anhydride and initiator with PP. The short chain, and 

therefore discrete nature, of maleic anhydride itself makes improvement of 

interfacial adhesion unlikely (Lu et al. 2000). The most efficient manner for use 

of maleic anhydride is by graft co-polymerisation, and maleated forms of 

polyethylene (MAPE), polypropylene (MAPP) and polystyrene (SMA) are often 

used. 

MAPP can contain maleic anhydride units within the chain or at the chain ends, 

depending upon the mode of recombination by free radical grafting. 

Additionally, a poly(maleic anhydride)-co~polypropylene copolymer may be 

formed in some reaction methods (DeRoover et al. 1995). 

Two potential mechanisms for the action of MAPP within composites have been 

proposed. The first assumes chemical bonding, via ester linkages, between the 

maleic anhydride moiety and the hydroxyl groups on the wood surface. The 

second mechanism is by hydro gen bonding (Felix and Gatenholm 1991, 

Kazayawoko et al. 1999). Both mechanisms rely on chain entanglements of the 

polypropylene chain of the MAPP with the polypropylene of the matrix. 

The use of MAPP has enhanced the flexural and tensile strengths and moduli of 

fibre filled polypropylenes (Kokta et al. 1992, Myers et al. 1993, Karmaker and 

Y ounquist 1996, Hornsby et al. 1997, Karnani et al. 1997, Stark 1999). In some 

cases improved unnotched impact resistance has also been seen, but not the 

notched impact resistance (Krzysik et al. 1991, Maiti and Subbarao 1991, 

Gatenholm et al. 1993, Clemons 1995). 

Additionally, the presence of MAPP appears to facilitate the dispersion of 

lignocellulosic fibres in the matrix, reducing the incidence of clumping and 

improving the fibre orientation (relating to flow of the polymer). This was 
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shown by confocal microscopy by Kazayawoko et al. (1999). In this capacity, 

the MAPP may be seen to act in a manner similar to stearic acid, simply as a 

saponification agent. 

1.3 Processing technologies 

1.3.1 Extrusion 

The blending of natural fibre with polymer matrices is most commonly achieved 

using an extruder. The blended material may be extruded as a finished product 

through a profiled die, or extruded through a pelletising head, giv.ing pellets 

which can be subsequently processed using an injection moulder (Youngquist 

1999). 

There are three main types of extruder: single screw, twin screw co-rotating and 

twin-screw counter-rotating, of which the twin screw co-rotating has found most 

common usage in preparation of natural fibre-filled polymers. Single screw 

extruders are also suitable, providing they are equipped with suitable mixing 

heads to ensure good dispersion of the fibre in the matrix. Extruders typically 

operate in the range of 160-220°C for polypropylene and 120-170°C for 

polyethylene. 

1.3.2 Injection moulding 

Pellets of natural fibre - polypropylene blends can be processed rapidly into 

moulded sections using an injection moulder. There are many designs, of which 

the reciprocating screw injection moulder is the most important. In this moulder 

the material is fed through a heated extruder section, where it melts and is mixed, 

prior to rapid injection through a nozzle into the mould, as the extruder screw 

ceases to rotate and acts as a ram (Mccrum et al. 1997). 
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1.3.3 Batch processes 

On the laboratory scale, smaller batches of PP-fibre composite may be prepared. 

This allows work with smaller quantities of each blend, and closer control over 

processing variables such as residence time. The pioneering work of Kishi and 

co-workers used a kneeder to process batches of polypropylene and woody filler , 

which were then pressed into films for various studies (Kishi et al. 1988, Takase 

et al. 1989, Han et al. 1989, Han and Shiraish 1990, Han et al. 1991). Kokta and 

co-workers used a Brabender roll mill to blend wood flour into polypropylene or 

polystyrene (Kokta et al. 1989, Raj et al. 1989c, Maldas and Kokta 1991). 

1.4 Some properties of thermoplastic composites 

1.4.1 Tensile properties 

Figure 1.4.1 demonstrates the range of strengths reported for wood and other 

fillers in polypropylene matrices, and figure 1.4.2 indicates the range of tensile 

moduli observed for wood and similar fibres in polypropylene matrices. Some of 

the variation between data sets will stem from differences in processing method, 

extrusion temperature and test method. However, at an indicative level, an 

increase in tensile strength and modulus can be observed on addition of fibre to 

polypropylene. This increase is greater for natural fibre filled systems than for 

the wood flour fillers. Also, for tensile strength the MAPP compatibilised 

systems performed better than the non-compatibilised composites. In terms of 

tensile modulus, the non-compatibilised systems performed slightly better at 

higher fibre loads than the MAPP compatibilised systems. 

13 



70 · 

60 · 
ca 
a. 50 
�~� 
.r:. 

40 c, 
C: 
Q) ... 
in 
�~� 
'iii 20 
C: 
Q) .... 

10 

0 
0 

X 

20 40 

Fib re Loadi ng (%) 

60 

&f� PP and w ood flour 

PP and f ibre 

PP, wood flour and MAPP 

PP, fibre and MAPP 

--Linear (PP and fibre) 

--Linear (PP, fibre and MAPP) 

Figure I .4.1 Scatter graph of tensile strength data from the l iterature. 
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and Woodhams ( 1993), Maldas and Kokta ( 1993), Mohanakrishnan et al. ( 1993), Myers et al. 
( 1993), Woodhams et al. ( 1993), Karmaker ( 1996), Karmaker and Schneider ( 1996), Hornsby et 
al. ( 1997), Karnani el al. ( 1997), Kazayawoko et al. ( 1999b). 

6000 

5000 
ca c.. 
�~� 4000 
f/) 

-= ::, 
3000 'O 

0 
�~� 

�~� 2000 'iii 
C: 
Q) .... 

1000 

0 . 
0 10 20 30 40 50 

Fibre Loading (%) 

60 

&f� PP and wood flour 

% � PP and fibre 

PP, wood flour and MAPP 

I 
X PP, fibre and MAPP 

--Linear (PP and fibre) 

1
--Linear (PP, fibre and MAPP) , 

Figure 1.4.2 Scatter graph of tensil e modulus data from the l iterature. 
References cited: Han and Shiraishi ( 1990), Kok1a et al. ( 1992), Maldas and Kokta ( 1993), 
Mohanakrishnan et al. ( 1993 ), Kannaker ( 1996), Karmaker and Schneider ( l 996), Hornsby et al. 
( 1997), K azayawoko et al. ( 1999b), Karnani et al. ( 1997). 

The improvements seen when a MAPP compatibil iser is used still leave 

substantial room for improvement. A study by Woodhams et al. (1984), which 

used MAPP compatibili ser, showed that the increase in tensile strength on 

addition of Kraft fibre to polypropylene was only half that of the increase seen 

when short glass fibre was added. Simonsen (1995, 1997) demonstrated that the 

observed modulus was considerably lower than that predicted by the rule of 
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mixtures for both wood fibre and wood flour in PP, PE and PS. Whereas, the 

fitted model for blends of short glass fibre in these polymers had a much higher 

efficiency. 

1.4.2 Bending properties 

Similar trends are seen in flexure on the addition of wood fibre, or fibre and 

MAPP, to polypropylene. The benefit of the MAPP compatibiliser is of smaller 

magnitude for flexural modulus than for tensile modulus, as the stiffness is 

greatly increased on addition of uncompatibili sed fibre (Karmaker and 

Youngquist 1996, Hornsby et al. 1997, Stark 1999). 

1.4.3 Impact properties 

In impact loading, the effect of adding fibre to the polymer is less favourable. 

Figure 1.4.3 shows there is quite widely scattered data in the literature; the trends 

within these data sets wi ll be considered further elsewhere. 
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Figure 1.4.3 Scatter graph of notched impact energy data from the literature. 
References cited: Myers et al. ( 1991 ), Balatinecz and Woodhams (l 993), Myers et al. ( 1993), 
Woodhams et al. ( 1993 ), Clemons et al. ( 1995), Kamani et al. ( 1997). 

In figure I .4.4 a strong negative effect of fibre loading on unnotched impact 

energy is observed. The simple explanation for this relates to the presence of 

fibres introducing sites of weakness on the composite surface at which crack 
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nucleation can occur. In an unnotched impact test, the energy recorded is a 

measure of both the crack initiation and propagation energies. When pure 

polymer is used, there are few imperfections on the specimen surface at which 

cracks may develop, hence the high impact energies of up to 800J/m. The impact 

energy of pure polypropylene is not remarkable, in comparison with other 

engineering materials, so this steep decline in impact energy on the introduction 

of fibre is quite a concern. It is also worth noticing that the use of MAPP does 

not convincingly alter the impact energy. Thus, other systems may be necessary 

to introduce toughness to the wood filled thermoplastic composite. 
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Figure 1.4.4 Scatter graph of unnotched impact energy data from the l iterature. 
References cited: Krzysik et al. ( 1991 ), Myers et al. (I 991 ), Balatinecz and Woodhams ( l 993 ), 
Myers et al. ( 1993), Woodhams et al. ( 1993), Clemons et al. ( I 995), Kamani et al. ( 1997). 

1.5 Aims of this study 

This series of experiments was conducted with the intention to investigate and 

improve the fibre - matrix interactions, with a view to improving impact 

resistance and other mechanical properties of polypropylene - lignocellulosic 

composites. Wood fibres, hemp fibres and regenerated cellulosics were studied 

to allow variation in fibre aspect ratio, surface chemistry and crystallinity, all of 

which are reported to influence the composite mechanical properties. 
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In chapters 2 and 3 a series of studies on individual fibres in polypropylene were 

conducted to observe the influence of fibre type on the development of 

crystallinity in polypropylene. It is believed that this will alter the load transfer 

across the interface. The influence of MAPP on crystalline development in 

polypropylene matrices was also studied. 

The study of matrix crystalline morphology was then developed by using 

modified fibres. Organic anhydrides were used to chemically modify the fibre 

(chapter 4), and ion exchange was also investigated (chapter 6), to give altered 

fibre surface chemistries which changed the degree of interaction between the 

fibre and matrix. A further set of experiments was conducted to introduce a 

different polypropylene crystalline morphology at the fibre-matrix interface using 

a P-nucleant. The P-form morphologies studied in chapters 5 and 6 were 

developed to further alter the load-transfer mechanism between the fibre and 

matrix. 

These fibre treatments were then scaled up in chapters 7 and 8. Small sheets of 

wood or hemp fibre - polypropylene blend were prepared and tested in tension 

and in impact to compare the effect of the various fibre treatments. 
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2 Polymer crystallinity 

2.1 Introduction 

Polypropylene and other semi-crystalline polymers contain regions of order 

( crystallinity) and regions of disorder (amorphousness) over the nanometer scale 

within the solid polymer. This microstructure may alter, where the polymer is in 

contact with other materials, such as fibrous reinforcements within it. A brief 

review of the main features of semi crystalline polymers is necessary, for better 

understanding of the matrix component of the composites. The influence of 

natural fibres on the polypropylene morphology is considered in the experimental 

section of this chapter. This altered morphology will in tum influence the 

strength of fibre filled composites, and this effect will be considered in chapter 3. 

2.1.1 Review of literature on polypropylene 

Polyolefins, such as polyethylene, polypropylene and polybutene, contain only 

carbon and hydrogen. The simple structure of polypropylene, with only a single 

pendant methyl group allows relatively easy chain movement. This asymmetry 

gives three potential tactic forms, figure 2.1.1 

(a) 

(b) 

(c) 

Figure 2.1.1 Tacticity: ( a) isotactic polypropylene, (b) syndiotactic polypropylene, ( c) a tactic 
polypropylene. 

Isotactic polypropylene (iPP) has the methyl group in the same position on each 

chiral carbon (figure 2.1.la). This gives a methyl (CH3) group regularly on the 

same side of the polymer backbone, leading to ready adoption of a 3/1 helix, with 
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the methyl groups on the outside. Syndiotactic polypropylene (sPP, figure 

2.1.1 b) has the methyl group positioned alternately on the two available positions 

on each chiral carbon, preventing the helical conformation of the molecule. 

Atactic polypropylene (figure 2.1.lc) has no regular pattern of the position of the 

methyl group and tends to have considerably different properties to the 

stereoregular iPP and sPP. 

With the introduction of Ziegler Natta catalysts, isotactic polypropylene was one 

of the first industrially manufactured stereoregular polymers, and has a high 

tendency to crystallise. The CH3 side group is relatively small, allowing a good 

degree of chain mobility, which assists crystallisation. 

When molten polypropylene is cooled relatively slowly, structures such as 

spherulites, cylindrites and transcrystalline layers are formed, these contain 

crystalline lamellae in various arrangements, separated by amorphous zones. If 

the same melt were cooled rapidly, by quenching with liquid nitrogen for 

example, the polymer chains would have insufficient time to order themselves 

into crystalline regions, and the amorphous form of the polymer would be 

observed. The degree of crystallinity, and the type of supermolecular structures 

present relate not only to cooling rate, but also to the action of shear forces within 

the molten polymer and the presence of reinforcements or impurities in the melt. 

2.1.1.1 Spherulitic form 

The most common crystalline feature seen in semicrystalline polymers cooled 

from the melt is the spherulite. Crystallisation begins with nucleation, often at 

specks of impurity within the melt (heterogeneous nucleation), although 

homogeneous nucleation is also believed to occur. In homogeneous nucleation 

the nucleating site is formed by regular chain folding of the polymer itself. 

Once formed, the nucleus develops by lamellar branching to take on a spherical 

form, with lamellae radiating in all directions. These spherulites grow radially, 

until finally they impinge upon one another and further growth is prohibited. The 
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spherulite is composed oflamellae (sheets of regularly folded polymer chains) 

radiating from the nucleus (figure 2.1.2) and amorphous regions between these 

lamellae (where chain folds, chain ends and mismatch between neighbouring 

lamellae prevents localised order being established). 

Figure 2.1.2 Schematic to indicate spherulite structure 

Each lamella within a spherulite comprises folded sections of polymer chain 

(figure 2.1.2, inset). A telephone switchboard model is likely to apply to this 

chain folding. Some chains re-enter the lamella at the adjacent space, but o!}ler 

chains re-enter a number of spaces away. Still other chains enter this lamella 

from neighbouring lamellae, with a section of chain residing in the amorphous 

layer between lamellae. Chain ends also tend to be included in these amorphous 

regions. Lamellae can be in the region of 10-50nm thick (Norton and Keller 

1985, Hardwick 1988). The exact thickness of the lamellae is governed by the 

crystallisation temperature or cooling rate. 

The spherulite is a feature large enough to be observed with plane polarised light 

on an optical microscope. In the dark field (with crossed polarisers, one before 

and one after the specimen) they appear with a Maltese cross pattern, resulting 

from the polarising effect of their regularly folded polymer chains. Chains are 
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folded near-perpendicular to the larnella, so are tangential to the spherulite. The 

component of light parall el with the c-axis (and the polymer chains) is 

transmitted. The four dark extinctions of the Maltese cross therefore occur in the 

directions of the polarisers, where no rotation of the light has occurred ( figure 

2. l .3a). Light can be transmitted when it is rotated by the spherulite to 0° < 0 < 

90°, and similarly for the other three quarters (figure 2. l .3b). 
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Figure 2. 1.3 (a) Orientation of li ght transmitted by negative spheruli tes as proposed by Khoury 
( 1966), (b) the origin of the Maltese cross pattern for a spherulite observed between crossed 
polars. 

A sensitive tint plate can be used to determine the nature of birefringence of the 

spherulite, with negatively birefringent spherulites appearing yell ow in the fir st 

and third quarter and cyan (blue) in the second and fourth quarter (Figure 2.1 .4b ). 

Positively birefringent spherulites appear blue in the first and third quarter and 

yell ow in the second and fourth (fi gure 2.1 .4c) (Varga 1992). The magnitude of 

the birefringence can be measured using a Berek compensator, and was reported 

by Padden and Keith (1959, Norton and Keller 1985) as 0.002 to 0.003 in a­

spherulites, and 0.007 in ~-spherulites of polypropylene. 

Figure 2.1.4 (a) Appearance of spherul ites in dark field polarised light, (b) appearance of 
negatively birefringent spherulites wi th a sensitive tint plate, (c) appearance of positi vely 
birefringent spherulites with a sensitive tint plate. 
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Within the developing spherulite, branching occurs at non-crystallographic 

angles, which allows space filling, and the adoption of the spherical form. 

Additionally, a-spherulites demonstrate cross hatching, giving rise to larnellae 

orthogonal to the radial larnellae. Within the a-spherulite, the radial larnellae are 

thicker than the tangential (cross-hatching) larnellae. Norton and Keller (1985) 

report thicknesses of c. 50nm and c. 40nm respectively. The orthogonally 

oriented larnellae relate to the parallelism of the a- and c- axes of the monoclinic 

unit. An angle of 80°40' has been reported between the radial and tangential 

lamellae (Khoury 1966, Padden and Keith 1973). 

There is still some debate over the mechanism by which spherulites develop from 

the nucleus, and it is likely that two mechanisms apply. It is likely that a­

spherulites originate from quadrites (relating to the orthogonal lamellar 

arrangement seen in the developed spherulites), or that they nucleate in all 

directions growing evenly (figure 2. l .5a). It has been reported that ~-spherulites 

begin from a sheaf-like structure in which lamellae branch and become spherical 

(figure 2.l.5b) (Norton and Keller 1985). 

Figure 2.1.5 Development of spherulites from nuclei, (a) by even growth in all directions, (b) 
from a sheaf-like structure. 

As in all fields of crystallography, the rate of cooling detemines the size and 

number of crystals formed. High cooling rates give rise to a large number of 

small spherulites, while slower cooling rates give fewer large spherulites. This is 

because the nucleation density is limited by a factor proportional to ~T2, while 

the limiting factor for growth is linear with ~T1 (where ~Tis the degree of 

undercooling (~T=T0
m - Tc); T0

m is the equilibrium melting temperature; and Tc 

is the crystallisation temperature) (Wunderlich 1980, Varga 1992). 
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2.1.1.2 Unit cells and differences between spherulites 

The unit cell of polypropylene within the lamella can assume one of several 

forms (table 2.1.1 ). The most common is the a-form, this has a monoclinic unit 

cell (figure 2.1.6a). Another common form is the hexagonal or P-form (figure 

2.1.6b ). A further two forms are possible, these being they-form which occurs 

only occasionally, either in low molecular weight or degraded polypropylene, or 

when crystall ised under high pressure (Varga 1992), and the much less common 

8-form found in polypropylenes with a high percentage of amorphous material 

(Addink and Beintema 1961, cited by Norton and Keller 1985). · 

Crystal system Lattice Chains per Molecular 
constants unit cell confonnation 

a-form monoclinic a= 6.65 A N=4 Helix (3/1) 
b = 20.96 A (TG)3 
c = 6.50 A 
�~� = 99°20' 

~-form hexagonal a= 19.08 A N = 9 Helix (3/1) 
c = 6.49 A (TG)3 

y-form trigonal a= 6.38 A N = 1 Helix (3/1) 
c=6.33A (TG)3 

Table 2.1.1 Crystallographic data for isotactic polypropylene (Sperling 1992) 

(a) 

a 
Monoclinic 

a = 6.65 b = 20.95 
C = 6.50 {J = 99° 

(b) 
a 

C 

Hexagonal 
a = 19.08 C = 6.49 

Crystal density 
(g/cm3) 
0.936 

0.922 

0.939 

Figure 2.1.6 Unit cells of common polypropylene spherulites (a) monoclinic unit cell in a-form, 
(b) hexagonal unit cell in ~-fonn 

In addition to differences in the unit cell, other differences such as the level of 

birefringence are apparent between a- and P-spherulites. The level of 

birefringence demonstrated by a-spherulites is quite low (0.002 or 0.003) while 

for P-spherulites it is greater (0.007) (table 2.1.2, Padden and Keith 1959, Norton 
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and Keller 1985). It was mentioned before that polypropylene may have positive 

and negatively birefringent spherulites, in fact only a-spherulites show this, all ~­

spherulites are negatively birefringent. 

Spherulite type <X1 CX,n aa ~ITI ~IV 
Monoclinic Hexagonal 

Magnitude of ~0.003 ±0.002 0.002 0.007 0.007 
birefringence (&1) 
Sign of birefringence +ve +ve/-ve -ve -ve -ve 
Concentric banding No No No No Yes 
Isothermal (a) <134°C 134°C-138°C >138°C <122°C 126°C-132°C 
temperature of 
crystallisation (b) <137°C up to 140°C >136°C <142°C 128°C-132°C 
Table 2.1.2 Table of commonly observed properties of a- and ~- spherulites, crystallisation 
temperatures observed by (a) Padden and Keith (1959); (b) Norton and Keller (1985) 

The birefringence of a spherulite is defined as &I = nr - fit , where nr and nt are the 

refractive indices in the radial and tangential direction respectively. Thus, for 

positive birefringence nr must be greater than nt, and vice versa for negative 

birefringence. 

Positive birefringence is unexpected in polymers, as the refractive index is higher 

in the chain direction than perpendicularly, and primary fibrils have a negative 

optical character (Varga 1992). The a-spherulite tends to have not only radial 

lamellae as described above, but also tangential lamellae or cross-hatching 

(Padden and Keith 1973, Norton and Keller 1985). The relative extent of 

development of tangential lamellae is responsible for the change from negative to 

positive birefringence in a-spherulites. An a-spherulite which has 

predominantly radial lamellae will cause negative birefringence of plane 

polarised light as expected (the au spherulite), while a spherulite with a greater 

amount of tangential lamellae will reverse this, giving positive birefringence ( ar 

spherulite). au-spherulites form above 410K (137°C), while positive a1-

spherulties form below 407K (134°C) (Norton and Keller 1985, Varga 1992). 

In addition, there are CXin spherulites which have mixed optical character. These 

tend to form in the intermediate temperature range between ar- and au- spherulite 

formation temperatures. No tangential lamellae occur above 428K (155°C), and, 

upon heating, a1 and CXin spherulites tend to undergo a crystalline rearrangement 
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above this point, with the material from tangential lamellae becoming 

incorporated into the radial lamellae. The reordering of the tangential lamellae 

leaves only the negatively birefringent radial lamellae, giving an appearance of 

an-spherulites at these high temperatures. The recrystallisation was confirmed in 

light intensity studies by AI-Raheil et al. ( 1998). 

Plate 2.1. la is a micrograph of an au-spherulite, with negative birefringence. 

This was formed during isothennal crystallisation at 141 °C. Plate 2.1. lb shows 

a,n-spherulites formed at 133 °C with a mixed optical character because of 

tangential lamellae. Few a1 spherulites were observed during the course of this 

study. 

Plate 2.1 .1 (a) a11 spherulites, (b) <Xm spherulites (c) a spherulite formed in two phase 
crystal I isation. 

Plate 2.1.1 c is a micrograph of an a spherulite which altered its form during 

crystallisation in response to a change in thermal conditions. The central section 

has a 11 morphology, and was formed during isothermal crystallisation at 137°C. 

After 30 minutes, the cooling rate was altered to 20°C/minute, and new material 

took the a 1-form, because of an increase in the proportion of tangential lamellae. 

The location of the first order yellow and the second order blue was exchanged 

with the change from the negative to the positive material. This effect .is seen 

when the spherulites are observed using crossed polarisers and a sensitive tint 

plate (550nm). 
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Plate 2. 1.2 Photomicrograph of ~-spherul ites in polypropylene cooled at 4°C/minute. 

I J ---'--=""'"'-.;.;..;'"""'~~ 
Plate 2.1.3 Transcrystallinity developing on a hemp fibre during cooling at 4°C/minute 
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The P-spherulite has a different appearance to the a-spherulites, with a greater 

range of colours visible because of greater birefringence (plate 2.1.2). Two forms 

of P-spherulites exist, being the negative radial (Pm, shown) and negative ringed 

(Prv) forms. P-spherulites contain no cross-hatching and no tangential lamellae, 

so they are always negatively birefringent (Varga 1992). 

A useful summary of the spherulitic forms likely to be observed in polypropylene 

under different thermal conditions (in the absence of fillers and nucleating 

agents) is given by Varga (1992), see figure 2.1.7. For isothermal conditions, the 

types of spherulite relate directly to the isothermal crystallisation temperature 

(Tc), The crystallisation temperature ranges for each spherulite type, are shown 

in the isothermal column to the right of the figure. There will be subtle variation 

in the exact crystallisation temperature for spherulites, depending on the polymer 

chain length or polymer grade. 

T 

T l~a} 
T ( 11-m) 

T (Ill-IV) 

T(l-ml 

r(a~! 

No n-i sot hermol 
I so- Ttmpcnture 

th ,rmol ronv, ~• 
formot10n 

Figure 2.1.7 - Formation of types ofiPP spherulites during isothermal and non-isothermal 
crystallisation. 01 arga 1992) 

In the left hand side of the figure the cooling rate is represented by the gradient of 

the line. The onset of crystallisation (Teo) will determine the initial blend of 

spherulite forms, with crystallisation proceeding until the volume is completely 
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occupied at Tcf• The combinations of spherulites are indicated in parentheses 

beside each cooling rate line. Note that at fast cooling rates, the only anticipated 

spherulite form is a1, while at very slow cooling rates the only form is an. 

2.1.1.3 Transcrystallinity in the presence of fibres 

When impurities are present in the polymer melt, heterogeneous nucleation 

occurs as the particle surface interacts with the polymer. Similarly, when fibres 

are introduced to the polymer as reinforcement or fillers, there is often an 

interaction between the fibre and the matrix, which alters crystallisation 

behaviour. When a fibre, or other surface, is in contact with the polymer it may 

induce nucleation at many points on the surface, and a transcrystalline 

morphology is developed (plate 2.1.3). 

Transcrystallinity is the supermolecular structure which results from tl).e 

simultaneous nucleation of many nuclei on a surface. These closely spaced 

nuclei develop lamellae which grow radially in the same manner as spherulites. 

But, as the nuclei are so close together, the lamellae impinge upon one another 

restricting growth to a single direction, that is radial to the fibre (figure 2.1.8). 

The result is a structure in which all the lamellae are near-perpendicular to the 

fibre surface (and near-parallel to each other). 

(a) 1· f · · me o 1mpmgement 
(b) 

Widely spaced nuclei Closely spaced nuclei 
Figure 2.1.8 Crystalline development on fibre surfaces 

Various fibres have been reported to cause transcrystallinity in polypropylene, for 

example high modulus carbon fibres, aramid (e.g. kevlar), polyester (e.g. 

Terylene ), nylon, PTFE and cellulosics (Thomasen and V anRooyen 1992a, 

Quillin et al. 1993, Varga and Karger-Kocsis 1995, Wang and Hwang 1996). 
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Other fibres appear to have little effect on the crystallinity of the matrix, e.g. 

unsized glass fibre, high strength carbon fibre and alumina fibre (Thomasen and 

VanRooyen 1992a). The commonly used fibre reinforcements nucleate 

spherulites of the a-form, so transcrystallinity is generally assumed to be of the 

a-form. 

Transcrystalline layers on the surface of natural lignocellulosic fibres have been 

reported by Gray (1974a), Quillin et al. (1993, 1994), Gauthier et al. (1998), 

Zafeiropoulos et al. (1999), Yin et al. (1999). It appears that fibres with a high 

cellulose content, such as flax and ramie, are more readily able to nucleate a 

transcrystalline layer than those in which the cellulose is obscured by the 

presence oflignin (Gray 1974a). However, man-made cellulose fibres such as 

viscose and rayon are poor nucleators, which has been attributed to the different 

crystalline conformation of cellulose II (Gray 1974a). 

The heterogeneous nucleation of the polymer by the fibre surface appears to be 

altered in frequency by a number of factors. Several theories have been proposed 

and investigated - surface thermal conductivity, surface tension, surface energy, 

surface polarity, notches on the surface, surface unit cell dimensions, and 

chemical similarity. 

Although various workers have investigated the influence of surface chemistry 

and surface energy on transcrystallinity, the results are as yet inconclusive. For 

example, Fitchmun and Newman (1969, 1970) showed that surfaces with both 

high and low surface energies nucleated transcrystalline layers. They also noted 

that carbonyl groups were present on many nucleants, including cellulosics. 

Wang and Hwang (1996) reported a difference in interfacial free energy in PTFE 

- PP composites, where transcrystallinity was observed. The grafting of silanes 

onto the surface of glass fibres, followed by the use of acid modified 

polypropylene increased the incidence of transcrystallinity (Folkes and Hardwick 

1990, Nagae et al. 1995). 
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Glass fibre does not generally induce transcrystallinity in polypropylene, 

however, it has been claimed that transcrystallinity around glass fibres can be 

induced by the use of faster cooling rates (Thomason and VanRooyen 1992b ), 

and prevented by the use of slower cooling rates (Lee and Kamal 1999). Thus 

cooling rate is an essential consideration. In the same way that cooling rate alters 

the nucleation density of the bulk polymer, it also alters the nucleation density on 

the fibre surface. The time spent with sufficient undercooling for nucleation to 

occur will determine the extent of nucleation and growth. 

Similarly in isothermal conditions, the degree ofundercooling relates to the 

number of potential nuclei in the melt and on the fibre surface (Campbell and 

Qayyum 1980). In the presence of a single fibre the maximum number of 

nucleation sites increases dramatically. The introduction of more than one fibre 

further increases the number of potential nucleation sites. A relative nucleating 

efficiency was established, according to the nucleation density of different fibres 

at a common isothermal crystallisation temperature, e.g. Terylene was shown to 

be a stronger nucleant than nylon at 136°C. 

Surface topography has become the main consideration in predicting the 

transcrystallinity formed by a surface. Fitchmun and Newman (1969) and Huson 

and McGill (1984) proposed that surface topography may be important in 

determining the occurrence of nucleation on a substrate. Hobbs (1972, cited by 

Hardwick 1988) substantiated this by forming a replica of a good nucleant 

surface using a non-nucleating material, the replica also generated 

transcrystallini ty. 

2.1.1.4 Cylindrites from shear melts 

When fibres are drawn through the melt during crystallisation (Varga and Karger­

Kocsis 1993, 1995, Jay et al. 1999, Lee and Kamal 1999), or when shear is 

applied in the absence of fibres (Gray 1974b), the alignment of polymer chains 

due to shear forces leads to the formation of cylindrites. It is reported that a-row 

nuclei are formed (by chain alignment due to shear of the polymer melt), and then 
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lamellar growth develops outward from the row-nuclei (figure 2.1.9a). The 

closely spaced nuclei again limit the growth to a single plane, giving a cylindrical 

structure. Thus cylindrites have a similar macromolecular structure to 

transcrystallinity. However, cylindrites occur on row nuclei within the polymer, 

not the fibre surface, thus they are homogeneous nuclei within the polymer bulk 

(Varga and Karger-Kocsis 1993, 1995). 

(a) 
a:-a: impingement line 

�~� 
r+-+-+-+-H-+~l-l-
1 I I 1- 1 I I I I I ----..,--,.- -,- ~:--,-- 1~-...,..---r- 1.,,.. 
fa: 1a: 1a:1a:1a: CX a:ia:

1
a: 

J.,.,....,J.,......J.--)- J .. --,.1,.,..... .. 1,,-~,--,.r JJ..-
r -r 1 r T i t 1 

Figure 2.1.9 Cylindrites in a sheared region of polypropylene film (a) a-form at high 
temperatures, (b) ~-form from a-row nuclei at temperatures between Tex~ and T~cx-

The cylindrite may have either the a-or the ~-form, and this depends to a great 

extent on the level of undercooling of the melt, in the same manner as the nature 

of spherulites does (Varga 1992). In the cases where ~-cylindrites have been 

observed, it has appeared on reheating that small a-form entities persist at the 

centre of the cylindrite after melting. These have been identified as a-row nuclei. 

The proposed model is that, under the correct conditions, the a-row nuclei 

rapidly give rise to ~-nuclei which then develop into the ~-cylindrite structures 

(figure 2.l.9b) (Varga and Karger-Kocsis 1993). 

2.1.1.5 Melting behaviour 

There are many factors controlling the melting point of polypropylene, most 

factors ultimately relate to the spherulite morphology and to the degree of 

perfection of the crystal structure. Spherulites crystallised at higher Tc (with a 

better equilibrated structure) have higher melting points than spherulites 

crystallised at lower Tc (Shi et al. 1986, Varga 1992). Another factor controlling 

the exact location of the observed melting point is the molecular weight of the 
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polypropylene, with high molecular weights leading to slightly elevated melting 

points. 

The monoclinic a-spherulite has a higher melting point than the hexagonal P­

spherulite. The exact location of these melting points varies, but they are in the 

region of 167°C (440K) and 152°C (425K) respectively (Varga 1992). The 

melting point(s) of polypropylene specimens can be related to the spherulite 

forms present. Subsequent chapters include calorimetric studies, so a detailed 

explanation of the melting phenomena are presented here. 

In addition to variation in the observed Tm due to the crystallisation history of the 

spherulites, and spherulite morphology, there is also some variation which 

appears to be dependent on the heating rate used for observation. Fast heating 

rates generally give a slightly elevated Tm, relating to the rate of heat transfer 

within the polymer. Additionally, on some occasions, slower heating rates give 

rise to multiple melting peaks, which are not resolved at the higher heating rates 

(Fillon et al. 1993, Shi et al. 1986). 

The origins of these multiple endotherms have been the subject of considerable 

discussion. The multiple endotherms reported by a selection of authors are 

summarised in table 2.1.3. These fall into two categories relating to p and a 

spherulites. Additionally, Shi et al. (1986) and Pillon et al. (1993) report an 

exotherm between the p2 and al endotherms, indicating a recrystallisation 

process. Further, at low heating rates, Shi et al. (1993) report another exotherm 

between P 1 and p2, relating to another recrystallisation process. 

Of the various explanations offered for the multiple melting point phenomenon, 

three to note are: altered cooling rate (Shi et al. 1986, Li and Cheung 1997), a P­

a recrystallization mechanism (Shi et al. 1986, Pillon et al. 1993), and a P-P 

recrystallisation mechanism (Shi et al. 1993, Fillon et al. 1993). Shi et al. cite 

Fujiwara (1975, Colloid Polym Sci 253:273) for the attribution of the Pl 

endotherm to the initial P-form, which melts and recrystallises into a p2 
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morphology at this low temperature. Then the ~2 endotherm is the melting of 

this recrystallised material. Thus this effect is more prominent when the DSC 

heating rate is slow, as the material has a greater period to recrystallize (Fillon et 

al. 1993). 

Researchers ~l ~2 al cx2 Heating rate 
oc oc oc oc °C/minute 

Huang et al. (1995) --- 151 162 --- 20 
Jacoby et al. (1986t 146 151 * 159 165 * 20 
Jacoby et al. (1986/ 148 --- 162 --- 20 
Li and Cheung ( 1997)° --- ~151 --- ~168 10 
Li and Cheung (1997)d 147.70 153.20 --- 168.30 10 
Filion et al. (1993) 148.7 ~151 * 164.5 ~168 * 20 
Filion et al. (1993) 148.2 ~151 162.6 167.0 10 
Filion et al. (1993) 146.0 151.9 161.7 166.2 5 
Shi et al. (1986)° 145 * 148 ~163 ~168 10 
Shi et al. (1986/ 145 148 162 --- 10 
Shi et al. (1993) ~140-145 ~148-153 ~162-165 ~172g 20 .. 
• nucleant added by powder blending; b nucleant added by roll 1mlhng; c matenal moulded at high temperatures ( 120, 
130, and 140°C); d matetial moulded at 100°C; c matetial crystalli sed at l l 5°C; r material crystallised at !00°C; 8 present 
only in the material from high temperature crystallisation ( l 40°C) 

Table 2.1.3 Multiple melting endotherms observed in polypropylene ( ~ indicates the value was 
estimated from published graph, * indicates the value relates to a shoulder not a well defined 
peak). 

The melt behaviour can be understood with reference to microscope 

observations. Padden and Keith (1959) established that positive (a1) and mixed 

(am) spherulites gradually take the appearance of negative (arr) spherulites when 

warmed. This has since been related to the reduction of the proportion of 

tangential lamellae on heating, with these becoming reordered into the radial 

spherulitic pattern (Padden and Keith 1959). It is highly likely that the al 

endotherm relates to the melting of tangential lamellae in ar and exi11 spherulites, 

and, in specimens crystallised under conditions that favour a1 formation, the 

endotherms are often al type (for example the 100°C Tc material reported by Shi 

et al. 1986). Specimens from high temperature isothermal crystallisation, which 

forms only au spherulites, have been shown to have the a2 melting endotherm 

only (Shi et al. 1993). 

~-spherulites also demonstrate another recrystallisation process during heating. 

Padden and Keith (1959) reported a recrystallisation into the a-form, after the 

melting of ~-spherulites. This has subsequently been attributed to the presence of 
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a-type monoclinic regions within the P-spherulite, which act as nuclei at elevated 

temperatures. These monoclinic entities (a* nuclei) only occur after cooling to 

below a critical temperature, T* , which is in the range 100 - l 10°C (373 - 383K) 

(Varga 1992). When the polymer is re-melted from a temperature above T*, the 

process of recrystallisation into the a-form does not seem to occur. 

The P-a recrystallisation on the a* entities occurs just below l 60°C, as 

demonstrated by Varga (1992). It follows that these recrystallised a-spherulites 

will have a negative optical character ( an type), as they are formed at a 

temperature which is unfavourable for the development of tangential lamellae. 

Thus it appears reasonable that this material would melt with the original an 

material, giving the <J2 endotherm. 

Fillon et al. (1993) reported further studies on this phenomenon, and related the 

multiple a- and P- endotherms observed in slow heating rate DSC scans, to the 

melting of the original (P 1, al), and recrystallised (P2, <J2), material of each 

phase. P2 was attributed to the melting of material from P-P recrystallisation, 

and <J2 was attributed to melting of material recrystallised from the P-a 

recrystallisation. 

The P 1 endotherm may relate to material which cooled to low temperatures, 

either with a fast cooling rate or a low isothermal crystallisation temperature. In 

experiments to investigate P-a recrystallisation, the p 1 endotherm occurred when 

the temperature had been taken below T* (Fillon et al. 1993). In the isothermal 

crystallisation studies of Shi et al. (1986) the p 1 endotherm was seen when Tc 

was 100°C, but p2 was observed for higher Tc. The p2 endotherm may therefore 

relate to a greater degree of crystalline perfection, which develops during 

isothermal crystallisation at high Tc over long periods, in addition to P­

spherulites which have never been cooled below T*, and P-spherulites which 

have undergone P-P recrystallisation during slow warming. 
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A summary of the possible causes of the multiple endotherms in a- and P-form 

polypropylene has been prepared (table 2.1.4). This is based on the data 

presented in the papers cited in this section. However, further experimentation 

may be necessary to confirm these apparent trends. 

Endotherm Temperature Causes 
range 

p1 140-148°C P-iPP from fast cooling rates. 
P-iPP from low temperature isothermal crystallisation. 

p2 148-153°C P-iPP from high temperature isothermal crystallisation (long 
duration). 
P-iPP from intermediate temperature, never cooled below T*. 
P-iPP recrystallised from p 1 during slow heating schedules. 

al 159-164°C a1 spherulites. 
many a.n spherulites. 

a2 165-l 72°C au spherulites. 
some a.n spherulites. 
13-a recrystallised material. 

Table 2.1.4 The occurrence (and proposed attribution) of multiple melting endotherms in 
polypropylene. 

2.1.2 Maleic anhydride-graft-polypropylene literature 

Maleic anhydride-graft-polypropylene (MAPP) is a commonly used 

compatibiliser in thermoplastic composites, as discussed in chapter 1. The 

proposed mechanism for its action as a compatibiliser is by chain entanglement 

of the polypropylene backbone of MAPP with the polypropylene, while the 

maleic functionality is able to bond with polar functionalities on the fibre, for 

example the hydroxyl groups on a wood fibre surface. 

The presence ofmaleic anhydride units on the polypropylene backbone ofmaleic 

anhydride-graft-polypropylene is believed to alter the readiness to crystallise 

(Decarvalho and Bretas 1998, Zafeiropoulos et al. 1999, Seo et al. 2000). This 

may relate to subtle alterations in the helical conformation depending on the site 

of the maleic unit on the chain; hindrance to the packing of the crystal unit by the 

bulky maleic unit; and the influence of hydrogen bonding between polar maleic 

units. The structure of MAPP is therefore worth further consideration in order to 

understand any limits on its potential interaction with polypropylene. 
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2.1.2.1 MAPP structure 

The maleic anhydride (MA) molecule is an a, ~-unsaturated carbonyl compound 

with one carbon-carbon double bond and two carboxylate groups (-COO-). This 

conjugated structure increases the graft reactivity of the carbon-carbon double 

bond with the polymer matrix with addition of a radical initiator (Morrison and 

Boyd 1992). 

There are many conformations which the MAPP can take, depending on the 

grafting conditions. These were split into two broad groups by Gauthier et al. 

(1999), with low reaction temperatures and low peroxide concentrations giving 

pendant MA units along the PP chain, while higher reaction temperatures give 

poly(maleic anhydride) chains at PP chain ends (figure 2.1.10). The 

homopolymerisation of maleic anhydride during reaction with PP was shown by 

DeRoover et al. (1995). In a study on free radical grafting, a greater proportion 

ofmaleic anhydride units were bonded to polypropylene than would be 

accounted for in the number of additional chain ends supplied by chain scision. 

(a) (b) 

Figure 2.1.10 (a) MAPP with pendant maleic units, (b) MAPP with poly(maleic anhydride). 

2.1.2.2 Melt behaviour 

The melting point of MAPP is lower than that of PP (Sathe et al. 1994, Cho et al. 

1999). Either one or two melt endotherms have been observed. Cho et al. (1999) 

reported a single endotherm at approximately 156°C for slow cooled MAPP 

(1 °C/minute ), and a pair of endotherms at 150 and 156°C for MAPP which was 

rapidly crystallised (40°C/minute). Little comment has been made on any 

relation between melting temperature and the crystalline morphology of MAPP. 

A study by Jarvela et al. (1996) revealed that blends of PP with MAPP retained a 

melting point similar to the PP, at low MAPP addition levels. At higher MAPP 
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content (35%), a pair of melt endotherms were detected (at 155 and 161 °C), 

while at 100% MAPP the melting point was reduced to 157°C. This dual melting 

point behaviour is typical of polymer blends. 

Cho et al. (1999) showed similar results at slow cooling rates in 50:50 MAPP:PP 

blends, where there is sufficient time for the two phases to crystallise separately. 

At fast cooling rates, the melting behaviour of the two phases was less 

independent, with the melting point of both phases being shifted in toward that of 

the opposite component (i.e. Tm for MAPP was slightly elevated, while Tm for PP 

was reduced). This melting behaviour suggests formation of MAPP and PP 

domains within the matrix. 

2.1.2.3 Crystallisation behaviour 

A MAPP, and the PP on which it was based, were studied by Seo et al. (2000). 

The MAPP had a shorter half time of crystallisation than the PP at each 

isothermal crystallisation temperature, with MAPP generating a greater number 

of nuclei. This increased nucleation density also occurred in non-isothermal 

studies. The increased crystalline development was ascribed to associated chains 

(through hydrogen bonding between MA groups) or to the presence of additives 

from the MA grafting process. Similarly, when 0.2% MAPP was added to PP, a 

dramatic increase in nucleation density and decrease in spherulite size occurred. 

After reactive grafting of MA with PP, crystallisation temperature for the MAPP 

is higher than that of the PP from which the MAPP was formed (Els and McGill 

1994, Sathe et al. 1994). This effect is the reverse of the reduction in melting 

point seen in MAPP. Thus, it must relate to the increased activity of nuclei in the 

MAPP, not an increased tendency to solidify. 

It is likely that the associated chains give an extra level of entanglement, leading 

to the formation of nuclei at sections where chains have become stretched and 

aligned. A similar nucleation effect is proposed to occur in pure polypropylene, 

due to mechanically induced chain alignment. When PP undergoes shear there is 
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an increase in nucleation density, and crystalline development occurs at higher 

temperatures (Lee and Kamal 1999). 

The occurrence of transcrystallinity when MAPP is present in polypropylene 

matrices is variable. Blends with 3% MAPP and kenaf fibres demonstrated 

transcrystallinity (Sanadi and Caulfield 2000), while blends with 2.5% MAPP 

and flax fibres showed very Emitted transcrystalline development (Zafeiropoulos 

et al. 1999). Both fibre types are bast fibres, with a high level of crystalline 

cellulose I. It is possible that this difference relates to two different MAPP types 

used, or variations in the crystallisation conditions, although the result appears 

consistent between the many conditions used in the flax fibre study. 

With lignin rich wood fibres, transcrystallinity was observed in MAPP during 

isothermal crystallisation at 135°C, but was more sparse with 2% MAPP in PP 

under the same conditions (Yin et al. 1999). When MAPP was not present in the 

same polypropylene, the spherulite development was virtually independent of the 

presence of the fibre. Many questions regarding MAPP and its influence on 

crystalline development in fibre composites thus remain unanswered. 

2.2 Crystalline development of polypropylene 

, 
The crystallisation behaviour of polypropylene was observed under a. wide range 

of conditions. This allowed subsequent investigation of the influence of natural 

fibres on the crystallisation behaviour. Comparison was also made with the 

crystallisation behaviour of two maleic anhydride-graft-polypropylenes. These 

studies offer insight into the structure and behaviour of these same materials in 

the specimens prepared for mechanical tests in later chapters. 

2.2.1 Experimental 

Specimens for hot stage microscopy studies were prepared by pressing a small 

amount of molten polymer between a pair of glass cover slips. A pellet of 
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polypropylene was warmed to 220°C on a glass coverslip on a hot plate and a 

second, warmed, coverslip was pressed on top using forceps to form a thin film . 

The cover slips were cleaned prior to use to remove any impurities which might 

alter nucleation behaviour. Prepared specimens were held at 220°C for an extra 

minute before removal from the heat, to reduce the number of seed nuclei 

resulting from shear processes during pressing. The polypropylene used in this 

study was supplied by Aldrich and had MFI=12g/10min. 

Similar specimens containing natural fibres were also prepared for hot stage 

microscopy. Single fibres were inserted into the molten polypropylene using 

clean forceps, before placing the second coverslip on the molten polymer. The 

fibres used were hemp (soda pulped), hardwood ( chemical pulped and bleached), 

thermomechanical pulp (TMP, MDF type), viscose staple and lyocel (Tencel™). 

A Link:am TH600 hot stage, mounted on a Leitz Wetzlar Orthoplan microscope, 

was used to observe the polypropylene at a range of isothermal crystallisation 

temperatures, and subjected to a range of cooling rates. The hot stage comprises 

a small heated element containing an aperture at the centre, through which the 

hot polymer can be observed on the microscope. Specimens for hot stage 

observation were observed between a pair of glass cover slips. 

In the isothermal crystallisation studies, the polymer specimen was heated at 

20°C/minute to 220°C and held at this temperature for five minutes to destroy 

any seed nuclei. Then the specimen was cooled at 20°C/minute to the isothermal 

crystallisation temperature (Tc), which was held for 90 minutes. Isothermal 

crystallisation temperatures of 141, 137 and 133°C were used. 

For the cooling rate studies, the polymer was heated at 20°C/minute to 220°C and 

held for fi ve minutes to destroy any seed nuclei. The sample was then cooled at 

the specified cooling rate to 100°C, as shown in table 2.2.1. A Pixera digital 

camera and image capture software was used to record the crystallisation process. 
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Wanning rate Hold period Cooling rate 
Schedule J 20°C/minute 5 minutes at 220°C 20°C/minute 
Schedule K 20°C/minute 5 minutes at 220°C l 0°C/minute 
Schedule L 20°C/minute 5 minutes at 220°C 8°C/minute 
Schedule M 20°C/minute 5 minutes at 220°c 6°C/minute 
Schedule N 20°C/minute 5 minutes at 220°C 4°C/minute 
Table 2.2.1 Schedules used in crystallisation studies of single fibres in polypropylene. 

2.2.2 Isothermal studies 

During isothermal crystallisation, large individual spherulites with a high degree 

of crystalline perfection were formed. These were almost exclusively of the 

a-form, being arr-type at 141 °C, and CX,n-type at 137 and 133°C. In plate 2.2.1, 

the negative birefringence of the spherulites from 141 °C crystallisation is clearly 

visible, with first order yellow in the first and third quarters of the spherulite, and 

second order blue in the second and fourth quarters. 

High isothermal crystallisation temperatures (Tc), or low undercooling, led to the 

formation of a few large spherulites. With greater undercooling (i.e. lower Tc), 

for example the 133°C isothermal study (plate 2.2.2), more nucleation sites in the 

melt become active, and a greater number of smaller spherulites are formed. 

When Tc is low, for example 125°C, nucleation of ~-spherulites can also occur, 

this can be seen in the lower left edge of plate 2.2.3. 

2.2.3 Cooling rate studies 

Isothermal conditions, such as those observed above, are rarely found in 

industrial applications, so a series of studies were conducted where 

polypropylene was subjected to a range of cooling rates, from 30°C/minute to 

2°C/minute. Faster cooling rates were not possible with the available equipment. 

The sequence of spherulite development at a cooling rate of 10°C/minute can be 

seen in plate 2.2.4. Fast cooling rates gave a large number of nuclei, and the melt 

rapidly crystallised, whereas slower cooling rates gave fewer nuclei. When 

combined with the slow spherulite growth rate seen in slow cooling rates, the 

crystallisation process took a greater length of time to complete. 
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Plate 2.2.1 Examples of isothermal crystalli sation at 14 1 °C (a) t = 30m30s, (b) t = I h 41 m 00s 

Plate 2.2.2 Isothermal crystalli sation of polypropylene at 133°C. (a) molten, (b) after 4 minutes, (c) 
after 7 minutes, ( d) after 15 minutes. 
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Plate 2.2.3 Example of P-spheruli te development in isothermal crystalli sation at l 25°C. 

Plate 2.2.4 Spherulite development in polypropylene cooled at I0°C/minute (a) at 123°C, (b) at 
12 1 °C, (c) at I l 9°C, after complete crystall isation at 110°C. 
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With a cooling rate of 30°C per minute, nucleation was observed somewhere 

above 124°C, and spherulite growth was very rapid. With a cooling rate of 

20°C/minute, spherulites were observed by 127°C, and for 10°C/minute cooling 

the nucleation started around 131 °C. On further reduction of the cooling rate to 

8, 6, 4, and 2°C/minute, the onset of nucleation further increased, being seen at 

13 l.5°C, 131.5°C, 132.6°C and 137.0°C respectively. 

The cooling rate can be used to predict the mixture of spherulite types, as 

indicated in figure 2.1. 7. During crystallisation at the faster rates (30, 20, and 

10°C/minute) ~-spherulites were occasionally observed in the polypropylene. 

When the cooling rate was reduced to 8°C/minute or below this was not 

observed. It is likely that in the slow cooling experiments, the crystallisation is 

complete before the temperature of the polymer falls below Tpcx, so no ~-form 

spherulites develop. 

In the specimens cooled at 30°C/minute, the rapidly growing ~-spherulites were 

visible by 112°C, whereas the a-nuclei had been observed at 124°C. In the slow 

cooled films, the elevated temperature of nucleation for a.-spherulites allows a 

greater level of a.-spherulite completion before the temperature of the 

polypropylene has reached 112°C for ~-nucleation. 

2.2.4 Cooling rate studies with single fibres in polypropylene 

A selection of images of polypropylene and single fibres, taken during 

crystallisation at five cooling rates (20 to 4 °C/minute ), are presented in plates 

2.2.5 to 2.2.9. The sequence of images for each cooling rate is presented, with 

temperature decreasing across the page from left to right. The micro graphs for 

each cooling rate are presented on a single line, but with approximately 

equivalent temperatures aligned vertically on the page to allow comparison. For 

example, in plate 2.2.5 it is clear that at 20°C/minute the development of 

spherulites from nuclei occurs at much lower temperatures than for the slower 

cooling rates. Thus, when cooled at 6°C/minute the polymer had fully 
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crystallised at 113 °C, whereas at a rate of 20°C/minute the spherulite growth had 

only recently begun. 

The spherulite size, at any given temperature, is smaller for faster cooling rates. 

This is because when the cooling rate is fast, a shorter period of time has been 

available for spherulite growth before reaching the observed temperature. 

Additionally, the temperature at which nuclei (or developing spherulites) become 

visible is suppressed at fast cooling rates. 

With fast cooling rates, the number of nuclei present is increased, giving many 

small spherulites instead of the few large ones seen at slow cooling rates. This 

effect is most obvious in the polymer bulk, although the same applies to the 

nuclei on the fibre surface as well. 

The hemp and hardwood fibres (plates 2.2.5 and 2.2.6) are noted for their good 

nucleating ability, with a high level of spherulite nucleation on each fibre surface. 

The proximity of the nuclei leads to rapid impingement and transcrystalline 

layers are formed. The high nucleation density on the fibre surface ensures that 

the lamellae within the layer are all oriented perpendicular to the fibre surface. 

The fibres showed a slightly reduced nucleating capacity as the cooling rate was 

reduced. In the case of the hardwood fibre, the irregular form of the 

transcrystalline layer seen at 123°C at 4°C/minute (plate 2.2.6) is indicative that 

nucleation was not evenly spaced over the entire fibre surface. The crystalline 

lamellae within this layer are unlikely to have the same degree of mutual 

orientation, so the term transcrystallinity can only loosely be applied. 

In the viscose fibre experiments (plate 2.2.7), the reduction in nucleation density 

seen at slower cooling rates was more severe. Individual spherulites can be seen 

at intervals along the fibre, in the 4, 6 and 8°C/minute cooling rate examples. 

This indicates a very poor nucleating capacity of the viscose fibre. The lyocel 

examples also showed this low nucleation density (plate 2.2.8). The cellulose 

crystalline form in regenerated cellulosics is cellulose II, rather than cellulose I. 
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It is likely that this alternative crystalline morphology is responsible for the 

reduction in nucleation capacity of these fibres. 

The TMP fibre (plate 2.2.9) has a more consistent nucleation density at all 

cooling rates. In fast cooling, the nucleation is only just sufficient for the layer to 

be transcrystalline. The slower cooled specimens show a small decrease in 

nucleation density, but the layer remains very nearly transcrystalline in form. 

These lignin-rich fibres appear to have a reduced nucleating capacity, compared 

to the cellulosic hemp and hardwood fibres, at fast cooling rates. 

2.2.5 Growth rates and nucleation density 

The a-spherulite growth rate was determined from each sequence of 

photomicrographs taken during isothermal crystallisation. The rate of growth 

was l.6µm/min at 141 °C, 2.3µm/min for 137°C and 8.7µm/min for 133°C. 

Similarly, each series of crystallisation photomicrographs was traced and 

superimposed to calculate the growth rate of the transcrystalline layer. The 

growth rate between subsequent plates was reported for the mid-point between 

the temperature of the two photographs. The growth rate data are presented in 

figure 2.2.1. 
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Figure 2.2.1 Growth rate of the transcrystalline layer on natural fibres 
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There was l ittle difference in growth rate between fibre types or between cooling 

rates. This may be due to the precision limits of this method of analysis. In all 

cases, the transcrystalline growth rate increased as the temperature fell. All 

transcrystalline layers observed in this experiment were of the a-form, and the 

growth rate was similar to that seen in isothemal studies (within the bounds of 

experimental error). 

2.2.6 Discussion 

The crystallisation of polypropylene was observed to generate a-spherulites in 

most cases, as the isothermal crystallisations were quite high and cooling rates 

were conducted at slow to intermediate speeds. A few ~-spherulites were 

observed in the faster cooling rate studies. It is likely that they would have been 

more common at faster cooling rates, as the melt temperature would have 

dropped below T~o. while the a-spherulites were less fully developed. 

The difference in transcrystalline nucleation ability between natural fibres and 

regenerated cellulosics was first reported by Gray (1974a). The series of studies 

presented in plates 2.2.5 to 2.2.9 confirm that the enhanced nucleation of hemp 

and hardwood pulp fibres is seen in (a) an increased number of nuclei, and (b) an 

elevated temperature at which nuclei are first observed. Quillin et al. (1993) 

proposed a theory relating the structure of the cellulose I crystal unit to the' 

polypropylene unit cell, which favours the formation of a-nuclei. 

The nucleation density on the fibre surface was increased at fast cooling rates in 

the same manner as nucleation density in the polypropylene bulk was enhanced 

by faster cooling. 

The presence of lignin on the TMP fibres appears to limit the extent of nucleation 

on this fibre surface. The coating oflignin probably obscures access to many of 

the cellulose I nucleation sites. The lignified surfaces did not display such a 

marked increase in nucleation density on increased cooling rate. 

51 



2.3 Maleic anhydride graft polypropylene crystallinity 

Maleic anhydride graft polypropylene (MAPP) shows different crystallisation 

behaviour than polypropylene because of the maleic anhydride moieties. Simple 

hot stage microscope studies were used to observe the different behaviour of two 

MAPPs. As MAPP istelfhas altered crystallisation behaviour, it may also lead to 

altered crystallisation behaviour in polypropylene blends and in blends containing 

natural fibres. Several small studies were performed to observe the effect of 

MAPP on PP melting and crystallisation. 

2.3.1 Experimental 

Two types of MAPP were used, both supplied by Aldrich. MAPP 1 had a melt 

flow index of 11 Sg/1 0min. MAPP2 had a much higher melt flow index due to its 

very short chain length. The Mw ofMAPP2 was 9100. 

Hot stage studies were conducted on single pellets of MAPP which had been 

pressed between pairs of cover slips. A lower cover slip of 22mm and an upper 

cover slip of 16mm were used to prevent the low viscosity MAPP from running 

out of the sandwich when molten. 

2.3.2 MAPP cooled at 10°C/minute 

Single pellets ofMAPP1 and MAPP2 were observed on a heating schedule with 

10°C/minute cooling rate from 220°C. While molten, the MAPP1 specimens 

were observed to contain particles which showed little birefringence (plate 

2.3.1 a). These are the calcium hydroxide additive, which serves to maintain the 

anhydride state of the MAPP. On cooling, the nucleation event was difficult to 

observe because of the Ca(OHh, but many spherulites formed rapidly, just above 

124 °C (plates 2.3 .1 b,c ), and the polymer was completely crystallised by l l 8°C 

(plate 2.3.ld). 
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Plate 2.3.1 Crystall isation of MAPP I in the presence of calcium hydroxide drying agent. (a) melt 
with Ca(OHh particles, (b) fir st nuclei become discernible at l 24°C, (c) many spherulites visible 
at 121 °C, (d) crystalli sed at I 18°C. 

Plate 2.3.2 Crystalli sation ofMAPP2 at l 0°C/minute (a) the melt at 147°C, (b) spheruli te growth 
at 110°c. 
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Plate 2.3.3 Nucleation and development ofspherulites in MAPP, at 137°C (a) before 
crystall isation, (b) after 8 minutes, (c) after 14 minutes, (d) after 20 minutes. 

Plate 2.3.4 Isothermal crystalli sation of MAPP2 at l 29°C (a) at 20 minutes, (b) 30 minutes 
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The same experiment was repeated for MAPP2 which did not contain any 

calcium hydroxide. This melt was very active on initial heating, and air bubbles 

within the melt were very mobile. The source of these air bubbles is unknown, 

but they may be unreacted anhydride. Most bubbles left the specimen before the 

onset of crystallisation. Spherulitic structures were observed at 110°C (plate 

2.3.2a) and these grew rapidly, with the specimen being totally crystalline at 

106°C. 

Both MAPP types gave spherulitic structures on cooling at 10°C/minute, these 

were of low birefringence, giving a yellow and cyan pattern similar to the a­

spherulites in polypropylene. The crystalline form of the spherulites was not 

completely regular however, and there was a greater tendency to irregularity in 

the pattern of the spherulites compared to the l 0°C/minute cooled polypropylene 

example (plate 2.2.4). The spherulites of MAPP1 and MAPP2 were optically 

negative (or mixed) in character, similar to those of PP at these cooling rates. 

2.3.3 Isothermal crystallisation of MAPP 

MAPP1 was observed during isothermal crystallisation at 137°C. This relatively 

rapidly gave rise to a large number of nuclei, these were visible amongst the 

calcium hydroxide particles after about eight minutes (plate 2.3.3a). There did 

not appear to be any preferential nucleation on the particle surfaces themselves. 

The spherulite growth proceeded rapidly, but it was not possible to determine the 

growth rate, as the relative position of the spherulites and particles altered 

steadily during crystallisation making measurement difficult. 

MAPP2 showed no sign of crystallisation when held at 13 7°C for 30 minutes. 

Similarly there was no crystallisation observed at 133°C over the same time 

period. So an isothermal crystallisation experiment was conducted at 129°C 

(plate 2.3.4). The growth rate of these spherulites was 5.7µm/min, although the 

nucleation rate was very low indeed. The spherulites seen in this isothermal 

study were optically positive, whereas the spherulites seen in MAPP1 were 
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negative and mixed (plate 2.3.4c). Some of this difference relates to the 

temperatures at which the studies were performed. 

When compared to the polypropylene growth rate of 8.7µm/min at 133°C, the 

slow growth of MAPP2 at 129°C is further indication of a reduced inclination to 

crystallise. 

2.3.4 Discussion 

Spherulites were formed during crystallisation of both MAPP types. These 

spherulites showed a similar level of birefringence to the a-spherulites seen in 

polypropylene. No literature was found which indicated the crystalline form of 

MAPP, although studies had reported parameters relating to crystallisation, e.g. 

fold surface free energy. 

The isothermal crystallisation of MAPP2 was much slower than the apparent 

growth of MAPP 1• This may relate to the lower molecular weight, or an altered 

level of influence of the maleic anhydride functional groups on the behaviour of 

the polymer. When cooled at l 0°C/minute, the temperature at which nucleation 

occurred was also greatly reduced in the lower molecular weight MAPP 1• 

Unfortunately, little is known about the maleic anhydride grafting level of the 

two MAPPs used in this study, or the nature of the maleic anhydride graft. · 

Previous authors have referred to an increase in the crystallisation rate when MA 

is grafted onto polypropylene, and related this to the interaction of the polar 

maleic units (Seo et al. 2000). If this is the case, then the polypropylene chains 

(between the points at which the MA units interact) may become taut or aligned, 

leading to an increase in the number of potential nucleation sites, as was seen in 

MAPP1• The high nucleation density observed at 137°C was many times greater 

than that of the polypropylene at the same temperature, and the spherulite 

diameter was consequently much reduced. 
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In the low molecular weight MAPP2, the nucleation was much slower than either 

the MAPP 1 or the polypropylene. This could be due to the very short 

polypropylene chain length (a molecular weight of 9, I 00 relates to a chain length 

of only 215 CH2-CH(CH3) units). The short chains may not become sufficiently 

entangled to generate these regions of alignment, hence the extremely low 

nucleation density which was observed. 

The limited number of papers which address crystallinity of MAPP in the 

literature contained sufficient differences (in graft level, molecular weight and 

grafting conditions) that comparison was not possible. It is obvious that MAPP, 

even at low levels in a PP matrix, alters the thermal and crystalline properties of 

the matrix, and further investigation is required if the crystallinity of MAPP 

compatabilised polypropylene matrix composites is to be understood. 

2.4 Conclusions 

The studies reported in this chapter have confirmed a range of physical 

phenomena expected in the melting and crystallisation of polypropylene. The 

size of a-spherulites increased, and the number of spherulites decreased at higher 

isothermal crystallisation temperatures, and at slower cooling rates. The 

incidence of ~-spherulites was increased in studies using fast cooling rates, e.g. 

20°C/minute. 

The occurrence of transcrystallinity in polypropylene matrices around cellulose I 

(in the form of hemp and hardwood pulp fibres) has been shown for all cooling 

rates used in this study. The lignocellulosic surface ofTMP fibre also generated 

nuclei, and gave a transcrystalline layer on most fibres, although the nucleation 

density was not as high as on the delignified surfaces. 

The microstructure and crystallisation behaviour of two forms of maleic 

anhydride graft polypropylene has been assessed. Very little work had previously 

addressed the crystallinity of different forms of MAPP. Chain length appears to 
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be a significant concern for the nucleation, and subsequent crystalline 

development of MAPP. It is possible that the location of maleic anhydride units, 

and the formation of polymaleic anhydride chain segments may further alter 

crystallisation behaviour, although no attempt was made to quantify this at this 

stage. The decreased nucleation ability of the low molecular weight MAPP2 has 

been related to its short chain length. 

The growth rate of a-form PP spherulites at 137°C was reported as 2.3µm/min, 

and 8.7µm/min at 133°C. The growth rate of MAPP2 was 5.7µm/min at 129°C, 

i.e. slower than would be anticipated for polypropylene at this temperature. At 

higher temperatures the nucleation of MAPP2 was not observed. It is likely that 

the short chain of this low molecular weight MAPP did not allow sufficient chain 

entanglements to promote nucleation. 

The behaviour of MAPP1 was difficult to quantify because it contained a calcium 

hydroxide drying agent which prevented detailed growth rate analysis. The high 

nucleation density and rapid crystallisation observed in MAPP I during isothermal 

crystallisation at 137°C were more characteristic of the enhanced crystallisation 

behaviour of MAPP reported in the literature. 
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3 Polymer crystallinity and mechanical properties 

3.1 Introduction 

The supermolecular structure of the fibre-polymer composite has a substantial 

influence over the mechanical properties of the composite in service. When 

natural fibres are used in polypropylene matrices, transcrystallinity is likely to 

occur in many crystallisation conditions experienced during processing. The 

presence of transcrystalline microstructures will alter the mechanical response of 

the polymer matrix, and possibly the fibre-matrix interaction. Before 

investigating the properties of the composite as a whole, the response of 

individual fibres in polypropylene matrices was studied, and related to the 

polymer microstructure. The influence of microstructure on failure mode is also 

reported here. 

3.1.1 Mechanical properties related to crystallinity 

3.1.1.1 Transcrystallinity 

When fibres are added to polypropylene as fillers or as reinforcing agents, 

transcrystalline layers and cylindrites may be formed in addition to spheruljtes. 

The balance of crystalline morphologies present depends on the interaction of 

many factors, including fibre type, polypropylene molecular weight, and 

moulding conditions including temperature, cooling rate and shear forces. The 

behaviour of fibres in polypropylene matrices has been altered by the presence or 

absence of transcrystalline interphases, for example, copper fibres thinned and 

pulled out, rather than broke, in the presence of transcrystallinity, in a study by 

Huson and McGill (1985). There are two considerations in this: the alteration in 

strength of the polypropylene which relates to the morphology, and the alteration 

in load transfer behaviour between the polymer and the fibre. 
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It has been shown that transcrystalline regions have different mechanical 

properties to fine spherulitic material, with higher Young's modulus and tensile 

strength (Folkes and Hardwick 1987). The presence of these various crystalline 

morphologies will influence the strength achieved by the composite. A better 

understanding, and an ability to predict these phenomena may help explain the 

variability in composite properties, and deviation between observed and 

modelled values. 

The altered mechanical properties of the transcrystalline region is likely to relate 

to the ordered nature of the lamellae therein. Similarly, the cylindrite, which has 

a similar lamellar arrangement, may have altered mechanical properties. In both 

structures the lamellae are stacked in a near-parallel manner, due to the high 

nucleation density along the fibre surface, or the row nuclei. Therefore, an 

applied load may be expected to be transfered efficiently from one lamella to the 

next. 

The transfer of load between the fibre and the matrix has been studied by fibre 

pull-out tests, microdroplet tests and variants of these tests (Yue and Cheung 

1993, Karmaker et al. 1994, Wagner et al. 1993). Unfortunately many fibre pull­

out tests do not report the microstructure of the polypropylene matrix adjacent to 

the fibres, and the alteration between one set of experimental results and another 

is extensive, due to different sample preparation conditions. For example, the 

transcrystallinity observed by Yue and Cheung (1993) was a result of silane 

treatment on glass fibres, thus altered adhesion to the polypropylene is likely, in 

addition to the transcrystalline morphology. Tests on natural fibres in 

polypropylene have been very limited, one study indicated an increase in 

interfacial shear strength due to moisture induced swelling of the fibre (Karmaker 

et al. 1994). 

It was proposed by Huson and McGill (1985) that a process ofrestrained necking 

can occur in fibres when they are in contact with transcrystalline morphologies. 

The transcrystalline interphase provides a region which extends under stress, by 

separation of the lamellae, so that the fibre also may extend, at which point the 
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fibre and matrix may separate from one another due to Poisson contraction, and 

fibre pull-out occurs. 

Wagner et al. (1993) showed that a different failure pattern dominated single 

fibre specimens with ~-transcrystalline interphases than those with a-form 

transcrystallinity. These morphologies were generated on sized glass fibres 

treated with two different nucleating agents. The specimens with ~­

transcrystallinity exhibited damage only in the transcrystalline layer, whereas the 

a-transcrystalline layers had associated treeing damage in the neighbouring 

spherulitic material. It was proposed that interlamellar separation of~­

transcrystallinity was energetically favoured, and a greater number of separations 

occurred, giving a greater total work. 

It is clear that the orientation of the lamellae within the transcrystalline 

interphase, in addition to its crystalline unit cell, will alter the mechanical 

properties. A small amount of work has been done to investigate orientation of 

transcrystallinity on kevlar fibres, which have a helical arrangement (Assouline et 

al. 2001). However, these results are unlikely to apply to carbon, glass or other 

fibres, and further work is needed. 

(b) 

Figure 3 .1.1 Potential lamellar arrangements within transcrystalline layers (Wagner and Nairn 
1997). 

Two stylised extreme cases for transcrystalline lamellar arrangement (figure 

3.1.1) were postulated in a schematic by Wagner and Nairn (1997). These were 

related to predicted Young's moduli and Poisson's ratio in the fibre axial and 

radial directions. The longitudinal Poisson's ratio was predicted to be the same 
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for (a) and (b), but a great difference was expected between transverse Poisson's 

ratio, with type (a) having a much greater contraction than type (b). Differences 

were also ascribed on the basis of a- and ~-form crystallinity within these 

transcrystalline morphologies. The great difference in properties for these two 

examples indicates the magnitude of influence which the lamellar arrangement is 

likely to have over mechanical properties. 

3.1.1.2 a-nucleated material 

The use of a-nucleants reduces spherulite size by nucleating a larger number of 

spherulites by heterogeneous nucleation. This technique was developed in the 

early stages of polypropylene manufacturing, in order to reduce moulding time by 

giving a rapid change from the molten to the solid state, they also improve the 

transparency of the polymer (Deanin 1972). The increased spherulite population 

also gives a greater number of tie chains between spherulites, which is related to 

improved mechanical properties (Feng et al. 1998). The toughness and strength 

can be enhanced slightly. 

3.1.1.3 ~-nucleated material 

It has been shown that ~-spherulitic material has different mechanical properties 

to a-spherulitic material of equivalent spherulite size (Jacoby 1986, Karger­

Kocsis and Varga 1996, Tjong et al. 1996). In particular, the ~-form of 

polypropylene appears to give an enhanced toughness both in Izod and tensile 

impact tests (Jacoby 1986). In tensile tests the stress at yield was decreased, but 

the stress at break, and the strain at break, were greatly increased. Similar results 

were reported by Karger-Kocsis and Varga (1996), see table 3.1.1, and Tjong et 

al. (1996). The impact behaviour of ~-spherulitic material is enhanced by a ~-a 

phase transition on loading, and it has been proposed that this phase transition 

provides a toughening mechanism (Karger-Kocsis and Varga 1996, Karger­

Kocsis 1996a,b). 
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Property Unit a-iPP 6-iPP 
Young's modulus GPa 2.0 1.8 
Yield stress MPa 36.5 29.5 
Elongation at yield % ==12 ==7 
Necking stress MPa 27.5 ---
Elongation at necking % ==22 ---
Ultimate tensile strength MPa 39.5 44.0 
Elongation at break % ==420 ==480 
Work of fracture kJ/m2 ==4000 ==4520 
Table 3 .1.1 Sta tic tensile characteristics of a- and ~- polypropylene (Karger-Kocsis and Varga 
1996) 

It follows that ~-transcrystallinity may demonstrate phase transformation 

toughening, in addition to an altered Young's modulus and tensile strength due to 

the parallel order of the lamellae within the transcrystalline configuration. The 

altered mechanical properties where fibres are surrounded by transcrystalline 

layers may be related to separation of the lamellae, and as such, the 

transcrystalline layer may act as a protective sheath around the fibres, distributing 

the load from the matrix in a more uniform manner. This role may be enhanced 

in ~-transcrystallinity, which may have the ability to undergo phase transition, 

taking a greater quantity of energy from the load applied, and deforming in a 

controlled manner prior to failure. 

3.1.2 Scope of this study 

A series of different temperature schedules were tested for production of thin 

films with a laboratory press. These films were subjected to tensile tests, and the 

behaviour considered with reference to the spherulitic structure present. The 

proportions of a- and ~-spherulites present was observed visually, and 

determined by differential scanning calorimetry. It is also known that MAPP 

alters the crystallinity of polypropylene, so similar studies were used to 

investigate the effect of MAPP in PP films. 

Films containing single natural fibres were also tested, with a view to 

determining the influence of the transcrystalline morphology. In this set of 

experiments, the transcrystallinity was not independent of the spherulitic 
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microstructure of the film. A control data set was estabilished for subsequent 

fibre modification studies. 

3.2 Microtensile tests on polypropylene films 

3.2.1 Experimental 

3.2.1.1 Hot press 

Films of polypropylene were prepared between mild steel platens using a press 

temperature of 180°C (and 10°C intervals down to 140°C). 1.3 grams of 

polypropylene (MFI = 12g/1 0min) was warmed to 220°C on a platen on a hot 

plate. Once fully molten, the second warmed platen was placed on top, and the 

pair transfered to the press, where a pressure of 40kg/cm2 was applied. After a 

press residence time of 5 minutes, the hot film and platens were removed and air 

cooled on the laboratory bench. 

Dogbone specimens with a gauge length of 5.5mm and width 2.0mm were cut 

from the films using a razor blade. The central portion of the specimens was 

observed under polarised light on an Olympus BH-2 microscope to optically 

estimate the proportion of a- and ~-spherulites present before testing. The 

microtensile test stage (Miniature Materials Tester, Polymer Laboratories) was 

mounted on a Leitz Laborlux microscope. The microscope was also fitted with a 

video camera, linked to a PC with a digital image capture card (figure 3.2.1). 

A monochromatic light source was used. In some experiments, a pair of crossed 

polarisers and quarterwave plates were used to give circular polarised light, to 

observe birefringence caused by stress. However, the data analysis of 

birefringence in the presence of spherulites proved to be difficult, and later 

experiments were performed with monochromatic light and a single polarising 

filter to simply allow the observation of spherulites within the film. 
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Tests were conducted at a crosshead rate of 0.5mm/min with a 20kN load cell. 

The test was terminated if the specimen had not failed at an extension of 4mm. 

This imposed an upper limit on the values of total work recorded for the toughest 

samples. 

Stress - strain data for the experiments was calculated by the Minimat software 

from load cell readings and extension values from crosshead displacement. The 

modulus of elasticity was calculated using the initial, straight, section of the 

stress-strain curve. Strain energy was calculated as the area under the stress­

strain curve using an in-house Perl (Practical Extraction and Report Language) 

routine. 

3.2.1.2 Hot stage microscopy 

Small sections of the polypropylene films were mounted between coverslips and 

observed during heating on the hot stage microscope. A hot stage schedule with 

a heating rate of 10°C/minute to 120°C followed by 4°C/minute to 200°C was 

used. The molten polypropylene was cooled at 4°C/minute to 120°C. 

3.2.2 Results 

A selection of stress strain graphs for specimens of film pressed at temperatures 

between 180°C and 140°C are shown in figure 3 .2.2. The strain at break shows a 

dramatic increase between the high and low temperature pressed films. The films 
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pressed at 180°C failed at, or shortly after maximum load, in a brittle manner. As 

press temperature was reduced the strain at break increased, as did the strain 

energy (area under the curve). The 150°C pressed films (figure 3.2.2d), for 

example, often formed a neck and drew for the duration of the test. In specimens 

where the neck was unstable, a tearing process gave a number of steps in the 

graph to final failure. 

(a) (b) 

(c) (d) 

(e) 

-·· .. 

Figure 3.2.2 Example stress-strain graphs for polypropylene specimens (a) 180°C press, (b) 
170°C press, (c) 160°C press, (d) 150°C press, (e) 140°C press. 

The alteration in stress - strain response of the specimens with the press 

temperature is thought to relate to the cx,-~-composition of the films, so the 

estimated ~-spherulite content is presented with the mechanical properties data in 

table 3.2.1. It is also possible that there is an effect related to the spherulite size, 
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which will also have changed by altering the cooling rate. Considerable variation 

in film thickness (which ranged from 0.08 to 0.30mm) prevented detailed 

statistical analysis of the mechanical properties data. 

P-spherulite Stress at Modulus of Strain energy 
content maximum load elasticity (work to failure) 
(% estimate) (MPa) (MPa) (mJ/mm3) 

140°C (A) 36.13 27.09 330.7 563.2 
150°c (B) 37.65 26.61 299.5 1076.8 
160°C (C) 27.00 27.54 335.4 483.5 
170°c (D) 21.00 22.51 327.4 500.2 
180°C (E) 0.72 29.37 410.9 371.8 
Table 3.2.1 Mean values for spherulite type and mechanical properties of films pressed at five 
different temperatures. 

The films from lower press temperatures, with a high proportion of P-spherulites, 

tended to have higher strain energies than films from higher press temperatures 

(which were dominated by a-spherulites) (table 3 .2.1 ). The modulus of elasticity 

appears to be slightly reduced in films with a high P-spherulite content. As the 

P-spherulite content varied greatly, even within films from the same press 

schedule, the strain energy was plotted as a function of the estimated P-spherulite 

content (figure 3 .2.3). There is a great deal of scatter in the data, which relates in 

part to the spherulite estimation process, and partly to the variation in P­

spherulite clustering arrangements within each specimen. 
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Figure 3.2.3 Scatter graph of strain energy related to estimated P-spherulite content by area. 
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The mean values for P-spherulite content represent a wide range of values. 

Additionally, some films had very few large P-spherulites, while others had a 

similar proportion of their area composed of smaller clustered P-spherulites. A 

large component of the variation in mechanical response is expected to result 

from the clustering patterns of the P-spherulites within the specimen area, in 

addition to the errors in the estimated proportions. It is also likely that while the 

estimate was based on the area immediately presented to the observer, the film 

may have had a core layer which is likely to have been of a different composition. 

3.2.3 Observations 

3.2.3.1 Micro-tensile testing 

Stills from one of the AVI (AudioNideo Interleaved format) files are presented 

in plate 3 .2.1, for a specimen of film pressed at 160°C. The test axis runs from 

left to right, and the specimen appears to move to the right during the test as the 

left edge was fixed. The fracture occurred outside the field of view, to the left of 

the frame, so in figure 3 .2.1 f the failure edge is visible on the left. The failure 

developed in a similar manner to the line of weakness which is visible in ( d), 

where a localised weakness has formed between two patches of P-spherulites. In 

( e) the a.-spherulitic material defonns. 

The films with a high proportion of P-spherulites tended to fail by necking or 

tearing, in preference to by brittle failure. In plate 3 .2.2, a series of stills from the 

A VI file for a second specimen are presented. This specimen was also pressed at 

160°C, but had a greater proportion of P-spherulites than the previous example. 

This is evident from the slightly darker initial colour of the film , and once the test 

commenced, the stress whitening occurred at a larger number of points over the 

film area. 

In plate 3.2.2a it is possible to detect the slightly fuzzy appearance of P­

spherulites before the test begins. This is related to the optical properties of the 
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Plates 3.2.1 Stills from AV! file for KINI microtensile test (a) before test, (b) slight spherulite 
darkening, (c) P-spherulites have stress whitened, (d) lines develop across a-spherulitic regions, (e) 
lines begin to draw, (f) after failure 
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Platee 3.2.2 Stills from A YI file for K4Fl microtensile test (a) before test, (band c) sli ght spherulite 
darkening, ( d) ~-spherulites have stress whitened, ( e) ~-spherulites begin to join up, (f) further drawing 
of the ~-form material. 
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spherulite in white light, where the high birefringence reduces the proportion of 

light transmitted. In plate 3.2.2 c and d, these ~-spherulites have stretched and 

gone dark, as the scattered light in the stress-whitened patches is not transmitted 

to the camera. This change occurs during the period between the limit of 

proportionality and the maximum load. After the limit of proportionality, the 

deformation of the stress whitened section inceased, with the white patches 

which were related to individual ~-spherulites beginning to expand and join up 

(plate 3.2.2e). Often this led to the formation of a stable neck, which steadily 

increased in length for the remainder of the test. 

Plate 3.2.3 Stills from the A VI file for F6N, a very high a-spherulite content specimen pressed at 
180°C, (a) before test, (b) immediately prior to failure. 

The films which were pressed at l 80°C contained fewest ~-spherulites. These 

examples failed abruptly at low strain. In plate 3.2.3 there is very little difference 

in appearance between the picture before test (a), and the picture before failure 

(b ). Where only cx-spherulites were present, the failure was by a crack 

propagation mechanism rather than a drawing or tearing process. In the first 

example with ~-spherulites (plate 3.2.1), the cx-spherulites had appeared to begin 

to form fissures or crazes. Here this process was not apparent. 

3.2.3.2 Traditional microsocopy 

The failed specimens were observed on a Leitz Orthoplan microscope using dark 

field plane polarised white light, with and without a sensitive tint plate. The 

specimens were mounted in toluene to exclude air and allow observation of the 
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microstructure beneath the surface fissures caused by failure. The 

photomicrographs of the failed specimens confirm the mechanisms suspected 

through observation of the video footage. 

Specimen K3Nl , which had about 20% P-spherulites, failed by drawing and 

tearing. A photomicro-graph of the region near the failure edge is shown in plate 

3.2.4a. The lines corresponding to stretching are visible, as well as the altered 

birefringence in the drawn region to the lower left of the frame. The interaction 

of the deformation with the P-spherulites is shown in plate 3 .2.4b, where three P­

spherulites have begun to deform, giving the "stress whitening" discussed in the 

stills from the A VI files. 

Although the P-spherulites have the capacity to deform under stress (giving the 

stress whitening which is first observed in the P-spherulites during testing), the 

a-spherulites appear to show the more detrimental deformation which leads to 

failure. The fine lines, which stretch across regions of a-spherulitic material 

(plate 3.2.4c) between drawn P-spherulites, are most often the cause of failure 

(plate 3.2.4d). It appears that once a neck has formed in a-spherulitic material, 

this is less ductile than a neck in P-spherulitic material, and a failure swiftly 

follows. This may in fact be a crazing mechanism. 

3.2.4 Hot stage observations of polypropylene films 

3.2.4.1 P-a recrystallisation in films pressed at 180°C 

A hot stage schedule which warmed the sample at 10°C/min to 120°C, then at 

4°C/min to 200°C (which was held for five minutes to destroy seed nuclei) was 

used. The molten PP was then cooled at 4 °C/minute to 120°C, then re-heated at 

4°C/minute to 200°C as before. 
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Plate 3.2.4 (a) Deformation ofa 160°C polypropylene film after microtensile testing, (b) 
appearance of"stress whitening" marks within ~-spherulites, (c) interaction between ~-spherulites 
causing lines in a-spherulitic regions, (d) lines in a-spherulites between ~-spherulit es adjacent to 
failure edge. 

\ - - . 
Plate 3.2.5 M icrographs of a film pressed at l 80°C observed with crossed polarisers (a) a­
spherulite dominated section of film , (b) a cluster of ~-spherulites 
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The films tended to contain relatively large a-spherulites (plate 3.2.5a), which are 

indicative of slow cooling. There were also occasional P-spherulites, sometimes 

in clusters (plate 3.2.5b). 

The highly birefringent P-spherulites were observed to lose their colour at 149.7 

to 150.5°C. A shaddowy spherulitic structure was present in this gap until 

approx 170°C, when it melted with the a-spherulites (169.0 to l 72.4°C). 

In the cooling phase, nucleation began from 132.5°C onwards, with increasing 

frequency as the temperature fell through 125°C, and impingement occurring as 

the area became full around 1 l 6°C. During this time, P-spherulites were 

observed at 123°C and below. These grew fast, and often became larger than the 

neighbouring a-spherulites, despite their earlier nucleation. 

In the second heating phase, the P-spherulites melted at 154.5 to 154.9°C, and no 

crystalline structures were present in these molten gaps. The a-spherulites again 

melted at 169.0 to 170.7°C. 

This pattern was repeated in many film samples, with the second heating phase 

giving a complete melting of the P-spherulites, whereas the initial phase, heating 

from cold, had given a partial recrystallisation as a-spherulites, leading to the 

second melting event at the melting point for a-spherulites. The point at which 

re-heating began in the second cycle was 110°C, which appears to be above the 

critical temperature for recrystallisation (T*), as explained by Varga (1992). The 

observation of a-form crystalline material within the P-spherulite relates to the 

process of cooling to below T*. 

In this example, it was also noticable that the a-form melted at a lower 

temperature on the second heating phase, where the temperature had not dropped 

below 110°C. The low melting point is probably because the a-form material in 

the a-spherulites also did not cool to below this temperature to form its final 
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crystalline nature. Alternatively, it could relate to the absence of P-a­

recrystallised material. 

ln contrast, the melting temperature associated with the P-forrn spherulites was 

lower for the first heating phase than for the second ( c. I 50°C cf 154 °C on the 

second cycle). This could be because of the P-a presence in the first set of P­

spherulites, or because in the absence of the a-component, the second set of P­

spherulites have a more pure hexagonal structure requiring a greater quantity of 

energy to break the crystal lattice and melt. Alternatively, the form of the second 

P-spherulites may be different to that of the first batch in some other way. 

3.2.4.2 Films pressed at 160°C 

Sections of films which had been pressed at l 60°C were observed in the same 

manner. These films tended to contain a greater proportion of P-spherulites than 

the previous set of films (plate 3.2.6), and these were more or less evenly 

distributed within the film. 

Plate 3.2.6 (a) ~-spherulites (left hand side) in a film pressed at 160°C, (b) the same film 
observed with a sensitive tint plate. 

During observation on the same hot stage schedules, some P-spherulites lost their 

colour early, at 144 or l 46°C, and others lost colour at 152 to l 54°C, as seen 

before. This early melting was observed in the first warming phase. The P-a 
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recrystallised spherulites melted at 167.9cc (or above), at the same time as the a­

spherulites. 

There were occasions when the melting of the P-spherulites in these films, which 

occurred at 152-153 cc, was total. In other cases, there was a residual a­

component which melted at 168cc. The melting of the P-spherulites in the 

180cc pressed films had often left a residual a-spherulitic form which had 

melted at 169 to 173 cc with the other a-spherulites. 

In the batches pressed at 160cc, the press schedule was again at a higher 

temperature than the crystallisation temperature, and crystallisation must have 

occurred on removal from the press. The rate of heat transfer may however be 

subtly different than that for the 180cc press schedule, explaining the different 

spherulite P-a recrystallisation behaviour. 

3.2.4.3 Films pressed at 140cc 

The films pressed at 140°C contained a much greater number of P-spherulites 

than either the 160 or the 180cc films. In plate 3.2.7a it is possible only to see a 

small patch of a-spherulites in the lower central section of the picture. The 

birefringence of the P-spherulites is somewhat marred by the thickness of the 

film ; but the cloudy appearance of the film is indicative of a large number of P­

spherulites. These P-spherulites are smaller than those seen in the 160cc and the 

1 socc films. 

When the 140cc pressed film melted during hot stage microscopy, the P­

spherulites lost colour at 14 7cc and melted about 153 cc as anticipated, but a 

pattern of a-spherulites remained within the film . These were of larger diameter 

than the originally visible P-spherulites, so cannot be attributed to P-a 

recrystallisation, but must relate to a layer of a-form material within the film, 

probably in the core of the film. 
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4,.r 
Plate 3.2.7 (a) Dominance of~-spherulites in film pressed at 140°C, (b) the same film viewed 
with a sensiti ve tint plate. 

"­
Plate 3 .2.8 Photomicrograph of colouring relating to stress induced birefringence in a-
spheruli tes. 

I . 
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3.2.4.4 Films crystallised at 15°C/minute 

In the above studies, which used a cooling rate of 4 °C/minute, a few ~­

spherulites were formed. Two other studies, which used a 15°C/minute cooling 

rate, gave rise to individual ~-spherulites which lost colour at 148 and 14 7°C, 

and melted at 152.6 and 152.4°C respectively, on reheating. The heating rate in 

both cases was 4 °C per minute. 

These melting occurrences were lower than the 154.4-154.9°C melt of the ~­

spherulites formed on cooling at 4°C/minute. The difference in observed melting 

temperature is very likely to relate to the cooling rate at which the spherulites had 

formed, with the faster cooling rate preventing the crystalline development from 

reaching the same level as that of the 4°C/minute cooled material. The lower 

level of crystalline order relates to a slight depression in the melting temperature. 

3.2.4.5 Colouring relating to stress 

In various films formed by pressing at high temperatures, there were regions in 

which stresses had developed during cooling, for example where an air bubble 

had entered the melt while the crystallisation was half-complete. In these 

regions, the a-spherulites showed increased birefringence, and took on a more 

coloured appearance (plate 3.2.8). On warming, these spherulites lost the stress­

induced birefringence at around 160°C, and melted at 168.9°C, as had been 

observed for a-spherulites. 

a-spherulites typically show birefringence in the region of half a wavelength 

optical path difference (OPD), giving the black and white maltese cross 

appearance with crossed polars (black for zero birefringence, white for half a 

wavelength OPD in the first order). This pattern can be seen in the lower left 

corner of plate 3.2.8. The increased birefringence in the upper right corner of 

plate 3.2.8 has given the spherulites a red tint, corresponding with a first order 
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OPD of three quarters. This was observed on crossed polars. Areas of increased 

whiteness were also present. 

Air bubbles within the films and stresses due to shear forces acting on the melt 

during cooling both gave rise to stress-induced birefringence patterns. This 

colouration altered when the microscope stage was rotated, whereas the coloured 

birefringence of ~-spherulites was constant on rotation. 

3.2.4.6 Other phenomena 

In a film which was pressed at 170°C and air cooled, a region was observed in 

which stress before crystallisation had given rise to cylindrites. The thickness of 

the cylindrites was similar to the diameter of the spherulites present in the same 

region. The majority of the cylindritic material was of the a-form, with a black 

and white appearance. Three segments within the cylindrites were of the ~-form, 

and these made bright sections within the cylindrite. A small number of~­

spherulites were also present. There did not appear to be any reason for the few 

~-segments of the cylindrites, other than the crystallisation temperature being 

favourable for the nucleation of either a- or ~-form material. 

" 3.2.5 Differential scanning calorimetry of polypropylene films 

A Polymer Laboratories differential scanning calorimeter and thermogravimetric 

analyser (PL-ST A) was used to assess the melting behaviour of films which had 

been pressed under different conditions. Films pressed at 180, 170, 160, 150, 

140, 115 and 60°C were assessed. The films pressed at 115°C and 60°C were 

prepared with a view to reducing spherulite size, to give greater uniformity in 

future studies. Films were prepared for DSC analysis by chopping finely using a 

razor blade. Samples of 1 0µg were placed in aluminium crucibles and the 

crucible placed on the hangdown assembly of the DSC. The energy required to 

heat the crucible in a controlled manner was compared to the energy required to 

heat a reference crucible containing a 12-20µm alumina standard. A temperature 
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increment of 10 or 4°C/minute was used. The 4°C/minute rate gave good 

resolution of the different melting events. 

3.2.5.1 Films used in microtensile tests 

DSC thermograms for polypropylene pressed at 180, 170, 160, 150 and l 40°C 

are given in appendix 1 (figures 1-5). The location of endotherms is presented in 

table 3.2.2. The heating rate used for these DSC scans was 10°C/minute, which 

accounts for the elevated observed melting point of the ~-spherulites, and for the 

slightly poor definition of these endotherms. The melting point of the a-form 

polypropylene was not affected by the altered heating rate. The melting points of 

a- and ~-spherulites are known to occur at around l 67°C and l 52°C respectively, 

although the reported values vary considerably (Varga 1992). The area of the 

148 and 155°C endotherms (relating to ~-form material) increased at the lower 

press temperatures. This confirms the optical estimation of ~-spherulite content, 

reported in 3 .2.1.1. The proportion of ~-spherulites present increased in the films 

pressed at lower press temperatures. 

Press temperature ~- endotherm 1 ~- endotherm 2 a- endotherm 
;oc 
180 -- -- 166.48°C 
170 148.60°C -- 166.54°C 
160 148.66°C -- 166.33°C 
150 147.98°C -- 166.15°C 
140 148.23°C 155.25°C 166.87°C 
Table 3.2.2 Melting endotherms observed for five films pressed at different temperatures, DSC 
scan at 10°C/minute. 

The DSC scans were repeated using a heating rate of 4 °C/minute, for material 

pressed at 140, 160 and 180°C. In these thermograms, the multiple endotherms 

relating to recrystallisation and melting were better separated out (figures 6-8, 

appendix 1). The pair of ~-endotherms occurred about three degrees lower than 

in the previous set of DSC results because of the change in heating rate. The 

location of the four endotherms is given in table 3.2.3. 
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Press temperature P 1 endothenn p2 endotherm al endotherm a2 endothenn 
(OC) (shoulder) 
180 --- --- 160.64°C 167.04°C 
160 145.87°C 152.81 °C 161.53°C 167.04°C 
140 145.29°C 152.04°C 160.70°C 167.00°C 
Table 3.2.3 Melting endothenns observed for three films pressed at different temperatures, DSC 
scan at 4 °C/minute. 

In the films pressed at 180°C, the polypropylene crystallisation must have 

occurred outside the press. On contact with air, and the laboratory bench, the 

loss of heat would have initially been rapid, but slowed down as the benchtop 

was unable to conduct any further heat away from the platens. Thus the actual 

temperature at which crystallisation took place is unknown, but the large 

spherulite size indicates a slow rate of cooling. 

The reduction of the press temperature to 140°C allowed the melt temperature to 

equilibrate within the press to a temperature at which nucleation can occur. On 

removal from the press, the temperature rapidly fell into the range in which 

growth occurs for a-spherulites, and onwards into the range for P-nucleation and 

growth. This explains the dominance of P-spherulites in this and the 150°C 

pressed film. It is also possible that the reduction of pressure on removal from 

the press contributed to the P-spherulitic structure of the films, as the lower 

density P-form has been observed to occur preferentially in situations of reduced 

pressure (Varga and Ehrenstein 1996). 

In the thermogram for a film pressed at 115°C (appendix 1, figure 9) there is a 

marked difference in melt behaviour. The P-spherulite endotherm at 148.84°C is 

almost as large as that at 169.20°C for a-spherulites. The endotherm at 154.32°C 

is also much larger than in the 140°C pressed film. This implies that the P­

spherulite population of this film was very high. A ratio of the P- endotherm at 

145°C to the a- endotherm at 169°C was calculated as 0.93, this is much greater 

than the ratios for the high temperature pressed films, which were in the range 

0.12 to 0.22 (table 3.2.4). 
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Blend ~1 ~2 cx2 Ratio Ratio 
(145°C) 053°C) (167°C) ~l:a2 ~l:~2 

180°C pressed (8.0) (26.0) 71.0 --- ---
180°C pressed (10.0) (16.5) 85.5 --- ---
160°C pressed 9.5 17.0 79.5 0.12 0.56 
160°C pressed 13.5 --- 87.5 0.15 ---
140°C pressed 13.0 20.0 83.5 0.16 0.65 
140°C pressed 19.5 23.0 87.0 0.22 0.85 
115°C pressed 61.5 42.5 66.0 0.93 1.45 
Table 3.2.4 Ratios of DSC endothenns at 145, 153 and 167°C, relating to proportion of~­
spherulites and type of ~-spherulites, in blends with pimellate treated fibres. 

The rapid cooling of the film, during pressing at l 15°C, is likely to have given 

rise to a substantial quantity of ~-form entities which are incompletely 

crystallised, and will melt at the lower ~-form melting temperature. Thus the 

ratio of 145 to 167°C endotherm depths has a much higher value of 0.93 (table 

3.2.4). A similar phenomenon was described by Li and Cheung (1997) for 

moulded sheet material (2mm thickness), where rapid cooling induced extra~­

endotherms. For the films formed in this study, the effect of rapid cooling has 

greater dominance, as there is no core region in which cooling remains slow. 

This also gives a high value for the ratio of the rapid cooled ~1-form (145°C) to 

normal cooled ~2-form (153°C) endotherms (table 3.2.4). 

3.2.5.2 Films pressed at low temperatures 

Plate 3.2.9a shows that the the films pressed at 115°C also had a very high 

population of ~-spherulites, which was much greater than the 140°C pressed 

films (plate 3.2.7). The ~-spherulites seen in plate 3.2.9 are much smaller than 

those in the previous plates for films pressed at 180 to 140°C, which were taken 

at the same magnification (plates 3.2.5-7). The detail is obscured by the high 

population density of highly birefringent ~-spherulites, and the thickness of the 

film, so much so in fact, that there was no difference on insertion of the sensitive 

tint plate. In plate 3.2.9b, a small section appears to have a-spherulitic material, 

giving a brighter patch where the reduced birefringence has allowed a greater 

proportion of light to be transmitted. 
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(b) 

. 
Plate 3.2.9 (a) ~-spherulitic I 15°C pressed film (b) a region with some a-spherulitic material 
within the ~-spherulite dominated film. 

The effect of reducing press temperature appears to be two-fold. At l 80°C, the 

majority of the crystalline material is of the a-form. On reduction to l 60°C, 

there is an initial effect giving rapidly cooled ~-form regions on the surfaces of 

the film , corresponding with the 145°C melting endotherm in the DSC studies. 

On further reduction of the press temperature, the proportion of this material 

increases further, to the extreme level seen in the l l 5°C pressed film , but a 

secondary effect appears at around l 40°C where the core of the film is able to 

form ~-crystallinity of the regular form, giving the endotherm seen at l 53°C. 

Again, this increases on further reduction of temperature, and is prominent in the 

l l 5°C pressed film s also. 

The thermogram for film pressed at 60°C showed a single endotherm at 

l 66.53°C (figure 10 appendix 1 ), corresponding with a-form crystalline material. 

It is likely that the greatly increased cooling rate in these cool pressed films has 

taken the temperature of the polymer melt rapidly below Tex~ preventing the 

formation of ~-form material, so a1 crystalline material has been formed. When 

observed under plane polarised light on the microscope, the spherulite size was 

considerably smaller than in the previous film s, and the sphernlites were almost 

exclusively of the a1 form (plate 2.2.10). 
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Plate 3.2.10 Microstructure of film pressed at 60°C (observed with crossed polars, with a 
sensitive tint plate). 

Several cylindrites are visible on the left of plate 3.2.10. These are also of the a­

fo1m, and although not of a high nucleation density at the core, the nuclei are 

sufficiently closely spaced to prevent crystalline development in any direction 

other than radial from the cylindrite axis. The cooling conditions which gave rise 

to a1 spherulit es prevented development of any cylindritic material other than a1 

also. However, the presence of cylindrites indicates that, during pressing, the 

alignment of the polymer chains did not relax before crystallisation. This 

relaxation had been possible in the films pressed at higher temperatures. 

In addition to the cylindrites, which indicated an orientation effect within the 

film, there was also anisotropy in the birefringence of the spherulites. Plate 

3.2.10 shows a positive birefringent effect, with prominent second order blue 

colour, as well as the first order red (for zero birefringence). Unfortunately, a 

problem with the wavelengths detected by the RGB sensors within the digital 

camera meant that the second order blue or cyan was detected as green not blue. 

So the green colour shown in the plates is in fact a blue. On rotating the 
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microscope stage the colours altered to give first order yellow, indicating a 

negative birefringence. The rapid cooling of the film, while the press was still 

closing has given rise to this orientation effect which in some instances has 

nucleated cylindrites, but in others has simply given a bias in the spherulitic 

micro structure. 

3.2.6 Discussion 

This set of studies has indicated the importance of spherulitic structure, and 

spherulite type, when considering mechanical properties of filled polypropylene. 

However, further replicates and greater uniformity would be required for detailed 

analysis of these factors. 

The behaviour of the P-spherulites in these films relates to the phase 

transformation toughening mechanism proposed by Karger-Kocsis (1996) and 

Karger-Kocsis and Varga (1996). It has been suggested that the phase change of 

P-spherulites on tensile loading toughens polypropylene, as work is done 

changing the spherulites from the P-form to the a-form. In these tensile tests, the 

specimens which contained P-spherulites and deformed in this manner, appeared 

to have a greater ability to stretch and neck than in the regions where only a­

spherulites are present. 

The brittle behaviour of the films from the 180°C press cycle was also 

characterised by the fine fissures on the surface of the specimen which are visible 

in plate 3.2.4b and c. Clearly, there is a different failure mechanism acting in this 

situation. This may relate to the large a-spherulite size in these high temperature 

pressed films. 

In the hot stage experiments and the DSC work with the films which had been 

pressed at 140 to 180°C, the trend for an increased population of P-spherulites at 

lower press temperatures was observed. The press temperature in all cases was 

high, and only the 140°C press would have allowed the temperature of the melt to 
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fall into the range where crystallisation could occur before press opening. Thus, 

it appeared the temperature during the period after removal from the press was 

governing spherulite formation, and hence spherulite type. The main difference 

between films on removal from the press must be the rate of cooling. 

By simulating the temperature drop experienced by the molten polymer on 

removal from the press for each of the five press temperatures studied, it 

appeared that the low temperature films cooled more rapidly through the critical 

temperatures for nucleation than the high temperature films. Newton related the 

rate ofloss of energy by a body to the temperature difference between the body 

and its surroundings. If the sandwich of platens and polymer loses heat 

equivalent to half the difference between it and the lab bench in any given time t, 

then a graph can be plotted, figure 3.2.4. 

With a start temperature of 180°C the first, most rapid step of heat loss (tl to t2) 

occurs above the temperature for nucleation. The next period (t2 to t3) gives 

slower heat loss, through the critical range, and subsequent periods oft take the 

temperature to an equilibrium with the benchtop. The 140°C film, on the other 

hand, experiences its most rapid heat loss across the range when nucleation and 

growth are occurring. The temperature in this first time interval (tl to t2) falls 

into the region required for ~-nucleation, the second period (t2 to t3) has slower 

cooling, and during this time growth of the ~- and a-spherulites would occur. It 

is known that ~-spherulites grow faster than a-spherulites and this cooling 

pattern would favour the formation of many well developed ~-spherulites. 

An ultimate temperature of 80°C for the lab bench was used, because it 

underwent considerable warming while cooling the first film (figure 3.2.4). The 

critical range for crystallisation (Tonset to Trrna1) was assumed to be 130 to l 10°C, 

similar to that observed in the hot stage microscopy studies, although this is a 

guide only. 
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Figure 3.2.4 Simulated temperature of polymer sheet and platens fol lowing five press schedules. 

The model case above confinns that the large spherulite size seen in the high 

temperature pressed films relates to the relatively slow cooling after removal 

from the press. The dominanace of ~-spherul ites in fi lms from the lower press 

temperatures is also accounted for. While this phenomenon has been useful, in 

generating fi lms with varying quantities of ~-spherulites for study, a realistic film 

structure was sought to detennine the effect of fibres on the structure and 

mechanical properties of fi lms in single fibre tests. Press temperatures of I l 5°C 

and 60°C were used to reduce the spherulite size and give a more uniform fi lm 

structure. 

The films pressed at l l 5°C and at 60°C allowed crystall isation to occur within 

the press, as the polymer cooled through the critical range for spherulite 

nucleation and growth, to the press temperature. The 60°C press temperature 

was selected in line with the temperature of the mould which is corrunonly used 

in injection moulding processes. The 60°C pressed sheet in particular had a 

much more homogeneous texture and appearance than the fi lms studied in the 

previous section. The formation of only ex-form crystallinity, and the reduction 

of spherulite size because of rapid cooling, contribute to this improvement in 

homogeneity. The 60°C press method is of greater potential for future studies. 
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When a polypropylene melt crystallises under shear stress, the number of nuclei 

is increased and crystallisation occurs at a higher temperature than occurs under 

quiescent conditions (Lee and Kamal 1999). This may have enhanced the 

nucleation rate of the l l 5°C and 60°C pressed films, as the press closure induced 

stress within the molten polymer while the temperature rapidly fell into the range 

suitable for crystallisation. Similarly, the 140°C pressed film may have had 

additional nuclei induced by the shear forces accompanying press closure, and 

the press temperature of l 40°C may have been suitable to allow crystallisation to 

occur while the polypropylene was inside the press. This may explain the 

dramatic difference between the morphology of this film when compared to the 

films pressed at l 50°C and above. 

3.3 Microtensile tests on polypropylene and MAPP films 

3.3.1 Experimental 

Thin films with 0.lg MAPP1 with 1.2g (or sixty pellets) of polypropylene were 

pressed in a similar manner to the previous set of films. The films also contained 

five pellets of PP which had been previously prepared to contain single softwood 

chemical pulp fibres. The films were pressed between PTFE coated steel platens, 

using a press temperature of l 80°C. The PTFE coating was applied to the 

platens in a spray form (Molykote) to prevent the MAPP from sticking to the 

steel. The coating tended to give an artificial surface roughness to the film, and 

was not ideal, but the surface was more uniform than the films prepared using 

other methods. Therefore, a control set of polypropylene films was also prepared 

using the PTFE coated platens to give a similar surface texture. 

Dogbone specimens for microtensile testing were cut from the films, and tested 

as reported in the previous experiment. Samples with and without single 

softwood pulp fibres were tested. 
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Specimens of blended PP and MAPP1 were prepared for hot stage microscopy in 

three ways. First, small square sections from the PP, and MAPP1-PP, film types 

were added to single pellets of polypropylene warmed on a hot plate at 220°C 

and pressed between glass coverslips for hot stage observation. 

Second, small specimens made with a pellet of polypropylene and a quarter of a 

pellet ofMAPP1 were prepared between pairs of glass coverslips on the hot plate. 

This gave material of a similar composition to the PTFE pressed films used in the 

microtensile tests, but with a flat surface for microscopy. The pairs of coverslips 

were pressed between steel platens at 180, 170 and 160°C in order to simulate the 

temperature cycle experienced by the pressed film. 

Third, specimens of PP with a trace ofMAPP1 were prepared by warming PP 

pellets on glass cover slips on the hot plate. A pellet of MAPP1 was added to the 

PP for sufficient time to melt and adhere to the PP, then the bulk of the MAPP1 

pellet was removed before a second, warmed, cover slip was placed on top. A 

single MAPP1 pellet was able to dope eight to ten PP pellets in this manner. 

3.3.2 Results 

A selection of stress - strain graphs for polypropylene - MAPP1 films are 

presented in figures 3.3.1 and 3.3.2. The failure is almost exclusively brittle, 

similar to the failure of the 180°C pressed films in the previous experiment. The 

presence of fibre, in figure 3.3.2, may be associated with the small increase in the 

strain at break seen in most specimens. 

The maximum stress, modulus of elasticity and work of fracture were recorded. 

For the specimens containing no fibre, the mechanical properties were compared 

by one-way ANOV A with the results for the pure PP films pressed at 180°C. All 

three properties were significantly reduced, compared to the PP control (table 

3.3.1). 
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Figure 3.3. l Stress - strain graphs for MAPP1 and PP blend films. 

Figure 3.3.2 Stress - strain graphs for MAPP1 and PP blend films with single fibres. 

MAPP-PP film PP film ( control) F 
Maximum stress (MPa) 24.95 29.36 34.62 
Modulus of elasticity (MPa) 316.76 406.49 24.48 
Work of fracture (Nm/m3) 253.73 392.63 22.87 
Table 3.3.1 Mechanical properties determined by microtensile tests on films of MAPP-PP and 
PP, (Fent was 4.08 for all properties). 

The data for specimens containing single fibres was compared with the non-fibre 

control (table 3.3.2). The maximum stress and the work of fracture were 

increased, while modulus of elasticity showed no statistically significant change. 

MAPP-PP with fibre MAPP-PP no fibre F 
Maximum stress (MPa) 26.84 24.95 7.35 
Modulus of elasticity (MPa) 294.95 316.76 1.02 
Work of fracture (Nm/m3

) 351.39 253.73 14.43 
Table 3.3.2 Mechanical properties for MAPP-PP film with, and without, single softwood fibres 

(Fcrit was 4.07 for all properties). 

90 



3.3.3 Observations 

The failure of the specimens was recorded by video camera, however the 

examples were relatively poor because of the surface texture of the film, which 

gave a lot of light scattering (plate 3 .3 .1 ). The failure was brittle, with fissures 

forming on the film surface (plate 3.3.lb and c). While these were similar to 

those seen in the 180°C pressed polypropylene films, their development was 

more rapid. In the example shown, the four images were taken at 10 second 

intervals. There is no indication of fi ssuring until twenty seconds before failure. 

Plate 3.3.1 Frames taken immediately prior to fai lure of a MAPP1-PP film (a) intact film (b) 
development of fissures (c) fissures become pronounced (d) failed film. 

When fibre was present in the specimen, the crack often propagated straight 

through it, there was only one example where fibre pull-out occurred. This 

indicates that the fibre - matrix interaction was good. The presence of fibre also 

retarded the development of failure, the formation of stress whitening and 

fissures was slower in the presence of fibre, although the fissuring and stress 
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whitening was confined to the vicinity of the fibre. Plate 3.3.2 shows the 

development of stress whitening around a softwood fibre. 

A section of this material was mounted in toluene on a microscope slide to 

observe the microstructure (plate 3.3.3a). The structure was less clear than in 

polypropylene only films (plate 3.3.3b). The level of birefringence was typical of 

a-form material, with a smaller spherulite size than PP from the equivalent press 

schedule. There were also a few small "spherulites" of high birefringence, 

similar to P-spherulites, but again these were not as clearly defined as they would 

be in polypropylene. The dominance of a-form material corresponds with the 

detected melting endotherm at 166.54°C. 

A film of pure MAPP I was pressed at 180°C between glass coverslips as 

reference without any PTFE residue. The slightly grainy appearance is probably 

the result of the calcium hydroxide drying agent. The MAPP I was observed to 

contain many low birefringence "a"-spherulites and a single more birefringent 

"P"-spherulite (plate 3.3.4). The polypropylene-based nomenclature for a- and 

P- spherulites has been used for MAPP because of the close similarity to the 

appearance of a- and P- spherulites observed in polypropylene. There has, as yet, 

been no confirmation that the crystalline unit in these MAPP spherulites is the 

same as that in polypropylene. 
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(c) 

- -
Plate 3.3.2 Frames taken from video ofMAPP1-PP single fibre test (a) before test, (b) 
development of stress whitening around fibre, ( c) and ( d) specimen after failure. 

Plate 3.3.3 (a) Microstructure ofMAPP1-PP film, (b) microstructure of PP film from equivalent 
crystallisation conditions. 
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'.1 - . 
Plate 3.3.4 a-spherulites and a single ~-spherulite in MAPP 1 film pressed at l 80°C. 

The specimens pressed at l 80°C between coverslips to avoid PTFE 

contamination, also contained large cx-spherulites, with a few P-spherulites of 

similar size. There were also patches between the cx-spherulites where a high 

nucleation density of P-spherulites had been generated in a second phase of the 

crystallisation. 

3.3.4 Hot stage microscopy 

3.3.4.1 MAPP 1-PP film from tensile tests 

A small section from the MAPP1-PP film was cut for hot stage observation at a 

4°C/minute heating rate. The specimen was mounted between glass cover slips, 

and observed under crossed polarisers with a sensitive tint plate. The film was 

very cloudy until 140°C, this is partly due to the uneven texture of the film 

pressed against PTFE coated platens. Colours became visible at higher 

temperatures, although the crystalline structure was not easil y distinguished. At 
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170°C, spherulites were visible, immediately prior to melting at 172°C. As the 

temperature continued to rise, bright specks were visible in the molten polymer 

which remained throughout the cycle. On cooling, the nucleation density was 

very high. 

When sections of the 180°C pressed MAPP 1-PP films were introduced to single 

warmed pellets of polypropylene between cover slips (in order to reduce the 

concentration of the MAPP present) the same problem was observed, with bright 

specks being present in the region where the films had been added. These specks 

were also present in a PP only control specimen, so they were thought to be 

particles of PTFE from the platens. During a hot stage cycle with a 4°C/minute 

heating and cooling rate, the material in the MAPP1-PP film region of the 

specimen was observed to melt at 171-173°C. a-spherulites were observed in the 

polymer after cooling at 4°C/minute. 

3.3.4.2 PP doped with MAPP1, pressed directly between glass 

Specimens of PP containing a small amount ofMAPP1 were pressed between 

cover slips to avoid contamination with PTFE particles. These PP with MAPP1 

specimens were observed to have small beads of polymer on the PP-glass 

surface. This was suspected to be MAPP, either because of rejection by the non­

polar PP or because of a higher affinity of MAPP for the glass than tl;ie PP.' 

During a 4 °C/minute hot stage cycle these beads coagulated and coalesced, 

possibly gaining material from the bulk. It appears that MAPP separates from PP 

in quiescent melt conditions. The effect of well blended MAPP on PP 

crystallinity is still undetermined. 

3.3.5 DSC of MAPP1 and MAPP2 

The DSC thermograms for MAPP1 and MAPP2 are given in appendix 1 (figures 

11 and 12). These show melting endotherms at 164.27°C and 155.88°C 

respectively. It is highly likely that the low melting point for MAPP2 relates to 

95 



the low molecular weight (9,100) of this polymer, rather than its crystallinity, or 

lack of it. In a study on MAPP with the same molecular weight, Jarvela et al. 

(1996) also reported a melting point between 155.8 and 157.2°C, depending on 

thermal history. 

The high molecular weight MAPP1 has a melting point similar to that for a-form 

polypropylene, and it is possible that the MAPP is also semi-crystalline with a 

structure of a similar type. The expected melting point given by Aldrich was 

152°c. 

DSC was also performed on a sample ofMAPP1-PP film, as used in the 

microtensile tests. The sheet material showed a broad endotherm at 166.54°C 

(figure 13, appendix 1). This melting point corresponds with the melting point of 

172°C observed in the hot stage microscope, where the delay is accounted for by 

the presence of a glass coverslip which is a poor conductor of heat. 

3.3.6 Discussion 

The reduction in mechanical properties compared with the pure polypropylene 

films is most likely to relate to the film surface structure, with the inclusion of 

PTFE from the platens used in forming the film. PTFE is also a nucleant for 

polypropylene, and may have altered the crystallinity of the film surface. The 

method was not repeated using lower press temperatures as the efficiency of 

blending of the MAPP with PP in this hot press method is also questionable. 

3.4 Microtensile tests of low temperature pressed films 

3.4.1 Experimental 

Pellets of polypropylene containing single TMP fibres were prepared on a hot 

plate at 220°C. The fibre was introduced to the molten pellet using clean forceps, 

and the pellet allowed to cool to room temperature. Thin films were then 
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prepared in a manner similar to that reported in chapter 2, with five single fibre 

pellets per 1.3g of polypropylene. 

Five pellets containing single fibres were warmed with 1.3 g of polypropylene on 

platens on a hot plate at 220°C. The molten polymer was pressed at 60°C and 

30kg/cm2 in the laboratory press for five minutes. The film and platens were 

allowed to cool on the lab bench for a further five minutes, before removal of the 

platens. 

Dog-bone tensile specimens were cut from the film with single fibres aligned 

with the test axis in the central section of the film. Specimens without fibres in 

were also prepared. These were tested using a Minimat microtensile tester and 

observed under plane polarised light. A NC video camera was used to take 

pictures of the specimens during testing. The cross head speed was 0.5mm/min 

as before, but a maximum extension of 10mm was allowed before interrupting 

the test run. 

3.4.2 Results 

The maximum stress and modulus of elasticity were reduced by the presence of 

the fibre (table 3.4.1). These values were also lower for these films than for the 

films pressed at higher temperatures (table 3.2.1). The strain energy was , 

considerably increased, as almost all specimens showed cold drawing. The 

duration of the test had also been increased. 

Typical graphs of stress to failure are given in figure 3.4.1. The failure of the 

specimens with no fibre were all of type (a), with drawing continuing until the 

test was interrupted. The single fibre specimens showed two distinct failure 

types, the first being very similar to the films without fibres, and the second being 

a slow tearing process (b ). The mean strain energy was reduced because of these 

tearing failures. 
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Specimen Stress at maximum load Modulus of elasticity Strain energy 
(MPa) (MPa) (mJ/mnh 
Control , 60°C press, no fibre 

1 22.1 222.1 (1623.0) 
2 24.5 227.1 (1505.9) 
3 21.5 285.3 (1895.4) 
4 22.8 234.6 (1512.4) 
5 24.8 149.5 6727.1 
6 24.4 146.9 6045.0 
mean 23.4 210.9 6386.1 

60°C press, single fibre 
Fl 18.6 210.0 (828.9) 
F2 23.2 185.0 ---
F3 20.2 142.3 (1748.7) 
F4 24.2 164.3 2948.8 
F5 21.7 174.9 6253.3 
F6 19.8 108.3 6025.4 
F7 11.6 148.6 1115.5 
F8 24.9 157.9 5608.9 
mean 20.6 161.4 4539.3 
Table 3.4.1 Results ofmicrotensile tests on films pressed at 60°C, without and with single TMP 
fibres. 

(a) (b) 

Figure 3.4.1 Stress - strain graphs for microtensile tests of films pressed at low temperatures (a) 
with no fibre, (b) containing single TMP fibres. 

3.4.3 Observations 

The failed specimens were observed using polarised light microscopy. Each 

specimen had established a neck and cold drawn. The drawn section contained 

colours relating to birefringence induced by the chain orientation, and the 

distribution of stresses (plate 3 .4.1 ). 
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Plate 3.4.1 Composite picture of plates taken at 2.5 objective on microscope under polarised 
li ght, neck region of sample 8 3. 

Plate 3.4.2 Deformation of two specimens containing a single softwood fibre (a) before test (b) 
during testing with stress whitened patches at the fibre - matrix interface, (c) before test (d) failure 
developing at short perpendicularly aligned fibril. 
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When fibres were present, the failure also occurred by a ductile drawing process 

in many cases. The fibre was often included in the drawn region, and had split 

into many short fragments. In other cases the fibre caused the drawn region to 

split longitudinally, on either side of the fibre. The failure process often related 

to defects in the fibre, for example where the fibre was fibrillated, a section might 

cause a greater amount of stress whitening than where the fibre surface was 

straight and uniform (plate 3.4.2). 

3.4.4 Discussion 

The films pressed at a lower temperature of 60°C showed a greater inclination to 

the establishment of a neck and the onset of cold drawing. The fibre within these 

regions reduced the stress at maximum load and the modulus of elasticity. This 

effect is surprising, as the presence of fibres would generally be expected to 

provide a stiffening effect, even if the maximum stress was not increased. It 

follows that the fibre - matrix interaction is very poor, and there is little or no 

stress transfer between the fibre and the matrix. 

The TMP fibres have a considerable amount of fibrillation, and the surface 

texture is very uneven. The imperfections on the fibre surface often give rise to 

failure of the surrounding matrix. These failures simply develop as voids within 

the matrix in the specimens tested here, as the matrix was so large, in relation to 

the fibre. When the defect became too large, possibly accompanied by fibre 

failure, a slow tearing process in the polymer matrix followed. 

3. 5 Conclusion 

The films pressed at high temperatures (140 to l 80°C) appear to be of little use in 

the observation of fibre - matrix interaction because of the exaggerated spherulite 

size within these films. The failure of the highest temperature films was brittle, 

relating to the large spherulite size. 
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In films pressed at temperatures near the onset of crystallisation (150 and 140°C) 

there was a greater propensity to behave in a ductile manner. Some films necked 

and drew, although in many cases a slow tearing process occurred. The ductility 

was related to the ~-spherulite content of these films, from observation of the 

changes occurring to the microstructure during tensile testing. The ~-spherulites 

were observed to generate ductile stress-whitened patches in the film, whereas 

regions without ~-spherulites formed cracks which rapidly became unstable and 

propagated through the material. 

Polypropylene films containing MAPP showed brittle failure, this appeared to 

relate partly to the high temperature film forming method, and to particles of 

PTFE coating which became incorporated into the film during pressing. When 

fibres were present the failure was also brittle, although stress at maximum load 

and strain energy were increased. 

Films pressed at 60°C demonstrated ductile failure, with cold drawing to the 

maximum extension allowed by the test (10mm). The presence of fibre in these 

films altered this behaviour in a few cases, with the film tearing slowly. 

However, this occurred at much higher strains than had been observed in the high 

temperature pressed film tests. Other specimens simply demonstrated cold 

drawing around the fibre, with the fibre breaking into several fragments. This 

reduction in brittleness relates to the smaller spherulite size of the films from the 

60°C press schedule, and this schedule was used in subsequent studies. 

The modulus of elasticity and stress at maximum load for the 60°C films were 

reduced, compared to the higher temperature film specimens, and the strain 

energy considerably increased. When fibres were present, the mechanical 

properties were further reduced. It is likely that poor interaction between the 

TMP fibre and the polypropylene is the reason for this reduction. 
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The nature of the additional ~-iPP endotherm has been investigated, in relation to 

its formation under certain pressing conditions. It appears that this endotherm at 

c. 143°C relates to rapid crystallisation where shear and cooling rate combine to 

cause early impingement of the spherulites or to generate close spaced aligned 

nuclei which become cylindrites. 
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4 Chemical modification of natural fibres 

4.1 Introduction to chemical modification 

One strategy for altering the level of interaction between lignocellulosic fibres 

and thermoplastic matrices is chemical modification of the fibre surface. 

Chemical modification of wood has been well researched with a view to 

improvement of dimensional stability and decay resistance of timber (Goldstein 

et al. 1961, Rowell 1983 ). Chemical modification is also of interest as it can 

provide a range of new functional groups on the wood surface. These could be 

harnessed to give enhanced bonding of wood particles in conventional 

particleboards, thermoplastic composites or resinless systems. There are many 

forms of chemical modification for cellulosics and lignocellulosics - including 

esterification, etherification, oxidation and copolymerisation reactions, and 

additionally for lignin, condensation and sulfonation reactions (Rowell 1983, 

Hon 1996, Lai 1996). Only esterification, which has potential for altering fibre -

thermoplastic interactions, was considered here. It is possible to add a wide 

range of functional groups to the fibre surface by forming ester linkages, a 

summary of the potential groups and their benefits is presented below. 

Regarding the use of modified fibres in thermoplastics, the ability to modify the 

surface polarity was of greatest interest, and this is the basis for the researc~ 

reported in this chapter. 

4.1.1 Esterification 

Esterification using acetic anhydride is the most commonly used approach, due to 

the low cost of the reagent and high reactivity of the system. Many studies have 

been performed on wood fibres, wood flakes and solid wood (Rowell 1983, 

Banks 1990). Modification with acetic anhydride reduces the surface polarity by 

exchanging the proton of the hydroxyl group for an acetate group. Longer chain -·· 

organic anhydrides such as propionic and butyric anhydride (Hill and Jones 1996) 
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have a similar effect, and the increased aliphatic chain may further reduce surface 

polarity. 

Various methods for acetylation of wood have been reported, involving a number 

of solvents and catalysts. One commonly used solvent is pyridine, which 

additionally acts as a swelling agent and a base catalyst (Banks et al. 1995). 

There are many hydroxyl groups within the cell wall, and most authors consider 

it important that the reagents used in chemical modification gain access to these 

hydroxyl groups (Rowell 1983). Thus a solvent which will swell the wood cell 

wall, such as pyridine, allows higher weight percent gains and percent hydroxyl 

substitution for a given reaction time. Solvents such as acetone, which have a 

lower swelling effect on the wood, give a lower degree of substitution (Matsuda 

et al. 1984a). 

Modification with cyclic anhydrides has been investigated for ion-exchange 

(Nakano et al. 1990a,b, Marchetti et al. 2000), thermoplasticity and increased 

compatibility with a range of polymers (Matsuda et al. 1985b, Clemons et al. 

1992, Hassan et al. 2000, Mahlberg et al. 2001), in addition to improved 

dimensional stability by swelling or crosslinking the wood (Marcovich et al. 

1996, Matsuda et al. 1984a,b, 1985a). Cyclic anhydrides give a surface an 

increase in polarity, as the anhydride ring opens, forming an ester linkage with 

the wood, and leaving a pendant carboxylic acid group. It is not inconceivable 

that the second carboxylic acid group could also become grafted to the wood by a 

second ester linkage. However, it appears that the formation of the monoester 

dominates, rather than the diester, during succinylation of wood (Matsuda et al. 

1984b, Hill and Mallon 1998a). 

A major benefit of cyclic anhydrides is that they prevent the generation of free 

carboxylic acids (which are generated during linear anhydride modification 

reactions) thus reducing the necessity for extraction of by-products after the 

reaction (Dawson et al . 1999). Where thermoplasticity is sought, it can be 

further enhanced by oligoesterification. Here the esterification by cyclic 

anhydride is followed by reaction with epoxides such as glycidyl methacrylate or 
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methyl methacrylate (Matsuda et al. 1988a,b,c,d, Rozman et al. 1994, Banks et 

al. 1995, Timar et al. 2000). The potential for cyclic anhydride modification as a 

compatibilising treatment for fibres for use in thermoplastic composites was 

suggested by Banks et al. (1995). 

Cyclic anhydrides which have been used include succinic anhydride (Matsuda et 

al. 1984a,b, Nakano et al. 1990a,b, Rozman et al. 1994, Hill and Mallon 1998a,b, 

Mallon 1999, Hassan et al. 2000, Mahlberg et al. 2001), maleic anhydride 

(Matsuda et al. 1984a,b, 1988a,b,c,d, Rozman et al. 1994, Marcovich et al. 1996, 

Mahlberg et al. 2001), glutaric anhydride (Nakano et al. 1990b), phthalic 

anhydride (Risi and Arseneau 1958, Popper and Bariska 1972, 1973, Matsuda et 

al. 1988a,d, Mahlberg et al. 2001) and octenyl succinic anhydride (Hill and 

Mallon 1998a,b, Mallon 1999). 

4.1.2 Mechanisms for esterification of wood and natural fibres 

It is commonly accepted that the acetylation of wood occurs by reaction of the 

hydroxyl groups of wood cell wall with acetic anhydride to form an ester linkage, 

and acetic acid (figure 4.1.1). The esterification of wood with other linear 

anhydrides proceeds in a similar manner (figure 4.1.2). The reaction of cyclic 

anhydrides with wood does not produce a by-product carboxylic acid. The 

anhydride bridge of the diacid is cleaved to form an ester linkage with the wood, 

with the grafted unit containing the remaining carboxylic acid functionality 

(figure 4.1.3). 

The reactivity of the esterification reaction appears to be influenced by many 

factors. In addition to the molecular weight (and therefore size) of the anhydride, 

and the polarity of the solvent, the accessibility of the hydroxyl groups within the 

fibre must also be considered. The reaction with cellulose appears to be 

controlled by the diffusion of the reagents into the fibres (Hill et al. 1998b ), the 

same is true for lignocellulosics. Accessibility is a very complex issue, 

influenced by the presence of two crystalline forms of cellulose, amorphous 

cellulose and hemicelluloses in varying proportions, and lignin with its wide 
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variety of chemical units and bond types. Further, the importance of pore 

structures within the fibre wall is also becoming recognised, and this factor is 

influenced strongly by processing method, as for example, pores may be closed 

irreversibly by some drying processes. 

0 0 

II II 
OH 

I 
Wood-OH + CH3 - C - 0 - COCH3 Wood-0-C- CH3 + CH3 -C =0 

Figure 4.1.1 Acetylation of wood 

0 O O OH 

II 11 __ II I 
Wood-OH+ R-C -0-C-R Wood- 0 -C -R + R-C =O 

Figure 4.1.2 Esterification of wood with linear anhydride 

0 0 

II II 
Wood-OH + :9 Wood- 0 -C -CH2- CH2-C - OH 

0 

Figure 4.1.3 Succinylation of wood 

All three major components of the wood cell wall react with anhydrides such as 

acetic anhydride. Crystalline cellulose I (in the microfibrils of natural fibres) 

presents very few opportunities for reaction, as the majority of hydroxyl groups 

are protected within the crystal lattice. The lattice structure is maintained by 

strong hydrogen bonding within and between chains. In cellulose II the situation 

is similar, with high stability and additional inter-chain hydrogen bonding. 

Mercerised cellulose ( cellulose II) appears to have enhanced reactivity only if it is 

not dried before acetylation, but after drying its reactivity is reduced to less than 

that prior to mercerisation (Lai 1996). 

Amorphous cellulose, often on the exterior of the microfibril, presents more 

hydroxyl sites for reaction, as does the predominantly amorphous hemicellulose. 

Some hydrogen bonding is present, both between holocellulose molecules, and 

between holocellulose and bound water. As the fibre dries, the bound water may 

be lost and hydrogen bonds between chains become increasingly common. These 

sites are potentially available for esterification. 
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Hemicelluloses tend to be more reactive than cellulose, partially because of their 

different ring structures and hydroxyl conformations. There is still a large degree 

of hydrogen bonding between chains, leading to a tendency to crystallise where 

possible e.g. after degradation where side chains have been removed (Lai 1996). 

Very little direct study has addressed the esterification ofhemicelluloses, but the 

reaction mechanism is believed to be similar to that for cellulose. 

The lignin molecule contains hydroxyl groups both on the phenolic ring and as 

methoxy units of the propane chain. While lignin contains fewer hydroxyl 

groups per unit mass than cellulose (1 OH per phenyl propane unit (Mw= 180) cf 

3 OH per hexanose unit (Mw=162)), lignin is an amorphous molecule and many 

of these sites will be exposed and available for esterification. Lignin's apparently 

random, highly diverse structure, which has proved difficult to quantify, has also 

prevented concise determination of the esterification reaction mechanism. 

In mechanically pulped wood fibres, the dominance of lignin on the outer layers 

of the cell wall provides many lignin hydroxyl groups which are relatively 

accessible. In fibres with a high degree of crystalline cellulose, such as bast 

fibres (e.g. hemp) or chemically pulped wood, the majority of the cellulosic 

hydroxyl groups are within the microfibrils and inaccessible, thus a lower level of 

esterification might be expected. In regenerated cellulosics there is a much 

greater proportion of disordered cellulose (approx. 65%, cf 40-50% in wood 

pulp and 27-36% in cotton, Lai 1996), in which the hydroxyls are much more 

accessible. Thus it would be expected that these cellulosic fibres would give 

much greater levels of reaction. 

4.1.3 Application in thermoplastic matrix composites 

Modified cellulosics have been prepared for use with thermoplastic matrices in 

the anticipation that the altered surface chemistry will enhance bonding or 

interaction between the fibre and the matrix. The addition of phthalic anhydride 

to blends of wood fibre and polystyrene by Maldas and Kokta (1990) is a good 

107 



example of this. The phthalic anhydride was expected to form ester linkages 

with the hydroxyl moieties of the wood while the benzene ring could interact 

with the polystyrene. Anhydride modified fibres have also been successfully 

used in polypropylene matrices, where the matrix is non-polar. Acetic, succinic 

and maleic anhydride modified fibres in polypropylene bonded boards improved 

the modulus of elasticity and internal bond strength (Mahlberg et al. 2001). 

Dimensional stability may also be improved in polymer matrix composites. The 

equilibrium moisture content of board made with acetylated, succinylated or 

maleated fibres and polypropylene has been shown to be lower than for 

unmodified boards, and thickness swelling in cyclic swelling tests was reduced 

(Clemons et al. 1992). Interestingly, the equilibrium moisture content of these 

boards was shown to vary with number of moles of anhydride present on the 

fibre, not with weight percent gain, or with anhydride type. Acetic, succinic and 

maleic anhydrides gave moisture content data which fitted the same curve. 

It was proposed by Clemons et al. (1992) that two problems should be overcome 

before wood fibre could be used as a reinforcing filler in thermoplastic matrices: 

to increase the thermoplasticity of the fibre and to improve the compatibility of 

the fibre and the matrix. They went on to show that succinic anhydride modified 

fibre showed better thermoplasticity than acetic or maleic anhydride modified 

fibres. 

While thermoplasticity was considered to be of lesser importance, the potential to 

alter the compatibility of fibres with thermoplastics was investigated in this series 

of experiments. A range of fibre modifications are attempted here to assess the 

influence of altered hydrophobicity on the interaction with hydrophobic 

polypropylene. Acetylation will increase the hydrophobicity, while 

succinylation, maleation and glutarylation will graft carboxylic acid moieties in 

place of the hydroxyl groups. 
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4.1.4 Modification with graft copolymers {and alkenyl-anhydrides) 

The formation of ester linkages between anhydrides and the hydroxyl groups of 

lignocellulosics has been harnessed to add long chain alkanes and graft 

copolymers to the surface of natural fibres (Felix and Gatenholm 1991, 1993, 

Hill and Mallon 1998a,b, Mallon 1999, Hill and Cetin 2000). This has potential 

for increasing the hydrophobicity of natural fibres, and improving the interaction 

of modified natural fibres and thermoplastic matrices by allowing chain 

entanglements (figure 4.1.4). In fact maleic anhydride grafted polypropylene 

(MAPP) has become the most widely studied compatabiliser for composites of 

lignocellulosic fibres and polypropylene. In the cases reported in chapter 1, the 

MAPP was blended with the polymer and fibre simultaneously with no guarantee 

of reaction. Pre-modifying the fibre, as done here, indicates a maximum 

attainable benefit. 
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Figure 4.1.4 Chain entanglements between grafted MAPP and PP matrix. 

In their first study, Felix and Gatenholm (1991) showed that MAPP was capable 

of grafting onto a-cellulose with only a five minute immersion in a hot toluene 

OH 
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solution (100°C) of the anhydride. Fibres modified in this way gave greater 

maximum tensile stress than unmodified fibre when used at 40% fibre load in 

polypropylene. A subsequent study repeated this technique for alkenyl succinic 

anhydride and an additional grade of MAPP (Felix and Gatenholm 1993). The 

weight percent gains observed were very low ( e.g. 0.5% for alkenyl succinic 

anhydride), as might be expected from such a short reaction time. However, in a 

five minute reaction at 100°C with pyridine as solvent-catalyst, Mallon (1999) 

recorded weight percent gains of 2. 7% for octenyl succinic anhydride (which is 

twelve methylene units shorter than the alkenyl succinic anhydride used by Felix 

and Gatenholm). 

In this study, two higher molecular weight MAPP grades were used to modify 

hemp fibres by a similar immersion method, with a view to altering surface 

properties. The first method was selected to mimic the work by Felix and 

Gatenholm. A second method using traditional wood modification conditions 

was also investigated. In this, pyridine was used as the solvent with a view to 

obtaining better levels of anhydride grafting. 

4.2 Chemical Modification 

4.2.1 Experimental 

4.2.1.1 Materials 

A range of fibres were subjected to esterification reactions, having varying 

proportions of lignin, hemicellulose and cellulose. In order of decreasing lignin 

content these were: Thermomechanical pulp (TMP) from an MDF type process 

(supplied by the BioComposites Centre); hardwood chemical pulp (supplied by 

the BioComposites centre); chopped hemp soda pulp (supplied by JB Plant 

Fibres, pulped using a mild soda cook, 10% NaOH by weight (97.5g ofNaOH 

with 0.755g anthraquinone for 6 hours)); viscose staple (supplied by Acordis, 

formerly Courtaulds) and lyocel staple (supplied by Acordis). 
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All fibres were extracted for 24 hours in 4: 1: 1 solution (toluene: methanol: 

acetone by volume) using a Soxhlet apparatus. The fibres were then dried in an 

air circulating oven at 105°C for 24 hours and cooled over silica gel in a 

desiccator. 

Anhydrides used in these studies were reagent grade. These were acetic 

anhydride ((CH3CO)2O), succinic anhydride (C4H4O3), maleic anhydride 

(C4H2O3), glutaric anhydride (CsH6O3). Maleated polypropylenes were supplied 

by Aldrich, MAPP1 had a MFI of l 15g/10 min and MAPP2 had Mw= 91,000. 

Acetone, toluene, methanol and pyridine used as solvent and for extractions were 

used as received. 

4.2.1.2 Acetylation of lignocellulosic fibres 

0.5g of extracted spruce TMP, hemp, hardwood or viscose fibre was placed in a 

boiling tube with 30ml of a 50:50 solution of acetic acid and acetic anhydride. 

The mixture was refluxed for 2 hours at 100°C before filtering through a sinter 

glass extraction thimble (sinter glass 1) and extracting with 4:1: 1 solution 

(toluene:methanol:acetone by volume) for 3 hours to remove unreacted anhydride 

and the acetic acid by-product. The fibres were then dried in an air-circulating 

oven at 105°C and cooled over silica gel in a desiccator. Weight percent gain 

(wpg) was calculated using the mass of oven dry fibre prior to modification 

(massurunod) and the oven dry mass of fibre after modification (massmod), see 

equation 4.1. 

Equation 4.1. wpg = ( massmod - massurunod ) x 100 / massurunod 

4.2.1.3 Succinylation of lignocellulosic fibres (cyclic anhydrides) 

1.5g of extracted TMP fibre was placed in a boiling tube with twelve grams of 

succinic or maleic anhydride. The contents were heated at 100°C in a round 

bottomed flask fitted with a Leibig condenser for 3 hours. After this, the fibre 
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. was transferred to a sinter glass extraction thimble, and extracted in 4: 1: 1 

solution for 24 hours. The extracted fibres were transferred to an air circulating 

oven at 105°C to dry for 24 hours, before cooling in a desiccator over silica gel. 

A similar method was used for the modification of 2g ofTMP, hemp and viscose 

fibres with glutaric anhydride. A trace of acetone was used to assist mobility of 

the anhydride to impregnate the fibres. 

7 g of extracted TMP fibre was mixed with succinic anhydride (20g) and a trace 

of acetone in a 500ml round bottomed flask. The contents were heated at 100°C 

for three hours, a condenser was used to prevent loss of anhydride. After 

removal from the oil bath, the fibre and unreacted anhydride were transferred to 

sinter extraction thimbles and extracted in 4: 1: 1 solution for four hours. The 

fibres were dried in an air circulating oven as before. The method was repeated 

using seven grams of extracted soda pulped hemp fibre, and viscose fibre. 

4.2.1.4 Pyridine catalysed succinylation of lignocellulosic fibres 

6g of extracted TMP fibre was added to succinic anhydride (6g) and pyridine 

(200ml) in a 500ml round bottomed flask. The contents were refluxed at 100°C 

in an oil bath for six hours (in one case 24 hours) before quenching with acetone, 

filtering into extraction thimbles (sinter glass 1), and extracting for 24 hours with 

4:1: 1 (toluene, methanol, acetone) solution in a Soxhlet apparatus. The extracted 

fibres were then transferred to a 105°C oven to dry for 24 hours. The fibres were 

weighed after cooling over silica gel in a desiccator. 

4.2.1.5 MAPP grafting of lignocellulosic fibres 

lg each of MAPP 1, and MAPP2, was placed in a 500ml round bottomed flask 

with 100ml of toluene. The mixture was heated to 100°C for 1 hour, allowing 

the MAPP to partially dissolve. Soda pulped chopped hemp fibre (0.25g) was 

placed in the hot MAPP solution for five minutes, following the method of Felix 
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and Gatenholm (1993), before filtering and drying at 105°C in an air circulating 

oven. This method may give a combination of grafted and non-grafted MAPP as 

no extraction step was employed. 

This experiment was repeated using a lower concentration of MAPP to encourage 

full dissolution. 0.25 grams ofMAPP1 and ofMAPP2 were put in 500ml round 

bottomed flasks with 100ml of toluene each. The mixture was heated to 100°C 

for up to 24 hours to allow the MAPP to dissolve. Further flasks were filled with 

0.25 grams MAPP1 and 200ml toluene, and 0.05 grams MAPP1 and 100ml 

toluene, as MAPP 1 failed to dissolve at high concentrations. Hemp fibres were 

immersed in the solutions for five minutes before filtering and drying as before. 

Despite reduction of the MAPP1 concentration, and increasing the length of time 

the mixture was held at 100°C, the MAPP1 pellets did not fully dissolve. The 

alternative approach using a larger mass ofMAPP1 was employed, in the 

assumption that polymer chains from the pellet surfaces will be free to move into 

solution, and that an increase in the number of pellets will increase the amount of 

MAPP which will dissolve. Mass balance before and after reaction showed that 

approximately 25% of the MAPP1 dissolved by this method. 

lg MAPP1, and 0.25g ofMAPP2, were placed in round bottomed flasks with 

100ml of toluene each. The mixtures were heated at 100°C for up to 24 hours, 

before hemp fibre was immersed in the solution for fifteen minutes, then filtered 

and dried. 

4.2.1.6 Pyridine catalysed MAPP grafting of lignocellulosic fibres 

9.0g ofMAPP1 and MAPP2 were placed in 300 ml of pyridine in a round 

bottomed flask with 6.4g ofTMP fibre. The solution was refluxed at 100°C 

following the method of the succinylation reactions. After a period of six hours, 

the reaction was quenched with acetone and the fibres were filtered, washed with 

further acetone, and transferred to sinter crucibles for extraction in 4:1:1 solution 
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for 24 hours. After extraction, the fibres were dried in an air circulating oven for 

24 hours, cooled in a desiccator and weighed. 

4.2.2 Results 

4.2.2.1 Anhydride modification 

4.2.2.1.1 Acetic anhydride 

The modification with acetic anhydride ( 4.2.1.2) was the simplest modification 

attempted, using acetic acid to enhance swelling of the fibre. The weight percent 

gain observed for each fibre after the two hour modification, and solvent 

extraction, is presented in table 4.2.1 below. 

Fibre weight percent gain(%) 
TMP 0.87 
Hardwood chemical pulp 2.04 
Hemp soda pulp 0.32 
Viscose staple 9.43 
Table 4.2.l Weight percent gain during 2 hour acetylation of various fibres. 

In the TMP fibres, where lignin is present, the low wpg is surprising. However, 

the slow reaction of the TMP may relate to the high temperature refining process 

used in production of these fibres. TMP for MDF type applications, which is 

refined at higher temperatures than for paper, has a smooth lignin coated surface 

as the lignin plasticizes during refining. In a study where the lignin was remove~ 

from these TMP fibres, the rate of diffusion, and reactivity, were shown to be 

higher (Haque and Hill 2000). 

The hardwood pulp shows a higher weight gain than the TMP. This is because 

the majority of lignin was removed from the cell wall during chemical pulping, 

improving the accessibility of the reagent to the cellulose. 

The viscose fibre gav_e the highest weight percent gain. This fibre is almost 

exclusively cellulose, of the cellulose II type. There is however a much greater 
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proportion of noncrystaline cellulose in viscose fibre than in natural fibres, 

typically viscose has 65% amorphous cellulose. It is possible that a greater 

proportion of the hydroxyl groups in reconstituted cellulose are accessible 

because of the greater amorphous content. 

Although it was believed in setting up this experiment that acetic acid would 

assist swelling of the fibres and thus assist the reaction, Rowell et al. ( 1990) 

report that with acetic acid concentrations of greater than 10% there is a 

retardation of the reaction rate, whereas low acetic acid contents have an 

accelerating effect. The 50% acetic acid content of this experiment is likely to 

have hindered complete reaction because of its dilution effect. Indeed, Hill et al. 

(1998b) discuss the possibility that even the acetic acid generated during the 

reaction process itself will reduce the reaction rate, unless it diffuses away from 

the substrate efficiently. It is interesting that the equivalent experiment with 

viscose, which requires swelling in order to re-open the amorphous cellulose 

structure, gave a higher degree of substitution than the natural fibres. The 

viscose fibre appears to benefit from the presence of acetic acid while the natural 

fibres suffer reduced reactivity. 

4.2.2.1.2 Succinic, maleic and glutaric anhydrides, solventless 

The modification of fibres with succinic and maleic anhydrides ( 4.2.1.3) used a 

longer reaction time of three hours and yielded higher weight gains. The initial 

1.5g TMP fibre reactions were performed with no solvent, to mimic the reactions 

by Matsuda et al. (1984b). It was found that a trace of acetone improved the 

interaction of the anhydride with the fibre, and this was adopted for the 

subsequent 7g fibre experiments and the glutaric anhydride modifications. 

Results for these reactions are presented in table 4.2.2. Succinic and glutaric 

anyhydride showed good weight gains with TMP fibre. The maleic anhydride 

was much less reactive in these conditions. 
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Weight oercent gain(%) 
2g fibre, 3 hour, 7g fibre, 3 hour, 7g fibre, 6 hour, 7g fibre, 24 hour, 
solventless acetone solvent pyridine solvent ovridine solvent 
TMP fibres 

Succinic anhydride 13.7 15.9 17.9 24.1 
Maleic anhydride 1.1 6.5 --- ---
Glutaric anhvdride 14.1 --- --- ---

Hemp fibres 
Succinic anhydride --- 4.8 11.3 ---
Glutaric anhvdride 4.0 --- --- ---

Viscose fibres 
Succinic anhydride --- 3.0 3.1 ---
Glutaric anhvdride 4.9 --- --- ---
Table 4.2.2 Weight percent gains for TMP, hemp and viscose fibres after reaction with cyclic 
anhydrides. 

4.2.2.1.3 Succinic and maleic anhydrides with acetone 

The succinylation ofTMP, which contains lignin, gave a greater level of 

substitution than the hemp and viscose fibres which contain little or no lignin, as 

expected (table 4.2.2). The difference in level of succinic anhydride reacted with 

TMP fibre, as opposed to low-lignin content hemp fibre and cellulosic viscose 

fibre, is probably related to the ready accessibility, and reactivity, of the lignin 

within the wood to succinic anhydride. In mechanically pulped wood fibre, the 

outer surface of the fibre corresponds to the lignin-rich compound middle lamella 

of the wood cell wall. Thus the amorphous and accessible lignin hydroxyl groups 

are presented to the reaction solution allowing esterifi.cation to begin 

immediately. The cellulosic portions are able to react only after the reagent has 

penetrated the cell wall. Unlike reaction with acetic anhydride, which is 

inhibited by the presence of lignin on the fibre, succinic anhydride reacts with 

lignin, and a large wpg was observed for TMP fibres. Maleic anhydride again 

showed a lower reactivity than succinic and no further experiments on this were 

conducted. 
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4.2.2.1.4 Succinic anhydride with pyridine 

In the presence of pyridine (4.2.1.4), which acts as a swelling agent and catalyst, 

the weight percent gain with succinic anhydride was increased for TMP and 

hemp fibres, table 4.2.2. 

Reaction in the presence of pyridine gave a significant increase in the hemp wpg. 

However, the hemp fibres remained less heavily substituted than the TMP fibres 

in the six hour reaction. Presumably this is because of the high levels of 

crystalline cellulose, and low levels of lignin in the bast fibres. 

It is interesting that, in the 24 hour reaction for TMP, the wpg was only increased 

to 24%. It was decided that there was no tangible benefit in the extra duration of 

reaction for the modification of fibres for study in thermoplastic matrices. 

The poor level of modification in the viscose fibre reaction is probably related to 

the high cellulose content, and the lack of lignin. The wpg was lower than that of 

hemp, (which also has a high cellulose content), so the difference may reflect the 

altered cellulose crystalline structure, porosity and accessibility of hydroxyl 

groups. It is known that regenerated celluloses are subject to a setting process 

once dried, restricting swelling in many solutions (Lai 1996). Possibly the 

succinic molecule, being slightly larger than the acetate, is unable to access the 

sites accessed by the acetic anhydride in the earlier modifications. 

4.2.2.2 MAPP modification 

Two formulations of MAPP were used. MAPP1 had a very long polypropylene 

chain, giving a high viscosity and a melt flow index of l 15g/10min. MAPP2 had 

a very much shorter chain length, with a molecular weight of 91,000 (6500 CH2 

units), this MAPP was much less viscous than MAPP1 and would have a very 

high MFI, had this been determined. Both of these MAPPs had considerably 

longer polypropylene chains than the MAPPs used by previous researchers. 

There is potential for the maleic anhydride functionality to graft onto the wood 
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fibre surface thus giving a long polypropylene tail which will be free to form 

physical entanglements with a polymer matrix, such as polypropylene. 

4.2.2.2.1 MAPP with toluene 

In the initial study of MAPP deposition onto hemp fibres by five minute 

immersion in MAPP solution ( 4.2.1.5), weight percent gains of 3. 7% and 4.9% 

were shown for MAPP1 and MAPP2 respectively. This method had previously 

been used on a-cellulose by Felix and Gatenholm (1991, 1993), who reported a 

graft between MAPP and cellulose. The wpg for each MAPP in their studies was 

converted and presented with the results of this experiment in figure 4.2.1. The 

weight percent gain appears to increase with increasing molecular weight of 

compatabili ser at low molecular weights (Feli x and Gatenholm 1991,1993). In 

the higher molecular weight range represented by these studies on MAPP1 and 

MAPP2, the trend is reversed. The greatly increased polymer chain length 

became a hindrance to reaction, despite serving to increase the mass per grafted 

polymer chain. 
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Figure 4.2.1 Relationship of molecular weight of MAPP and weight percent gain of fibres by 
immersion in hot toluene solution. 

When MAPP concentration was reduced the wpg by the fibre was also reduced. -· 

In the final study, where the mass of MAPP 1 was increased to compensate for the 

poor solubility, the weight percent gain was double that ofMAPP2, being 0.14% 
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and 0.08% respectively. Thus it is possible that the upward trend in wpg 

indicated by Felix and Gatenholm, would continue at high molecular weight 

given the correct concentration of MAPP in solution. There were differences in 

experimental method which prevent direct comparison with the previous data. 

After determination of the weight gain according to the method of Felix and 

Gatenholm, two batches of fibres were transferred to sinter crucibles and 

extracted with 4: 1: 1 solution in a Soxhlet apparatus. After a 24 hour extraction 

period the mass of the fibres had been reduced giving a new lower weight gain, 

and after 96 hours the mass had returned to its original level, indicating that all 

the MAPP had been removed. This casts doubt over the permanence of the graft 

formed by the hot soak method. 

4.2.2.2.2 MAPP with pyridine 

During the modification using pyridine, the MAPP pellets again did not 

completely dissolve. However, swelling occurred and mass balance indicated 

that many free chains, either those near the surface or those sufficiently short to 

disentangle themselves from the pellets, had moved into solution. The excess of 

MAPP was used to allow for this partial solubility. The incomplete dissolution 

of the MAPP pellets made assessment of the weight percent gain unreliable, but 

indicative maximum weight percent gains, after solvent extraction, of 11 % and 

12% were seen for MAPP1 and MAPP2 respectively. With these levels of weight 

gain and the reaction conditions employed, the occurrence of esterification is 

more plausible than in the hot soak method. 
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4.2.2.2.3 Fourier Transform Infra-Red spectroscopy of MAPP modified 

fibres 

The grafting of MAPP onto the TMP fibre surface after reaction in pyridine 

solution was confirmed by FTIR spectroscopy (appendix 2 figure 23, 24). Figure 

4.2.2 shows the result of a subtraction process, where the spectrum for 

unmodified TMP has been subtracted from those for MAPP grafted TMPs. The 

four absorption bands in the region 2840-2999cm-1 and pair of bands at 1437 and 

1370cm-1 relate to stretches and bends respectively, of the methyl (CH3) and 

methylene (CH2) groups of polypropylene. Comparison with FTIR spectra of 

MAPP before grafting revealed a reduction in the absorptions due to anhydride 

functionalities (1841, 1777, 1708 cm-1) and an increase in absorptions due to 

ester linkages (1738, 1179, 1114, 1060 cm-1). This confirms that grafting 

between the maleic anhydride functionality of MAPP and the TMP fibre has 

taken place, albeit at low levels. 
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Figure 4.2.2 FTIR absorption bands due to maleated polypropylene treatment ofTMP fibre, 
MAPPl (lower), MAPP2 (upper). 
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4.2.3 Scanning electron microscopy of fibres before and after modification 

The various fibre types used in this chapter were observed with a scanning 

electron microscope in their unmodified state. TMP fibres which had been 

modified with succinic and glutaric anhydrides (4.2.1.3), acetic anhydride 

( 4.2.1.2), and MAPP ( 4.2.1.5) were also observed. The fibres were adhered to 

aluminium stubs using epoxy resin, then sputter coated with gold using a Polaron 

E5000 sputter coater. A Hitachi S520 electron microscope was used with an 

electron acceleration of 12kV. 

4.2.3.1 Unmodified fibres 

TMP fibres, hardwood chemical pulp fibres, hemp soda pulp fibres, viscose 

staple and bright lyocell fibres were observed with the scanning electron 

microscope (plates 4.2.1-4.2.4). Thermomechanical pulp contains many fibre 

bundles with a greatly varying degrees of separation into individual fibres. Thus, 

the fibre bundles may have quite convoluted shapes, separating at the ends into 

smaller bundles or individual fibres (plate 4.2.5). The TMP fibres and fibre 

bundles had a rippled surface, characteristic of the high temperature refining 

process where lignin plasticisation occurs (plate 4.2.6). 

The hemp soda pulp fibres contained kink bands, or compression creases (plate 

4.2.7), which have been shown to relate to growth stresses in the hemp, and 

stresses resulting from the drying and decortication processes used in hemp 

preparation (Hughes et al. 2000). Fibres had a tendency to crack longitudinally 

during observation because of the intensity of the electron beam. 

Viscose staple fibres, from the xanthate process, were observed to have a 

grooved surface (plate 4.2.3), whereas the bright lyocell fibre (which is spun from 

NMMO/H2O solution) had a smooth cylindrical profile (plate 4.2.4). 
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Plate 4.2.1 Scanning electron micrograph of 
unmodified TMP, after extraction in 4: 1: 1 
solution. 

Plate 4.2.3 Scanning elcron micrograph of 
viscose staple fibre. 

Plate 4.2.2 Scanning electron micrograph of 
hemp soda pulp after extraction in 4: 1: 1 
solution. 

Plate 4.2.4 Scanning electron micrograph of 
bright lyocell fibre. 
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Plate 4.2.5 Unmodified TMP fibrillation 

Plate 4.2.7 Unmodified hemp fibre, with 
compression creases. 

Plate 4.2.6 Surface texture ofunmodified TMP 
fibre. 
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4.2.3.2 Succinic anhydride modified fibres 

After modification with succinic anhydride in acetone at 100°C, some alterations 

in fibre surface appearance were observed in the TMP fibres (plate 4.2.8). The 

outer layer of some of the fibres appeared to have peeled away from the fibre in 

places (plate 4.2.8) and voids in the outer layer had appeared on other fibres 

(plate 4.2.9). The wpg of these fibres was 15.9%. 

The outer layer of the fibre as discussed here corresponds to the middle lamella 

and the primary wall of the wood cell, these are lignin rich, and succinic 

anhydride reacts preferentially with lignin. There may also be a peeling effect 

due to differences in the extent of swelling by the various wood cell wall layers. 

Sulphate pulp fibres display "ballooning", with the primary wall peeling off as 

the S1 layer swells, giving a balloon like appearance (Sjostrom 1993). Here the 

lignin-rich primary wall does not swell but the cellulose in the secondary wall 

does, the effect being to burst the primary cell wall in a manner similar to that 

seen in plate 4.2.8. After the S 1 shrinks on removal from the swelling solution, 

the ruptured primary wall remains detatched. 

The swelling and voids in the primary wall seen in plate 4.2.9 on the other hand, 

might relate to the variable access to lignin and cellulose within the cell wall. 

The acetone solvent used is not a strong swelling agent, and succinylation will 
have been limited to the surface region. The reaction liquor has only partially 

been able to permeate this section of the wall, and succinylation reaction has 

occurred, contributing to swelling here. 

Other authors have previously reported changes in solid wood structure following 

modification. Cell wall failures were observed at 13.6 and 17.6% wpg of 

acetylated wood by Rowell et al. (1987). Mallon (1999) observed extreme 

degradation of wood blocks when they were treated with succinic anhydride in 

pyridine for many hours. It appeared that the difference in lignin content (and 

thus uptake of anhydride) between the early and late wood had resulted in 

delamination at the annual ring boundary. Both of these instances relate to the 
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50µm 

Plate 4.2.8 Succinylated TMP showing fibre 
surface alterations. 

Plate 4.2.10 Unmodified viscose fibre. 

Plate 4.2.9 Succinylated TMP showing voids 
in fibre surface. 

Plate 4 .2.11 Succinylated viscose fibre. 
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swelling of solid wood, where the influence of the modification of one cell on the 

stresses felt by its neighbours must be considered. In the single fibre, and 

possibly the fibre bundle, the effects observed relate more to the influence of 

variation in lignin content within each cell wall layer, giving delamination. 

The succinylated viscose fibres appeared to have swollen considerably during 

chemical modification. The fibre diameter was compared, using micrographs of 

the same magnification, making the difference in fibre diameter quite striking. 

The succinylated viscose had a diameter of 23.6µm (plate 4.2.11, average of 

seven diameters) and the unmodified viscose diameter was 12.3µm (plate 4.2.10, 

average of seven diameters). Despite the swelling, the succinylated viscose fibres 

had retained the grooved appearance, and little change in the number of grooves. 

These fibres were modified by succinylation using pyridine as solvent, so some 

swelling effect would be expected, although possibly not quite to this extent, 

considering that the wpg was only 3 .1 %. 

This level of swelling is possible in viscose where there is a different cellulose 

crystallinity, the regenerated cellulosic contains approximately 65% amorphous 

cellulose which would be able to swell given suitable conditions. It would be 

unlikely to see swelling of this order of magnitude in the high cellulose I content 

hardwood or hemp fibres. 

4.2.3.3 Glutaric anhydride modified fibres 

TMP fibres which had been modified by glutaric anhydride, with a wpg of 

14. I%, showed similar small alterations in surface texture to those seen in the 

succinylated fibres. Some patches of lignin appeared to have separated from the 

fibre surface (plate 4.2.12), possibly because of differential swelling as discussed 

above. 
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50µm 

Plate 4.2.8 Succinylated TMP showing fibre 
surface alterations. 

30µm 

Plate 4.2.10 Unmodified viscose fibre. 

86µm 

Plate 4.2.9 Succinylated TMP showing voids 
in fibre surface. 

30µm 

Plate 4 .2 .11 Succinylated viscose fibre. 
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250µm 

Plate 4.2.14 MAPP1 modified TMP fib res. 

10.0µm 

Plate 4.2.16 MAPP2 modified fibres showing 
altered surface texture. 

250µm 

Plate 4.2.15 MAPP2 modified TMP fibres. 
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4.3 Microtensile tests of single modified fibres 

4.3.1 Experimental 

Single succinylated TMP fibres were introduced to polypropylene pellets (MFI = 
12g/10rnin) in the manner previously described (chapter 3). Films of 

polypropylene containing approximately five individual fibres were prepared by 

heating to 220°C on a hot plate and then pressing at 60°C in a laboratory press. 

Dog-bone shaped specimens were cut from the pressed films to include good 

examples of straight single fibres. The specimens were tested using a 

microtensile stage fitted to a Leitz Orthoplan microscope ( chapter 2). The tensile 

tests were conducted at 0.5mrn/min strain rate, to a maximum extension of 

10mm. Mechanical data was recorded using the Minimat software provided. A 

white light source was used for the microscopy, with crossed polariser and 

analyser filters. A black and white NC video camera was connected to a 

Video Work software package to record A VI image data at intervals of twenty 

seconds. 

4.3.2 Results 

4.3.2.1 Physical properties 

The tensile strength, modulus of elasticity and total work to 10mm extension for 

the specimens tested are presented in table 4.3.1. Four specimens of succinylated 

fibre in polypropylene were tested, and the results are indicative only. All 

specimens gave similar mechanical properties, of these the modulus of elasticity 

was very similar to that recorded in the control experiment (as reported in table 

3 .4 .1). The stress at maximum load was apparently higher for the succinylated 

single fibre test specimens than for the control. The strain energy had a smaller 

range than that of the control specimens but the high variability of the strain 

energy of the control data made comparison futile. 
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Specimen Stress at maximum load Modulus of elasticity Strain energy 
(MPa) (MPa) (mJ/mm2) 
Succinylated TMP fibre 

sTMP05_1 22.2 227.7 4139.6 
sTMP05_2 22.5 201.6 4654.7 
sTMP06_1 26.0 194.1 5243.3 
sTMP06 2 23.7 213.7 4725.7 
Table 4.3.1 Mechanical properties of single fibre test specimens containing single succinylated 
fibres. 

4.3.2.2 Observations 

The failure typically progressed through a stress whitening stage to the 

establishment of a neck, which then showed cold drawing. In most test 

specimens, the neck was established in the region containing the fibre, and during 

cold drawing the fibre broke into fragments (plate 4.3 .1 ). 

The fibre end which remained embedded in un-drawn material often showed little 

sign of damage. Occasional small fracture initiation points were observed in the 

matrix around the fibre, (plate 4.3.2). Two specimens showed signs of matrix 

deformation or alteration in the region just beyond the fibre tip (plate 4.3.3). This 

is possibly related to the pulling out of the fibre, but the altered texture indicates 

that this has occurred with deformation resulting from friction or keying or 

bonding of sections of the matrix with the polymer. 

This behaviour of the polymer matrix during testing was similar to th,at 

surrounding the unmodified TMP fibres tested in chapter 3. Possibly the 

proportion of the matrix within the specimen cross-section was too great, relative 

to the fibre and interphase dimensions, meaning that matrix behaviour dominated 

the stress - strain graph and preventing detection of any significant alteration in 

tensile behaviour. There did not seem to be any alteration in behaviour in the 

regions close to the fibre, which were more densely nucleated than the remaining 

polymer. The behaviour will be considered further in chapter six. 
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Plate 4.3. I Fibre fragments visible in the drawn section of a test specimen. 

Plate 4.3.2 Fracture points originating at the fibre-matri x interface. 

Matrix structure at the fibre tip where pull out has occurred. 
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4.3.2.3 Hot stage microscopy of MAPP modified fibres in PP 

Untested specimens of individual MAPP1 and MAPP2 treated hemp fibres in 

polypropylene were prepared for hot stage microscopy. On a schedule with a 

cooling rate of 20°C/minute the MAPP1 treated fibre gave a transcrystalline layer, 

whereas the low molecular weight MAPP2 treated fibre did not. A similar effect 

was observed with a 10°C/minute cooling rate. 

During the MAPP2 hot stage experiment, domains of MAPP were observed to 

separate out from the molten polypropylene after heating. This indicates that 

some of the short chain MAPP2 had not been fully grafted to the fibre, as the 

chains must have migrated into the PP before being excluded. This process of 

formation of MAPP domains within the PP melt is the same as was observed in 

the absence of fibres in the previous chapter. It is also worth noting that the 

MAPP2 domains showed no affinity for the fibre, but formed at many points over 

the melt area. The higher molecular weight MAPP I did not appear to be 

excluded from the melt, either because of its longer chain length, giving a greater 

number of entanglements within the polypropylene, or because it was well 

grafted to the fibre surface and was not able to undergo this exclusion process. 

The transcrystallinity observed with MAPP I was most likely explained by the 

low degree of hydroxyl substitution by this high molecular weight ~APP. 'The 

wpg of both MAPPs was similar, thus the graft density of the MAPP1 must be 

considerably lower, allowing access to many ungrafted cellulose sites on the fibre 

surface for transcrystalline nucleation. 

4.3.3 Discussion 

The crystalline morphology within the matrix of the succinylated single fibre 

specimens appeared to be different from that of the unmodified fibre specimens 

observed previously. There appeared to be a very large population of small 

spherulites close to the fibre. It seems that where succinic anhydride was still 

present, it appeared to have migrated from the fibre into the melt during film 
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production. This nucleated a large number of spherulites near but not on the fibre 

surface, as will be investigated further in chapter 6. 

The high nucleation density seems to have had little effect on the behaviour of 

the matrix during mechanical tests. The specimen cross-section may be too great 

relative to the cross section of the fibre, and the matrix bulk and specimen edge 

effects may have outweighed any alteration in fibre-matrix interaction. An 

improved method, based on the microdroplet test or fibre pull out test, would be 

desirable for quantitative analysis of the influence of fibre modification on fibre -

matrix interaction. 

This phenomenon effectively prevents transcrystalline layer formation, as the 

highly populated area near the fibre surface impinges on any transcrystalline 

nuclei forming on the surface. Thus, in composite production it would be 

possible to have a negative effect caused by incomplete extraction after 

modification. The properties of the composite would then rely on the increased 

nucleation density not the transcrystallinity. Fortunately, an increase in 

nucleation density can lead to greater impact strength because of the increase in 

the number of tie-chains between spherulites. 

The MAPP modified fibres gave rise to two different crystalline morphologies in 

the neighbouring polypropylene, confirming the diversity of morphology which 

can result from different MAPP grades. The pretreatment of fibres with MAPP 

appears to hinder transcrystalline layer formation when graft density is high, as 

was the case for the low molecular weight MAPP2 used in this study. Low graft 

density of the much heavier MAPP1 did not prevent the induction of 

transcrystallinity by the cellulose of the hemp fibre. Further studies would be 

necessary to confirm the influence of MAPP graft density, and molecular weight 

in inhibiting transcrystalline development, however this falls outside the focus of 

this study. 
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4.4 Conclusion 

A variety of methods have been used for chemical modification of wood (TMP), 

hemp (soda pulp) and viscose fibres. Of these, modification using pyridine as a 

solvent gave the greatest wpg because of its roles as swelling agent and base 

catalyst. However, pyridine is an expensive and toxic solvent which would 

· preclude its use for any large scale production. 

Treatment of fibres for use in thermoplastic matrix composites would only really 

require treatment of the fibre surface so the ability of pyridine to swell the wood 

cell wall and allow anhydride to react at points embedded in the cell wall may be 

of relatively little importance, thus the magnitude of the wpg is not the critical 

issue, more the percentage of surface hydroxyl groups modified. However, the 

swelling caused by reaction at sites within the wall may cause microfibrils to be 

pushed apart, changing the topography of the fibre surface and altering the 

physical interaction of the polymer with the fibre. Interaction at this physical 

level may play a considerable part in the nucleation of spherulites at the fibre 

surface and thus control the nucleation density and therefore the formation of 

good transcrystalline layers. Thus the use ofless strongly swelling solvents, such 

as the toluene investigated here, may limit the anhydride to reactions at more 

surface based sites and thus maintain the original topography while altering the 

polarity of the surface. 

Succinylated fibres in single-fibre microtensile tests gave similar results to the 

unmodified control. The succinylated fibre appears suitable for blending with 

polypropylene, so a scale up into composite bars is planned. 
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5 ~-nucleant fibre treatments 

5.1 Introduction 

When fibres are added to polypropylene, the fibre can act as a nucleating agent 

and transcrystallinity may occur, as discussed in chapter 2. The majority of 

engineering fibres generate a-form transcrystallinity, while the phenomenon of 

B-transcrystallinity is rarely observed. A few papers have claimed B-trans­

crystallinity (Thomasen and VanRooyen 1992) but the structures may be 

reinterpreted (in the light of the work of Varga and Karger-Kocsis, 1993) as 

B-cylindrites induced by shear, rather than P-transcrystallinity. 

It has been proposed by Karger-Kocsis and Varga (1996) that a phase 

transformation toughening mechanism operates in P-form spherulites within 

polypropylene. This mechanism toughens the material by using the energy 

imposed by load or impact to change microstructure from the hexagonal P-form 

to the monoclinic a-form. Similar phase transformation mechanisms operate in 

some ceramic materials. This phase transformation is responsible for the 

increased ultimate tensile strength, elongation at failure and work of fracture seen 

for P-form polypropylene in mechanical tests (Jacoby 1986, Karger-Kocsis and 

Varga 1996). 

It appears reasonable that a similar toughening mechanism may also occur in 

transcrystalline material of the B-form. The Young's modulus in the longitudinal 

and transverse directions are also believed to be different for a- and 

P-transcrystallinity (Wagner and Nairn 1997). 

In this chapter a specific B-nucleant treatment for natural fibres was sought, to 

promote the generation of P-transcrystalline layers (as an interphase) at the fibre­

matrix interface. Having selected a suitable treatment, single fibre specimens 

were tested to observe the behaviour of this interphase under tensile loading. 
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5.1.1 Literature review 

5.1.1.1 Mechanical prope11ies related to crystalline morphology 

It has been shown that a-transcrystalline regions have different mechanical 

prope11ies to a-spherulitic material, with higher Young's modulus and tensile 

strength (Folkes and Hardwick 1987). This relates to the orientation of the 

lamellae within the transcrystalline layer, as opposed to that within the spherulite 

(figure 5.1.1 ). The same is likely to be true for ~-transcrystalline and~­

spherulitic material. The change in mechanical behaviour will relate to the 

ordered nature of the lamellae within the transcrystallin e material. 

(a) 

(b) 

(c) 

lamellar orientation 

11111111 chain direction 

Figure 5.1.1 Simplifi ed model of chain orientation and lamellar structure in (a) model 
transcrystalline, (b) random transcrystallin e, and (c) spheruliti c polypropylene. 

The schematic of chain orientation within the transcrystalline layer, as given in 

fi gure 5.1. l a represents the simplified case where the planes of all lamellae are 

parallel. This is one of the standard proposed orientations, as was shown in 

figure 3.1. l a (Wagner and Nairn 1997, Amitay-Sadovsky et al. 1999, 2001). In 

this case, the dominant chain direction is parallel to the fibre, while the lamellae 

radiate from the fibre in the plane of cross section. The other proposed model 

orientation has lamellae in the plane of the fibre, in which case the chain 

direction circles the fibre tangentiall y. There is no guarantee that either of these 

are actuall y the case in a real transcrystalline layer, as the orientation of each 

lamella relates to the ali gnment of the crystal nucleus on the fibre surface. 
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Therefore, although the lamella radiates outward from that point on the surface, it 

may be at any angle to the fibre axis, not necessarily the 90° angle indicated in 

the diagram. 

Figure 5 .1.1 b shows one possible case, where all nuclei on the fibre are randomly 

aligned, giving a transcrystalline layer with lamellae radiating from the fibre 

oriented in many planes. Figure 5 .1.1 c is a schematic indicating that although 

spherulites are often considered as though there is a dominant lamellar plane, 

they too must have many lamellar planes to allow full space filling. In the 

random plane transcrystalline example (figure 5.1 .1 b) the nuclei are at 

exaggerated spacing. Evidently when the nuclei are closer together, lamellae at 

low angles to the fibre axis are likely to impinge rapidly against lamellae from 

nuclei further down the fibre. Whereas, in the direction tangential to the fibre 

cross section, there is greater freedom to develop. Thus the transcrystalline layer 

may have a bias for lamellar alignment in or near this 90° plane. 

The enhanced impact properties of P-spherulitic material relating to the P-a 

transition is increasingly being recognised (Jacoby 1986, Karger-Kocsis and 

Varga 1996, Karger-Kocsis 1996a,b, Li and Cheung 1998). P-form spherulitic 

polypropylene tends to show a slightly reduced Young's modulus, but an 

increased stress at maximum load, and increased stress at break, compared to a-
' form spherulitic material. The transformation from the P-form to the a-form 

involves a transformation from a less dense to a more dense crystallographic 

form, giving a nominal contraction of 2. 71 %. It is the use of energy in 

transforming the morphology of the polymer which appears to assist in 

toughening the polypropylene (Karger-Kocsis and Varga 1996). 

It follows that P-transcrystallinity may also demonstrate an altered Young's 

modulus and tensile strength, or most interestingly, an increased impact 

resistance. During the period of this study, other workers have also developed an 

interest in generating P-form transcrystallinity on glass fibres (Assouline et al. 

2000). 
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5.1.1.2 The selection of B-nucleants 

Huang et al. (1995) reported that the formation of the ~-form of polypropylene 

can be promoted by the addition of certain heterogeneous nuclei, by 

crystallisation in a temperature gradient or by shear induced ~-form 

crystall isation. Of these, shear induced crystallisation is, in fact, the mechanism 

described for cylindrite formation and can be ignored, as the nuclei occur within 

the polymer, not at the fibre-polymer interface. Crystallisation in a temperature 

gradient relates primarily to the different temperature ranges at which ~-nuclei 

spontaneously form, as described by Varga ( see figure 2.1. 7 and accompanying 

text). The degree of undercooling in the absence of a temperature gradient could 

also be used to encourage ~-nucleation, with reference to the known thermal 

behaviour of homogeneous ~-nuclei. Either method of temperature controlled~­

nucleation would result in alterations in spherulite structure of the whole film, as 

seen in chapter 3, and make comparison of the treatments impossible. 

There are few known ~-nucleants, Leugering (1967) developed y-quinacridone, 

which has been used in studies by Stocker et al. (1998) and Assouline et al. 

(2000). Karger-Kocsis (1996a,b, Karger-Kocsis and Varga 1996) developed 

calcium pimellate, and Shi and co-workers (Shi et al. 1993) developed a c8:1cium 
' pimellate - calcium stearate blend as a nucleant, which has also been studied by 

Li and Cheung (Li and Cheung 1997a,b, Li et al. 1999). Triphenodithiazine and 

N,N'-dicyclohexylterephthalamide have also been reported to induce ~-nucleation 

(Stocker et al. 1998). 

A parameter which is commonly used to compare the ~-spherulite content of 

polypropylene is Kx (equation 5.1). This is determined from wide angle X-ray 

scattering studies by the method suggested by Turner-Jones, Aizlewood and 

Becket (1964, Makromol. Chem. 75:134). 
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Equation 5.1 Kx = H~ I ( H~ + ( Hai + Ha2 + Ha3 )) 

where H~ = magnitude of diffraction maximum at (300) ~=5.495A 
Hai = magnitude of X-ray diffraction peak at ( 110) 
Ha2 = magnitude of X-ray diffraction peak at (040) 
Ha3 = magnitude of X-ray diffraction peak at (130) 

It has been shown that most inorganic nucleating agents ( even those with a 

hexagonal crystalline arrangement) promote a-nucleation, reducing the values of 

Kx, while many organic additives gave an increase in ~-nucleation (Huang et al. 

1995). Kx values were calculated by Huang et al. (1995) for a range of indigo 

derivatives. Many of the nucleants achieved Kx in the range 0.4-0.6 at 

8°C/minute cooling, and 0.8-0.9 at 2°C/minute cooling. 

Molecular shape may be significant for ~-nucleating agents, for example it was 

suggested that the presence of a sulphur atom in or above a phenyl ring can 

induce the ~-form (Garbarczyk and Paukszta (1981), after Huang et al. 1995). If 

carbonyl groups can be linked to a-nucleant behaviour in some nucleants 

(Fitchmun and Newman 1970, after Gray 1974) it is possible that some related 

molecular functionalities provide a suitable point for polypropylene to interact, 

causing ~-nucleation. 

The molecular structure of the nucleants studied by Huang et al. (1995) tended to 

contain sulfonic sodium groups, while the molecules in which the C=;O boAd 

remained unreacted had Kx values of 0.2 and below. It was also noted that the 

nucleants which gave high Kx values had diffraction peaks at d-spacings of 

2.83A, which is half of 5.644A, the ct-spacing of the strongest diffraction peak of 

~-iPP. 

Crystalline form appears to be significant in determining nucleating agent type, 

for example, calcium sulphate shows both a-and ~- nucleating capacity in its 

different crystalline states (Radhakrishnan and Saujanya 1998). The anhydrous 

form has a crystalline unit which favours a-nuclei, while the 't form (generated 

after heating the dihydrate) has a hexagonal conformation with a= 0.699nm, c = 
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0.634nm. This gives a very low lattice mismatch (0.15%) with P-form iPP which 

has a= 1.274nm and c = 0.635nm. 

With the development of techniques such as atomic force microscopy the surface 

topography has been better correlated with the crystalline morphology which it 

nucleates. Stocker et al. (1998) crystallised P-iPP epitaxially on single crystals of 

two specific nucleating agents (y-quinacridone and dicyclohexylterephthalamide). 

A good correlation was shown between the crystalline surface structure of 

y-quinacridone and the c axis repeat unit structure of P-form polypropylene. The 

(110) plane of P-iPP formed the contact plane with the substrate. Stocker et al. 

(1998) concluded that nucleating agents with an orthogonal geometry and a 

periodicity of around 6.5A are likely to induce the p polymorph of iPP. 

The heterogeneous nucleation of the polymer by the fibre surface appears to be 

altered in frequency by a number of factors. Several theories for a-nucleation on 

fibre surfaces have been proposed and investigated. These include surface 

thermal conductivity, surface tension, surface energy, surface polarity, notches on 

the surface, surface unit cell dimensions, and chemical similarity. These were 

reviewed in chapter 3. For P-transcrystallinity, the criteria governing nucleation 

will be different, and an understanding of P-nucleant behaviour is necessary. 

5.2 Experimental identification of potential nucleants 

5.2.1 Indigo and its derivatives as nucleants 

5.2.1.1 Materials 

Polypropylene of melt flow index 12g/10min was obtained from Aldrich and 

used as supplied. Indigo and indigo carmine were also obtained from Aldrich 

and used without further purification. 
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5.2.1.2 Methods 

Specimens of polypropylene containing a small quantity of indigo or indigo 

carmine were prepared for hot stage microscopy between pairs of cover slips. A 

single pellet of polypropylene was warmed to 220°C on a hot plate, a trace of 

nucleant was added and the top coverslip pressed down using forceps. 

Individual pellets doped with a similar amount of nucleant were prepared for use 

in hot pressed films. Five indigo or indigo carmine doped pellets were combined 

with twenty fi ve other polypropylene pellets. The polymer was melted at 220°C, 

then pressed between mild steel platens at 160°C and 30kg/cm2. 

5.2.1.3 Hot stage microscopy 

A hot stage schedule which warmed the material at l 0°C/minute, held the 

temperature at 220°C for five minutes to destroy any seed nuclei in the 

polypropylene, then cooled at 4°C/minute was used. With this schedule many of 

the larger crystals of indigo were observed to induce a-transcrystallinity on their 

surfaces during cooling. The nucleation occurred near 138°C, and the polymer 

was completely crystallised by 135°C. This is a considerably higher temperature 

than that observed for unnucleated polypropylene. 

Specimens containing indigo carmine appeared to have a greater amount of~­

form spherulites present before hot stage microscopy. The ~-spherulites melted 

at 150°C, and the a-spherulites melted at 173°C. During cooling at 4°C/minute 

both a-and ~-spherulites developed, but the ~-spherulites grew fast to become 

relatively large. 

5.2.1.4 Differential Scanning Calorimetry 

Samples of film containing indigo and indigo carmine were chopped to fine 

granules using a razor blade for differential scanning calorimetry (DSC). The 
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films had been generated during hot stage microscopy at a cooling rate of 

4 °C/minute. Samples of I 0mg were placed in open aluminium pans and 

observed at a heating rate of 4°C/minute against an alumina control. A control 

specimen of polypropylene sheet without additives was observed in the same 

manner. 

The thermogram for polypropylene with indigo is given in appendix I, figure 14, 

and the endotherm at 167. l 0°C indicates the presence of a-spherulites, as was 

also seen in the control (figure 16). The scan for indigo carmine (figure 15) has a 

small endotherm at 148.25°C, and a slight shoulder appears at 156.4.13 °C on the 

large a-spherulite endotherm at 167.89°C. Thus it appears that indigo carmine 

has induced a small quantity of P-spherulites within the polypropylene film , 

confirming the slight increase in P-spherulite population observed by 

microscopy. 

DSC was also performed on a polypropylene film containing calcium pimellate, 

prepared by the same method. In this the two endotherms at 146.61 and 

153.14°C were stronger than for either of the indigo derivatives (figure 17), 

indicating a more substantial increase in the P-spherulite population with this 

nucleant. The next section considers the use of calcium salts further. 

5.2.1.5 Discussion 

The indigo carmine nucleated more P-spherulites than indigo, although neither 

compound appeared to give sufficient P-nucleation. The forms of indigo used 

did not contain sulfonic sodium groups as were indicated to enhance P-nucleation 

by Huang et al. (1995). The leuco form of indigo (which contains the pair of 

sulfonic sodium groups) is easily oxidised by the air to the insoluble blue form, 

so the nucleating capacity of this form was not investigated. It is possible that the 

use of a faster cooling rate would have favoured P-nucleation, but this line of 

enquiry was not pursued. The DSC result for calcium pimellate indicates that 

this shows greater potential as a P-nucleant. 
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5.2.2 Calcium salts of organic acids as nucleants 

5.2.2.1 Materials 

Polypropylene of melt flow index l 2g/1 0min was obtained from Aldrich and 

used as supplied. Calcium hydroxide, calcium stearate, calcium acetate, pimellic 

acid, succinic anhydride and glutaric anhydride were obtained from Aldrich, 

BDH and Fisher Scientific and used as supplied. 

5.2.2.2 Preparation of calcium salts of organic acids 

Calcium salts were prepared by reaction of the organic acid/ anhydride with 

calcium hydroxide in aqueous solution. 0.2g of pimellic acid was dissolved in a 

small quantity of acetone, reacted with 24ml of 0.25M calcium hydroxide 

solution and precipitated from solution using an excess of acetone. The calcium 

salt was washed and filtered in a buchner funnel, dried in an air circulating oven 

over night and stored over silica gel in a desiccator. 

0.14g of succinic anhydride was combined with 5ml deionised water, 20ml of 

acetone and '50ml of 0.25M calcium hydroxide solution. An excess of acetone 

was used to precipitate the calcium succinate salt from solution. Similarly, 0.15g 

of glutaric anhydride was combined with deionised water, acetone and calcium 

hydroxide solution to form calcium glutarate on addition of excess acetone. The 

precipitate was filtered and washed with acetone in a buchner funnel, and 

transferred to the oven to dry over night before cooling over silica gel in a 

desiccator. 

5.2.2.3 Calcium salts of organic acids as nucleating agents in polypropylene 

Blends of polypropylene with low levels of calcium salts were prepared in a 

Haake Rheomix 600 high shear mixer using Banbury rollers. Batches of 50g 

polypropylene were introduced to the mixer which had a temperature of 190°C. 

After melting occurred, the calcium salt was added with a small portion of the 
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polypropylene to assist the flow of the salt powder. A residence time of 10 min 

was allowed to ensure good blending. The blended material was removed from 

the mixer and allowed to cool before pressing into films and thin sheets for 

microscopy and mechanical tests. 

The calcium salts tested were calcium acetate, calcium succinate, calcium 

glutarate, calcium pimellate and calcium stearate. These were used at a range of 

levels as shown in table 5.2.1. Additionally, a control blend using only 

polypropylene was prepared in the Banbury mixer, for comparison with the salt 

treatments. 

trace (0.02g) 0.2g 0.25g 0.4g 0.5g 
Calcium aPPl 1B aPPlOB 
acetate 
Calcium suPP34B 
succinate 
Calcium gPP35B 
glutarate 
Calcium pPP13B pPP12B pPP07B pPP12A 
pimellate 
Calcium sPP09B PPP19B sPP08B 
stearate 
Table 5.2.1 Calcium salt treatments in polypropylene. 

Calcium acetate gave some discolouration of the polypropylene, and the material 

removed from the mixer was yellowish. The pimellate and stearate blends had a 

whiter colour than the control polypropylene blend. 

5.2.2.4 Hot stage microscopy 

Pellets of PP were melted on coversl ips on a hot plate, and a small quantity of 

calcium pimellate was introduced. A Linkam TH600 hot stage on an Olympus 

BH-2 polarising microscope was used for observation of the films. Many ~-form 

nuclei appeared, around the introduced pimellate, at a higher temperature than the 

a-nuclei. The growth of ~-spherulites was also faster, and they attained a greater 

size than the a-spherulites. The dispersion of the salt in the polypropylene was 

fairly poor, so specimens with better uniformity were formed from the Rheomix 

blended material. 
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Thin films of the blends with the lowest additive level of calcium acetate, stearate 

and pimellate in polypropylene were formed. Molten polymer was pressed 

between steel platens, using a laboratory press at 60°C and a pressure of 

38kg/cm2
. Small squares of film were cut and mounted between pairs of 

covers lips for observation on the hot stage microscope. These were observed 

using a Leitz Wetzlar microscope and digital camera at cooling rates of 10 and 

20°C/minute. 

Plate 5.2.1 Calcium pimellate as a nucleant in polypropylene, cooled at 20°C/minute. (a) 220°C, 
(b) 124.1°C, (c) 121.4°C, (d) I 17.4°C. 

Photomicrographs for low levels of calcium pimellate in polypropylene are 

shown in plate 5.2.1 and 5.2.2. The ~-nuclei formed readily near 124°C. Many 

nuclei were fo1med, so the spherulites rapidly impinged upon one another, and 

crystallisation was complete by 114 °C. This was seen for both the l 0 and the 

20°C/minute cooling schedules. 
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During warming of the material from these crystalli sation studies, the melting of 

the P-spherulites was apparent in two stages. When observed in dark field 

polarised light, the P-spherulites lost their coloured birefringence by l 53°C, but 

remained visible with a lower magnitude white birefringence until l 56°C. The 

P-spherulites melted at this point, leaving isolated a-form spherulites scattered 

throughout the melt. The origin of these a-spherulites is uncertain, it is possible 

that they were nucleated amongst the P-spherulites during the cooling study, or 

that they are the product of P-a recrystallisation of a select few of the P-

spheru lites. 

Plate 5.2.2 Calcium pimell ate as a nucleant in polypropylene, cooled at I 0°C/minute. (a) 126.3, 
(b) 124.8°C, (c) 120.8°C, (d) 119.3°C. 

When calcium acetate or calcium stearate were used in the polypropylene blends, 

there was no P-nucleating effect. The cooling sequence for calcium stearate is 

shown in plate 5.2.3, and nucleation of a-spherulites proceeded in the same 

manner as was observed in pure polypropylene in chapter 2. 

146 



Plate 5.2.3 Calcium stearate as an additive in polypropylene cooled at I 0°C/rninute. (a) 220°C, 
(b) 124.5°C, (c) 12l.5°C, (d) 117.2°C. 

5.2.2.5 Mechanical properties of polypropylene containing organic salts 

Thin sheets of polypropylene blends containing calcium salts were prepared 

using an oven set to 200°C and a laboratory press at 60°C. 15g of polymer was 

placed on a stainless steel platen and introduced to the oven. After 

approximately half an hour, the molten polymer was sandwiched between a 

second platen (pre-heated to 200°C) and the blend was pressed by hand with 

rotation to assist elimination of air bubbles and encourage reorientation of the 

polymer chains. The sandwich of molten polymer was returned to the oven for 

five minutes to ensure complete melting, before transfer to the press where a 

pressure of 38kg/cm2 was rapidly applied. The sheet was pressed to 6mm stops, 

which included nominally 2mm for each platen, giving a sheet thickness of 2mm. 

The pressed sheets were removed from the press after a fi ve minute press 
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schedule, and cooled to room temperature on the laboratory bench before 

removal from the platens. 

Test specimens of 15mm x 70mm for tensile tests and 9mm x 70mm were cut 

from the sheets of polypropylene using a small band saw. The edges of these 

specimens were sanded using medium and then fine sand paper, working in the 

direction of the specimen long axis. The specimens were conditioned at 20°C 

and 65% relative humidity for three days prior to testing. Tensile tests were 

performed using an Instron 1195 and unnotched Charpy-type impact tests using a 

Zwick pendulum impact tester. These test methods are discussed further in 

chapter 7. 

5.2.2.5.1 Tensile properties 

The mechanical properties for each 0.2 to 0.25g calcium salt blend were 

calculated (table 5.2.2) and compared with the control. The stress at maximum 

load for the succinate and glutarate specimens was very similar to the control, 

while pimellate and stearate showed a decrease. However, the calcium pimellate 

and stearate blends had substantial increases in strain and energy at break, which 

are indicative of a potential increase in impact energy. 

Stress at Modulus of Strain at break E~ergy at break 
maximum load elasticity • 

(MPa) (MPa) (%) (J) 
mean SD mean SD mean SD mean SD 

control 41.10 14.03 564.6 55.6 26.85 4.76 3.14 1.22 
succinate 39.22 16.27 638.0 78.8 39.03 12.02 4.50 1.32 
glutarate 40.39 11.08 643.4 47.8 63.33 43.79 5.74 2.86 
pimellate 31.11 5.83 541.2 72.2 97.29 23.95 9.94 1.76 
stearate 33.30 13.14 594.3 60.4 121.35 17.44 11.10 1.38 
Table 5.2.2 Mean and standard deviation (SD) of mechanical properties for blends containing 
various calcium salts as nucleating agents. 

ANOV A of mechanical properties by calcium salt type showed that these 

differences were significant. The stress at maximum load, strain at maximum 

load and energy at maximum load had R2 values of 65.95, 6.05, and 11.15 

respectively. The strain at break and energy at break had R2 values of 27.37 and 
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32.87. The modulus of elasticity gave slightly less clear results, with an R2 value 

of 3 .25, i.e. is significant at 98.5% confidence. 

Stem and leaf plots of the mean and confidence interval were created for each 

treatment and each mechanical property. These indicated that for calcium 

succinate and calcium glutarate, the difference from the control was less marked 

than for the pimellate and stearate. ANOVA of calcium pimellate (0.25g) and the 

control, and of calcium stearate (0.25g) and the control, were performed, and the 

results are presented in table 5.2.2. 

Calcium oimellate Calcium stearate 
Stress at maximum load 69.99 89.32 
Strain at maximum load 4.69 6.78 
Energy at maximum load 7.12 15.24 
Strain at break 75.66 239.31 
Energy at break 51.03 141.26 
Modulus of elasticity 0.21 0.94 
Table 5.2.2 F values for each mechanical property of two calcium salt blends of polypropylene 
when compared with the control. 

There is a possibility that the alteration in strain at break, and therefore energy at 

break, related to the increase in mobility of polymer chains because of short chain 

stearate molecules. Stearic acid is used as a dispersion agent for fibre filled 

polypropylenes, and possibly calcium stearate would perform the same role. In 

the solid polymer, the short organic chain of the stearate may allow sufficient 

engagement in the amorphous regions of the polypropylene to enhance visc;ous 

flow and chain realignment under load. The pimellic acid salt has a shorter 

organic chain (seven carbon centres rather than 18) and this effect is unlikely, 

additionally pimellic acid is a di-acid, and the salt is likely to engage both acid 

functionalities with the same calcium cation, thus there is no free organic chain to 

entangle with the polypropylene chains. 

The calcium pimellate treatment was further investigated by regression analysis 

to determine the effect of increasing the pimellate level within the polypropylene. 

Graphs showing the regression line compared with the average value for the 

control polypropylene are given in figures 5.2.1-6. 
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Figure 5.2.1 Strain at maximum load for 
pimellate blends of polypropylene. 

45 

40 

i35 
;;30 
'O 

"' .Q 25 
1il 
E 20 . 
oi 
"' 15 
:3 
�~� 10 

plmellate 
- blends 

5 - control 

0+-,-,......,....,..,..,...,.............,......,....,..,......,...,...,..,.., ........ ...,..,.,.......,.....,.,......,.,.......= 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

Plmellate level (g) 

Figure 5.2.3 Stress at maximum load for 
pimellate blends of polypropylene. 

18 

16 

14 

4 

2 

_ plmellate 
blends 

- control 

0-+-,-...,..,.., ....... .,...,.....,.......,.....,...,.......,......,...,..,..,...,.....,.,......,.,.......,.....,.,......,."T"""'....., 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

Pimellate level (g) 

Figure 5.2.5 Energy at break for pimellate blends 
of polypropylene. 

3 

::::l,2.5 ~ -
-g 2 
.Q 

1il 
E 1.5 
.; 
>, 

�~� 1 plmellate 
- blends C: 

w 
0.5 - control 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
Pimellate level (g) 

Figure 5.2.2 Energy at maximum load for 
pimellate blends of polypropylene. 

140 

120 

-100 
�~� 
-"' 
"' " .ls 
.; 
C: 
-~ 
(/) 

80 
plmellate 

60 blends 

40 - control 

20 

o-1-,-,......,......,......,...,......,......,.....,....,......,......,.....,....,......,....,..,...,....,......,.........., 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

Plmellate level (g) 
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Figure 5.2.6 Modulus of elasticity in pimellate 
blends of polypropylene. 

Figure 5.2.1, 5.2.2 and 5.2.3 show that for mechanical properties recorded at 

maximum load there is a tendency to decrease on addition of pimellate to 

polypropylene, but the relationship with increased pimellate content is positive. 

Thus, at a higher level of added pimellate the property becomes equivalent to that 

of the control. For stress at maximum load the increase on increased pimellate 

content has a shallower gradient, and the stress at maximum load remained lower 
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than that of the control, even at the highest pimellate content tested. This loss of 

tensile strength may be a problem, but may be overcome by the addition of fibres 

to the system. 

Figure 5.2.4 and 5.2.5 show that the mechanical properties measured at break 

(strain and energy) are greatly increased by the presence of pimellate. The energy 

at break, or work of fracture, can be taken as a measure of the energy required for 

failure, and as such may relate to impact energy. However, the relationship is not 

direct, as it does not account for stress waves within the material which occur on 

rapid loading. It is however a good indicator that the pimellate has altered the 

failure mechanism of the polypropylene, and that some increase in impact energy 

might also be observed, in line with the work of other researchers (Jacoby 1986, 

Karger-Kocsis and Varga 1996). 

Figure 5.2.6 shows that the modulus of elasticity of polypropylene was reduced 

with increased levels of calcium pimellate, although at very low pimellate 

content the modulus may be as high as that of the polypropylene control (this 

apparent increase is an artefact of the regression process, in fact the low pimellate 

specimens had moduli comparable with the above average modulus values of the 

control specimens). The reduction in modulus is likely to be offset by the 

increase in modulus anticipated for fibre-filled polypropylene (Kishi et al. 1988, 

Kokta et al. 1989, Myers et al. 1991, Karmaker 1996) 

It appears that any level of pimellate between 0.02 and 0.5 will give a dramatic 

increase in strain at break and energy at break, as is desired for enhancement of 

impact resistance. High levels of pimellate will lead to a reduction in modulus of 

elasticity but this is not of great concern as an increase in modulus has been 

demonstrated by other workers, and is anticipated for natural fibre filled 

polypropylenes. The strain at maximum load is reduced for low levels of 

pimellate, and correspondingly, so is the energy at maximum load. This simply 

reflects the initial increase in modulus of elasticity, and is not a problem. 
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5.2.2.5.2 Impact properties 

The unnotched Charpy impact tests on the polymer blends proved to be 

problematic because of the thin and small nature of the test specimens. Very few 

specimens failed, as most were sufficiently flexible to pass through the 40mm 

test span of the impact test machine without breaking or suffering significant 

deformation. The specimen dimensions, 9mm x 70mm x 2mm, were selected 

because of the small quantities of polymer available per batch from the chamber 

of the Banbury mixer. It was not possible to repeat the tests with specimens of 

different dimensions, although this would have been desirable. 

The nature of impact tests is such that although the energy recorded on the impact 

tester will equate to some extent with the energy of flexure of the sample, it is 

unreliable. This is because of friction effects as the specimen travels through the 

aperture, and the unknown levels of the elastic and viscous components of the 

bending. Thus, it is only possible to deduce that the impact energy of these 

specimens is greater than that measurable by the 0.5J pendulum used in this 

experiment. 

5.2.2.5.3 Differential Scanning Calorimetry of nucleated polypropylene 

Sections of pressed sheet were chopped finely using a razor blade to form 

granules for differential scanning calorimetry (DSC). Samples of 10mg were 

placed in open aluminium pans for analysis in a PL-STA differential scanning 

calorimeter. The sample was heated at a rate of 4°C/min. 

Graphs of DSC results are presented in appendix 1. Figure 18 shows the scan for 

the control polypropylene (PP) sheet material, it has a large endotherm at 

167 .23 °C, which indicates the dominance of a-spherulites in the sheet. There is 

a slight shoulder on this endotherm at 160.06°C, corresponding with the al 

endotherm, but nothing to indicate any ~-spherulite presence. 

152 



Figure 19 shows the scan for PP with 0.5g acetate, this shows a strong endothenn 

at 166.71 °C and a pair of weak endothenns at 143.21 and 150.76°C. The 

calcium acetate appears to have caused a small increase in the number of~­

spherulites within the polypropylene. 

Figure 20 is the scan for PP with 0.25g calcium succinate, and the single 

endothenn at 166.63 °C shows the dominance of a-spherulites in this blend. 

Similarly the single endothenn in figure 21 for calcium glutarate indicates the 

absence of ~-spherulites with this additive. 

Figures 22-25 are for calcium pimellate, all of these show ~1 and ~2 endothenns. 

In figure 22, for 0.4g pimellate, these endotherms occur at 145.34°C and at 

151. l 6°C, and in figure 23, for the 0.5g pimellate blend, these endotherms are at 

145.86 and 152.07°C in addition to the 167.29°C a-spherulite endotherm. 

In the blend containing only a trace of pimellate (figure 24) the ~1 endotherm at 

145.50°C was greatly exaggerated. A repeat DSC scan was performed and the 

145°C endotherm was still larger than that seen in the high pimellate content 

batches. It appears that low levels of pimellate also result in good ~-spherulite 

development. This may relate to spherulite size, in that a smaller population of 

larger spherulites will sustain a greater level of stress related to cooling below . 
T*, and give rise to a greater �~� 1 endotherm, as the structure is reordered on 

heating. Similarly, in the thennograrn for the 0.25g pimellate blend (figure 25), 

the 146.27°C endothenn was more prominent than in the 0.5g blend. Ratios are 

shown in table 5.2.3 

Figure 26 is the scan for 0.5g calcium stearate in PP. Here the only endothenn 

occurs at 166.69°C, indicating the presence of a-spherulites. There is a very 

slight shoulder on the endothenn in the region corresponding with ~-spherulites 

but the population (if present) is very sparse. 
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The proportion of P-spherulites was estimated using the ratio of the p 1 :a2 

endotherms (table 5.2.3). The depths of the 143 and 167°C endotherms, from 

which this ratio was calculated, are also presented in the table. The use of 

pimellate as an additive increased the ratio from 0.45 in PP with no additives, to 

the range 0.2-0.4, depending on pimellate level. This was greater than the ratio 

seen in any of the other calcium salt additive levels, which tended to be 

approximately 0.1. The ratio of p 1 to ~2 was also calculated (table 5.2.3), 

relating to the recrystallisation of the P-spherulites. The �~� 1: P2 ratio was much 

higher for pimellate nucleated blends than any of the other calcium salts. 

Blend % Pl p2 cx.2 Ratio 
nucleant (143°C) (151°C) (167°C) p 1 :cx.2 

uPP0lA none 5.0 * 11.0 * 95 0.12 
sPP08B 1.0 7.5 * 13.5 * 74 0.10 
sPP09B trace 7.5 * 14.5 * 80.5 0.09 
aPPl0B 1.0 8 14 74 0.11 
aPPllB trace 6* 11.5 * 71 0.08 
pPP07B 0.8 21 17 75 0.28 
pPP12A 1.0 16.5 15.5 75.5 0.22 
pPP12B 0.5 36.5 14.5 82.5 0.44 
oPP13B trace 27 16 77 0.35 
suPP34B 0.4 7* 13 * 74.5 0.09 
gPP35B 0.4 7* 12 * 80.5 0.09 
Table 5.2.3 Ratios of DSC endotherms for 143, 151 and 167°C relating to proportion of P­
spherulites and type of P-spherulites. * denotes a shoulder to a larger endotherm rather than a 
discrete endotherm. 

5.2.2.6 Discussion 

Ratio 
p1:p2 

0.45 
0.56 
0.52 
0.57 
0.52 
1.24 
1.06 
2.52 
1.69 
0.54 
0.58 

The best P-nucleant was calcium pimellate, and the enhanced strain at break, 

work of fracture and likely increase in impact energy, relate to this. The 

difference in a- and ~- spherulite content of the pimellate and stearate blends of 

polypropylene indicates that although the effect on the mechanical properties 

measured was very similar, the crystalline morphology is very different, which is 

surprising. As discussed above, the molecular structure of the pimellate and 

stearate sal ts is substantially different, and the potential mechanisms for 

interaction with the polypropylene are different. The pimellate has a small 

organic chain with two highly polar carboxylate functionalities, and the 

crystall ine packing with the calcium is likely to be relatively strong. The long 

aliphatic chain of calcium stearate may allow some sort of emulsifying effect, 
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possibly forming micelles of polar matter within the non-polar polymer. This 

would have less potential to act as a specific nucleant as the structure exposed to 

the polypropylene would not be rigid or of regular texture. Further investigation 

would be necessary to confirm that the mechanical properties were achieved by 

the two different mechanisms. 

Some clues to the size and shape of P-spherulites can be gained by considering 

the proportion of the two P-spherulite endotherms at 143 and 151 °C. The 

pimellate nucleated blends all show a much greater level of recrystallisation ( at 

P 1) than the other salt blends, giving higher �~� 1: p2 ratios, at all levels of 

pimellate addition. 

The recrystallisation of pimellate nucleated blends relates to the increased P­

spherulite size, which is due to nucleation at elevated temperature. In hot stage 

microscopy of pimellate in PP, the formation of ~-nuclei occurred at a higher 

temperature than the a-nucleation. Thus, in addition to the faster growth rate of 

P-spherulites, the time available for ~-spherulite growth was also greater. With 

the other calcium salts the nucleation of P-spherulites did not reliably occur at 

elevated temperature, and any ~-spherulites are likely to have been smaller. 

Smaller P-spherulites would sustain a lesser degree of cooling stress as the area 

of a sphere ( over which the contraction is spread) is a function of the radius 

squared (A=4m2
). 

5.3 Calcium pimellate as a fibre treatment 

The calcium salt of pimellic acid was selected as a potential fibre treatment for 

further investigation with a view to enhancing the impact properties of natural 

fibre filled polypropylene. 
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5.3.1 Materials 

Spruce TMP fibre was supplied by the BioComposites centre. Hemp fibre was 

supplied by JB Plant Fibre, and pulped as reported in chapter 4. Calcium 

hydroxide and pimellic acid were supplied by BDH and Fisher Scientific. 

5.3.2 Fibre treatment method 

lg of pimellic acid was placed in a 600 ml beaker and dissolved in a small 

quantity of acetone (10 ml was sufficient to give complete dissolution). 6 grams 

ofTMP or hemp fibres were added to the beaker, the fibres were turned using a 

glass rod to absorb the pimellic acid solution evenly. 240ml of 0.025M solution 

of calcium hydroxide was added and the mixture stirred to encourage contact 

with all fibres. An excess of acetone (approx 360ml) was used to precipitate the 

calcium salt from solution around the fibres. 

The fibres were filtered using a buchner funnel and filter paper and washed with 

acetone. The fibres and filter paper were transferred to an air circulating oven at 

100°C to dry overnight before cooling over silica gel in a desiccator. 

5.3.3 Hot stage microscopy of pimellate treated fibre in polypropylene 

5.3.3.1 Melting behaviour 

A sample containing a hemp fibre with pimellate treatment was photographed 

before and during heating. The ~-morphology transcrystalline layer melted at 

158°C, leaving the a-spherulites of the matrix bulk visible (plate 5.3.lb). This 

confirmed that the treatment had successfully introduced a ~-form polypropylene 

interphase. It is also apparent that there are a number of small a-morphology 

entities visible very near the fibre surface. It is possible that these were rapidly 

engulfed by the fast growing ~-form transcrystalline material during the initial 

crystallisation process. 

156 



Plate 5.3.1 (a) ~-transcrystalline material around a pimellate treated hemp fibre, (b) the same fibre 
after the ~-phase material has melted at l 56°C. 

5.3.3.2 Cooling rate studies 

The development of transcrystalline layers on the pimellate treated fibres was 

observed on the hot stage microscope, and photographs were taken for 

determination of the growth rate as reported in chapter 2. Densely nucleated ~­

form transcrystalline formations were observed on all fibres, and at all of the 

cooling rates studied (20, 10, 8, 6, and 4 °C/minute ). 

A selection of pictures from hot stage observation of pimellate treated TMP, 

viscose and hemp fibres have been presented in plates 5.3.2, 5.3.3 and 5.3.4. 

These have the same format as plates 2.2.5 to 2.2.9, of untreated fibres. Similar 

trends were seen, in terms of increasing growth rate at low temperatures and 

increased temperature of fir st observation at slow cooling rates. 

The onset of nucleation in the pimellate treated fibre experiments was 

considerably earlier than in the untreated fibre experiments reported previously. 

In plate 5.3.2 (pimellate treated TMP fibre) the development of a densely 

nucleated transcrystalline layer is observed by 126°C, the temperature at which, 

for the untreated TMP fibre (plate 2.2.9), nucleation had scarcely begun. 

Similarly, for the viscose fibre (plate 5.3.3) transcrystalline development was 

well established by l 22°C, which in the untreated experiment had seen only 

sporadic spherulite development on the fibre surface (figure 2.2. 7). 
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For the hemp fibre (which was a strong a-nucleant in the untreated fomi) the 

elevation of nucleation temperature is not so pronounced, but an increase of a 

few degrees was seen for the pimellate treated fibres (plate 5.3.4). 

In some examples, there are ~-nuclei forming in the melt as well as on the fibre 

surface. This indicates that the pimellate treatment may be lost into the melt 

during handling. This may be a problem in some processing applications. In 

other examples, for instance the viscose set of experiments (plate 5.3.3), the onset 

of a-nucleation in the matrix bulk is clearly observed near 119°C, with the lower 

birefringence a-spherulites developing considerably later than the P­

transcrystallini ty. 

The growth rate of the P-transcrystalline layers was calculated for all experiments 

(figure 5.3.1). The growth rate was faster than the a-transcrystalline material 

observed in the previous experiments, as is expected for P-iPP. 
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Figure 5.3.1 Growth rate of a ~-transcrystalline layer on pimellate treated hemp fibres, and an 
a-transcrystalline layer on untreated hemp fibre. 
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5.4 Minimat tests on single pimellate treated fibres in PP 

5.4.1 Method 

Polypropylene pellets containing single pimellate treated fibres were prepared in 

the same manner as used previously for untreated fibres. Films containing five 

single fibre pellets were pressed at 60°C in a laboratory press. Dog-bone 

specimens containing individual fibres, or pairs of fibres were selected and cut 

from the films. These were tested in the microtensile tester at a strain rate of 

0.5mm/minute to a maximum extension of 10mm. The failure of the specimens 

was observed through a 4x objective lens on the microscope using a video 

camera as described previously. 

5.4.2 Observations 

The films from which the specimens were cut contained an altered 

microstructure, not only in the immediate vicinity of the fibres, but also as though 

the passage of fibres through the melt had altered the crystallisation of the areas 

behind them (plate 5.4.1). This alteration in behaviour is most likely explained 

by the abrasion of the pimellate coating from the fibres into the matrix during 

pressing. 

Other fibres had more prominent transcrystalline layers (plate 5.4.2), although 

this transcrystallinity was not as thick as that observed during the hot stage 

microscopy experiments. 

The mechanical properties for the examples tested are presented in table 5.4.1. 

The stress at maximum load was higher than the control, as was the modulus of 

elasticity. These subtle differences are not conclusive because of the many 

sources of error in the tests, not least the variability of fibre dimensions and 

specimen dimensions. 
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Transcrystall ine microstructure around pimellate treated fibre in polypropylene. 

Specimen Stress at maximum load Modulus of elasticity Strain energy 
(MPa) (MPa) (mJ/mm3

) 

Pimell ate treated fibre, 60°C press 
pTMPI_ I 22.8 18 1.8 ( 1699.9) 
pTMP2_ 1 20.7 117.4 ( 1986.0) 
pTMP6_1 25.0 229.6 1015.0 
pTMP3_ 1 25.4 2 16. 1 4721.5 
pTMP3_2 25.6 193.5 5574.6 
pTMP9_1 21.6 208.3 999.4 
pTMP9_2 22.1 156.3 5173.7 
oTMP9 3 25.4 161.5 5763.1 
mean pimellate 23.5 183.1 4446.4 
mean control 20.6 161.4 4539.3 
Table 5.4.1 Results of microtensiJe tests on pimell ate treated fibres, with control data from 
chapter 3. 

The stress-strain graphs for several specimens are given in figure 5.4.1. This 

shows a very similar pattern of behaviour to the control specimens presented in 

figure 3 .4.1. There is a near-elastic response in the initial section of the curve, 

foll owed by a maximum stress of 20 to 25MPa. The graph then dips, while the 
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specimen necked and cold drawing began. Once the neck is established the stress 

again increased. The average strain energy was very similar to that of the control. 
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Figure 5.4.1 Stress strain graph for the failure of pimellate treated fibres. 
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Two specimens failed by tearing from a weak point in the fibre outwards. The 

other specimens failed by drawing and extended to the full 10mm when the test 

was stopped (figure 5.4.1). The deformation followed a similar process to that 

seen in other single fibre tests, with the whole specimen stretching to the elastic 

limit, then one area developing stress-whitening and establishing a neck. The 

polypropylene immediately adjacent to the pimellate treated fibres appeared to 

develop a stress whitened coating before the neighbouring matrix. 

The failure process was observed with crossed polarisers and plane polarised 

light (plate 5.4.3a-e). The region immediately adjacent to the fibre is brighter 

than the matrix bulk, as the ~-form morphology dominates the interphase region. 

During tensile loading there was some additional birefringence due to stress 

concentrations, for example at the bend in the fibre in plate 5.4.3c. On further 

loading the level of birefringence in the interphase decreased, as did the quantity 

oflight transmitted by the a-spherulitic matrix (plate 5.4.3d,e), so after four 

minutes the lower polariser was removed (plates 5.4.3f-i). As the polypropylene 
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stretched the fibre became straight, and a neck was established in the right hand 

side of plates 5.4.3 h and i. 

While there seems to be very little difference in the stress-strain graph of the 

pimellate treated fibre specimens, compared to the control, the failure mode at 

the interphase was slightly altered as observed optically. However, further tests, 

and an improved specimen production method, would be required in order to 

derive data on the stress transferred through the P-transcrystalline interphase. 

Plate 5.4.3 Development of failure in pTMP05_1 (a) Fibre before testing (crossed polarisers), (b) 
stress development during elastic deformation, (c) strong birefringence at a bend in the fibre, (d) 
darkening of a-spherulitic material due to deformation, (e) brightness still detectable in the P-iPP 
at the interphase, (f) after removal of the lower polariser, (g) fibre has become straightened by 
loading, (h) specimen starts to neck, (i) neck is established. 

The fibre within the cold drawn specimen tended to fracture into many small 

segments. The sections of fibre held the walls of the void in the polymer apart, 

and sections of fibre were visible along the whole length of the void in the drawn 

region (plate 5.4.4a,b ). 
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Plate 5.4.4 (a) Drawn section ofa microtensil e test specimen containing fibre fragments, (b) 
close up ofone fibre fragment, (c) closely spaced fragments in the zone where drawing is acti ve, 
( d) close up of fibre fragments in undrawn polypropylene. 
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In the region where fibre was still surrounded by undrawn polymer (plate 5.4.4d) 

there was also evidence of fibre fragmentation, and these regions of the fibre 

often were surrounded by cracks in the polymer matrix. 

5.4.3 Hot stage observations 

The section of film shown in plate 5.4.l was mounted on the hot stage for 

observation. The specimen was warmed at 10°C/minute, held at 200°C for five 

minutes to destroy seed nuclei and cooled at 10°C/minute to 100°C. The melting 

point of the polymer surrounding the fibre was difficult to detect, but a melting 

step appeared to occur near 150°C with some of the colour being lost, the main 

melting event occurred at 165°C, as is typical for a-spherulites. 

During cooling, the crystallisation was observed. The resulting morphology 

(plate 5.4.5d) was very similar to that observed in the hot stage studies on cooling 

rate, and strikingly different to the original morphology of the film (plate 5.4.1). 

The cooling rate used on this schedule (l0°C/minute) gave spherulites which 

were much larger than the original spherulites (formed under press conditions), 

so the cooling rate within the press is likely to have been considerably higher 

than l 0°C/minute. 

The cooling rate of l 0°C/minute has given a broad transcrystalline layer 

originating from the treated fibre, and a number of P-spherulites have grown 

from pimellate which is present in the matrix bulk. This confirms that the lines 

of altered spherulite type which were visible in the original film relate to the 

pimellate which has been abraded into the matrix, rather than to stresses as the 

fibre passed through the matrix during pressing. 

The film pressed at 60°C has a much greater spherulite population density, and 

these spherulites are of much smaller diameter than those seen in the 

l 0°C/minute cooled sample. The press gives very rapid cooling, which increases 

the number of spherulites formed. This may alter the balance of a- and P­

spherulites formed, and the proportion of a- and P-form material which develops 
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�~� . 
Plate 5.4.5 Crystalli ne development around the pimell ate treated fi bre during cooling at 
10°C/minute (a) 125°C, (b) 123°C, (c) 12 l °C, (d) l 19°C, (e) l 17°C, (t) l I l °C 
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(as P-spherulites grow more rapidly than a-spherulites they often dominate slow 

cooled melts when P-nuclei are present). The small spherulite radius of both the 

a- and the P-spherulites in plates 5.4.1 and 5.4.2, indicates that in this case the 

cooling has been so rapid that even the P-spherulite growth was limited by 

impingement between the many spherulites. 

The warming cycle was repeated, but on cooling the hot stage temperature was 

allowed to fall freely. This gave a faster cooling rate than the l 0°C/minute rate, 

but the crystalline development still followed a similar pattern to the previous 

cooling rate studies. A P-transcrystalline layer developed, accompanied by P­

anda-spherulites in the bulk (plate 5.4.6). 

-
Plate 5.4.6 Crystalline morphology generated with free cooling from 200°C (a) nucleation at 
121 °C, (b) ~-transcrystalline layer and ~-spherulites with some a-spherulites also growing at 
11s0 c. 

5. 5 Discussion 

The work with indigo derivatives gave relatively poor levels of P-nucleation, so 

attention turned to calcium salts of organic acids. Of these, calcium pimellate 

showed the greatest promise when used as a nucleant in polypropylene. Calcium 

stearate gave a similar increase in strain energy in tensile tests, and showed a 

similar reduction in modulus of elasticity and stress at maximum load. The P­

spherulite content of the pimellate specimens was confirmed by DSC, but the 

stearate specimens had an a-spherulite dominated microstructure. Therefore, the 
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alteration in failure mode must in this case relate to the action of calcium stearate 

as a plasticiser, not a P-nucleant. 

The treatment of fibres with calcium pimellate gave a satisfactory level of P­

nucleation to generate a transcrystalline layer around the fibre. Hot stage 

observation confirmed this, the growth rate of the P-transcrystalline material 

being consistently faster than that of a-transcrystalline material in cooling rate 

studies. This is faster than the growth rate of a-transcrystallinity. 

It appears that some of the pimellate coating was lost into the matrix during 

production of the specimens, and the ~-content of the matrix was increased as a 

consequence. The quality of the bond between the pimellate and the fibre is 

likely to be poor, and the transcrystalline layer may in fact be a 

pseudotranscrystalline layer, originating from point nuclei near, but not on, the 

fibre surface. This allows non-~ entities to be formed within the layer, as was 

observed after melting of the P-form material around some fibres. 

Microtensile specimens were formed with the aim of testing single fibre 

specimens with a P-transcrystalline interphase. The behaviour of the films and 

fibres during testing was apparently very similar to that of unmodified and 

succinylated fibre test specimens. The polymer established a neck and drew, and 

the fibre in the necked region broke into short fragments. The period 

immediately before necking was marked by stress whitening of the fibre-matrix 

interphase region, which seemed to relate to the ~-form transcrystalline material 

present there. 

The films for microtensile testing were pressed at 60°C, which had been used in 

the production of the control sets of specimens, as it gives a good uniform matrix. 

The P-nucleant behaviour was altered slightly by this rapid cooling, and the films 

did not have a characteristic P-iPP appearance, but regions of altered 

birefringence were observed, which corresponded with the regions containing 

pimellate treated fibres. The transcrystalline layer, if present, was considerably 
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thinner than had been observed in the hot stage microscopy studies. The 

behaviour seen on warming these regions confirmed that ~-form material was 

present, with birefringence being lost near 150°C. The ~-form material around 

the fibres was not discernible as transcrystalline however, because oflimitations 

of the microscope, and the small spherulite size in the matrix which distorted the 

path oflight and levels of birefringence observed. 

It became apparent that much of the calcium pimellate was not bonded to the 

fibre surface. As such it may in fact provide a point of weakness, as the matrix 

interacts with the nucleant but not the fibre. This may have led to an increased 

tendency for debonding of the fibre and matrix. An improved system, using a 

specific nucleant which is chemically bonded to the fibre would give better 

adhesion, and hopefully allow the phase transition toughening mechanism to 

operate, enhancing the fibre-matrix integrity and load transfer mechanism. 

5.6 Conclusion 

Calcium pimellate was identified as a good P-nucleant, and gave a significant 

increase in strain energy in tensile tests of ~-nucleated polypropylene. Calcium 

stearate gave a similar alteration in properties without generating a P-spherulitic 

microstructure. The calcium stearate may act as a plasticiser rather than a,~-
' 

nucleant. 

P-nucleation on natural fibres has been observed during hot stage microscopy 

when calcium pimellate was present on the fibre surface. The mechanical 

properties and stress-strain graphs of the microtensile test specimens were not 

significantly altered by the use of pimellate fibre treatment. This may relate to 

the limited proportion of the specimen which is inhabited by the transcrystalline 

region. The majority of the specimen retained the same small a-spherulitc 

microstructure. The thin P-form layer surrounding the fibre was not confirmed as 

transcrystalline, but optical observation during testing revealed altered levels of 

birefringence during deformation within this layer. 
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In many of the specimens prepared for microtensile testing there was evidence of 

migration of the pimellate into the matrix due to the stress applied during 

pressing. The study of ~-transcrystalline layers could be improved by the 

development of surface grafted ~-nucleants to ensure full adhesion of the 

nucleant to the fibre, and a uniform transcrystalline layer. Further developments 

in microtensile test method would be also advantageous, in order to derive 

quantitative data about stress transfer within the transcrystalline interphase. 
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6 Fibre treatment and polypropylene crystallisation 

6.1 Introduction 

Following the ~-nucleant fibre treatments developed in the previous chapter, a 

chemically bonded fibre treatment was sought to give ~-nucleant fibres which 

would be robust during processing. As the successful ~-nucleant was calcium 

pimellate, the option of calcium ion exchange onto a carboxylic acid 

functionalised fibre was considered. 

Chemically modified fibres have been used for ion exchange. Good results were 

shown by Nakano et al. (1990a, 1991) who exchanged calcium, magnesium and 

other cations onto succinylated and carboxymethylated wood fibre. The 

succinylated wood gained a greater metal content than the carboxymethylated 

wood (Nakano et al. 1990a). Work has also been done on the physical properties 

of metal ion exchanged succinylated and glutarylated woods by dynamic 

mechanical analysis (Nakano et al. 1990b ). 

6.2 Calcium ion exchange 

6.2.1 Materials 

Acetylated, succinylated, maleated and glutarylated thermomechanical pulp 

(TMP) fibres were prepared as described in chapter 4 ( 4.2.1 .4). Additionally, 

succinylated TMP fibres ion exchanged with sodium (Na+sTMP) were supplied 

by the BioComposites Centre. 

Calcium acetate, supplied by Fisher Scientific, was used in a 0.05M solution with 

deionised water. Hydrochloric acid was supplied by BDH. 
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6.2.2 Ion exchange by immersion 

Trials were done using the anhydride modified fibres prepared in chapter 4. 20ml 

of calcium acetate (0.05M) was placed in a 50ml beaker with 0.3g of modified 

fibre. The beakers were placed in a vacuum chamber and a vacuum was drawn 

for two hours to assist the penetration of solution into the fibres. After this the 

fibres were filtered using a Buchner funnel and dried in an air circulating oven at 

105°C. 

The weight change by the fibres was determined using a four figure balance, 

however, each fibre type demonstrated a slight loss of mass after soaking in 

calcium acetate. This loss of mass may relate to experimental error, or to a loss 

of calcium succinate into solution. Similarly, acetylated fibres were inefficient as 

receptors for calcium ions as the grafted group has no free carboxylic acid. 

6.2.2.1 FTIR of chemically modified and calcium ion exchanged fibres 

Samples of chemically modified, and calcium treated, fibres were ball milled and 

FTIR spectra were obtained using a 1:100 w/w ratio of fibre and potassium 

bromide. The spectra were obtained using a Nicolet 750 series II, 

spectrophotometer, and are presented in appendix 2. 

The FTIR spectra for extracted TMP fibres, soda pulped hemp fibres, hardwood 

chemical pulp fibres, viscose and lyocel are given in appendix 2, figures 1-5. 

The spectra for succinylated fibres (appendix 2, figures 12-18), showed increased 

absorptions at 1733cm-1, as did the glutarylated fibres (figures 20-22). In both 

cases, this ester absorption was less strong in the hemp and viscose fibres, as the 

degree of esterification was lower than that of thermomechanical pulp fibres. 

The spectra for the acetylated, succinylated, maleated and glutarylated fibres 

were compared, before and after calcium ion exchange. For the succinylated 

fibres this revealed an increase in the 1555 and 1421cm-1 absorptions (figure 25), 

when compared to figure 12. These absorptions relate to the antisymmetric and 
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symmetric stretch for carboxylic acid salts. The calcium treated glutarylated 

fibres also showed an increased absorption at 1566cm-1 (figure 26), but the 

1421cm-1 absorption demonstrated little change. 

For the maleated fibres, there was only a small change in the 1400-1600cm-1 

region (figure 27), which is unsurprising as the maleated fibres had a lower level 

of grafted carboxylic acid functionalities (figure 19), therefore presenting fewer 

sites for ion exchange. The unmodified control and the acetylated fibres showed 

no increase at these wavenumbers (figures 28, 29). 

The dicarboxylic acid anhydride modified fibres therefore appear suitable for 

calcium ion exchange. And the greater reactivity of the succinic and glutaric 

anhydrides than maleic anhydride makes these the best suited for further study. 

6.2.3 Ion exchange of succinylated TMP fibres 

Succinylated TMP fibres were packed into a glass column fitted with a tap, 

250ml of a 0.05M solution of calcium acetate was then passed through the fibre. 

Acetic acid was evolved, so the fibres were washed with 200ml of deionised 

water before removal from the column and transfer to an air circulating oven to 

dry. These fibres will be referred to as csTMP. 

Sodium exchanged (Na+sTMP) fibres were packed in a column and 300ml of 

0.05M hydrochloric acid was passed through the fibre. The fibres were then 

washed with 200ml of deionised water and transferred to the oven to dry. These 

fibres will be denoted H+ sTMP. 

A batch of sodium modified TMP fibres were columned with hydrochloric acid 

as described above, then 200ml of 0.05M calcium acetate solution was used to 

exchange calcium onto the fibre surface. The fibres were washed with 200ml 

deionised water and dried in an air circulating oven. These fibres will be denoted 

Ca2+sTMP. 
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6.2.4 Scanning electron microscopy of treated fibres 

The various salt exchanged succinylated TMP fibres were observed with a 

scanning electron microscope. The fibres were adhered to aluminium stubs using 

epoxy resin, then sputter coated with gold using a Polaron E5000 sputter coater. 

A Hitachi S520 electron microscope was used with an electron acceleration of 

12kV. 

The sodium treated succinylated TMP fibres were observed to have encrustations 

on the fibre surface (plate 6.2.1 ). There were large patches without encrustation 

(plate 6.2.2), and two textures of encrustation were observed (plate 6.2.3, 6.2.4). 

This is likely to have been salt which was not completely washed from the fibre 

before drying. 

The replacement of Na+ by W using hydrochloric acid gave clean fibres, with no 

traces of encrusted salt remaining (plate 6.2.5). Some fibres had an exaggerated 

crinkled texture on the surface. After further ion exchange with calcium acetate, 

the Ca+TMP fibre surfaces (plate 6.2.6) remained unencrusted, there was very 

little difference from the H+TMP fibre surface. 

Succinylated TMP fibres from the pyridine-based method used in this study have 

been described previously in chapter 4, and had a rougher appearance than·,the 

Na+ sTMP because of the swelling during modification in pyridine solution (plate 

4.2.10-11). After ion exchange of calcium (csTMP) the fibres remained very 

similar in appearance (plate 6.2. 7), with a few patches of primary cell wall being 

separated from the surface, but the texture of the remaining area being smoothly 

rippled as in the other examples. 
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75µm 

Plate 6.2.1 Salt encrustation on sodium ion 
exchanged TMP fibres. 

20µm 

Plate 6.2.3 Texture of sodium salt on fibre 
surface. 

50µm 

Plate 6.2.2 Areas ofNa+sTMP without salt 
encrustation. 

15.0µm 

Plate 6.2.4 Crystalline sodium salt formations 
on the fibre surface. 
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Plate 6.2.5 Proton exchanged fibres, H+sTMP. Plate 6.2.6 Ca+sTMP fibres. 

25.0µm 

Plate 6.2.7 Calcium ion exchanged fibres 
(csTMP) as used in composite blends. 
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6.2.5 Hot stage microscopy 

Specimens of polypropylene containing individual calcium ion exchanged 

succinylated TMP fibres were prepared between pairs of coverslips according to 

the method used previously. Hot stage microscope studies were conducted at a 

range of cooling rates, from 20°C/minute to 4°C/minute, as reported in chapter 2. 

Before hot stage microscopy, the fibres in the polypropylene films were 

observed, and there appeared to be an a-form transcrystalline layer around the 

fibres (plate 6.2.8). 

Plate 6.2.8 Transcrystalline layers in polypropylene around calcium ion exchanged succinylated 
TMP fibres. 

6.2.5.1 Cooling rate studies of crystallisation around calcium treated TMP 

The series of photomicrographs from cooling rate studies are presented in plate 

6.2.9. The temperature at which the first spherulites were observed was lower for 

fast cooling rates, than slow cooling rates, as observed in the untreated fibre 

experiments. However, unlike previous experiments, the development of nuclei 

on the fibre surface occurred at a similar point to the development of nuclei 

within the matrix bulk. This result is unexpected, as heterogeneous nuclei 

generally occur at higher temperatures than homogeneous nuclei. It follows that 

the surface of the fibre must have a different surface energy or topography after 

treatment with succinic anhydride and calcium, than prior to treatment. 
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The nucleation density on the fibre surface was relatively poor at medium and 

slow cooling rates, giving an incomplete transcrystalline layer. Such nuclei as 

there were, were of the a-form. The calcium ion treatment does not seem to have 

generated any ~-nucleant sections on the fibre surface. This may relate to the 

topography of the succinylated fibre surface being unsuitable for the calcium to 

be incorporated between carboxylic acid moieties with the correct spatial 

arrangement. The level of succinylation of the surface may also have been 

insufficient for the calcium ion to become chelated between a pair of pendant 

carboxylic acid groups. 

6.2.5.2 Studies of crystallisation around succinylated TMP 

The crystallisation behaviour of polypropylene around succinylated fibres was 

studied for comparison with the calcium ion exchanged fibres. This set of studies 

gave a surprising result. The nucleation around the succinylated fibre was at a 

very high density, but this was almost exclusively in the polypropylene matrix 

(plate 6.2.10). This occurred around all fibres observed, at the fast and medium 

cooling rates. 

The specimen used for the 20°C/minute cooling rate study was also subjected to a 

isothermal crystallisation at 133°C, according to the same schedule used in 

chapter 2. During this crystallisation, the nucleation pattern was very different to 

that which had been observed in the same location at 20°C/minute cooling (plate 

6.2.11). The only nuclei which formed during isothermal crystallisation were the 

sparse early nuclei, which preceded the many nuclei near the fibre in the fast 

cooling rate studies. These early nuclei can be seen in plate 6.2.12b for the 

10°C/minute cooling rate at 127.3°C, and because of their persistence from one 

study to the next, they must be heterogeneous nuclei, formed at impurities of 

some sort. 
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20°C/minute 

220.0°c 124.0°C 121.0°c l 19.0°C I 10.0°C 
I 0°C/minute --,.--..-----

220.0°C 126.1°C 124.1°C 120.6°c 118.1 °C 110.1°c 
8°C/minute 

220.0°C 126.9°C 123.7°C 120.1°c I 18.1°C 111.1°c 
6°C/minute 

220.0°C 126.1°C 123.4°c 121.0°c 
Plate 6.2.9 Series ofphotomicrographs from four different cooling rate studies on calcium ion exchanged succinylated thermomechanical pulp fibre in polypropylene. 
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Plate 6.2.10 Series of photomicrographs from four different cooling rate studies on succinylated thermomechanical pulp fibre in polypropylene. 
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Plate 6.2.11 Spberulite development around a succinylated fibre during isothermal crystallisation 
at 133°C (a) molten, (b) after 2 minutes, (c) 4.5 minutes, (d) 7 minutes. 

Plate 6.2.12 Spherulite development around the same succinylated fibre when cooled at 
I 0°C/minute. (a) molten, (b) init ial nuclei at I 27.3°C, (c) many nuclei at 123.3°C, (d) spherulite 
growth at 120.3°C. 
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The multitude of nuclei which developed close to the fibre in the fast cooling rate 

studies must relate to a nucleation which only occurs at either a lower 

temperature than the 133°C of the isothermal experiment, or a cooling process, 

for example differential thermal shrinkage in the vicinity of the fibre. It seems 

very likely that this nucleation was caused by succinic anhydride loss into the 

melt, or altered behaviour of the polymer chains near the succinylated fibre. 

A study was done with a polypropylene specimen containing a small amount of 

succinic anhydride between cover slips, in a similar manner to the single fibre hot 

stage specimens. This specimen showed similar patches of high nucleation 

density, confirming the action of succinic anhydride as a nucleant. Succinic 

anhydride has a melting point of 119-120°C, and some appeared to be lost from 

the hot polymer by evaporation during specimen preparation. However, a small 

amount appeared to become dissolved in the molten polypropylene. The succinic 

anhydride may come out of solution in the polymer near 120°C in order to 

solidify, allowing it to act as a nucleating agent at this temperature, but not at 

higher temperatures, as was seen in the isothermal crystallisation experiment. 

The difference in polypropylene nucleation behaviour between the calcium 

treated succinic modified fibres and the succinylated fibres must relate to the 

removal of excess succinic anhydride during the reaction with calcium acetate. 

6.3 Pimellate treatment of modified TMP 

It was thought possible that the succinylated fibre surface might allow calcium 

pimellate to crystallise from solution onto the fibre with a greater level of 

bonding than onto the untreated fibre surface. 

6.3.1 Method 

Succinylated TMP fibres (3g) were soaked in acetone containing pimellic acid 

(0.5g). Calcium hydroxide (120ml of 0.025M solution) was added, then an 
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excess of acetone was used to precipitate the pimellate salt. The fibres were 

filtered using a Buchner funnel, washed with acetone and dried in an oven at 

105°C for 24 hours. This method was repeated with maleated fibres. 

6.3.2 Hot stage microscopy 

Single fibre specimens were prepared in polypropylene between coverslips as 

previously described. The specimens were observed at a range of cooling rates, 

using a Linkam TH600 hot stage and a Leitz Wetzlar microscope. 

Photomicrographs were taken using a Pixera digital camera, a pair of crossed 

polarisers and a sensitive tint plate. 

6.3.2.1 Cooling rate studies of pimellate treated modified TMP 

A selection of images from the sequences of cooling rate studies are presented in 

plate 6. 3 .1. The pimellate treated fibre gave a good ~-form transcrystalline layer, 

with limited ~-form nucleation in the matrix bulk. As was observed in the 

pimellate treated fibre experiments of chapter 5, the nucleation of ~-form 

transcrystallinity occurred at a higher temperature than the a-nucleation in the 

matrix. Thus a thick ~-form transcrystalline layer was observed, even at the 

fastest cooling rates. 

During the studies in chapter 5, pimellate from the treated fibre surface appeared 

to be lost into the melt during the course of the study, which is apparent in the 

micrographs of films prepared for microtensile tests (plates 5.4.1, 5.4.6 and 5.4.7) 

In the succinylated pimellate treated fibre study this problem does not seem to 

occur, and the carboxylic acid functionalities on the surface of the succinylated 

fibre may have been sufficiently polar to initiate pimellate crystallisation. 

However, the permanence of the pimellate adhesion to the fibre was not tested in 

any quantitative way. 
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20°C/minute 

220.0°c 120.s0 c l 17.5°C l 15.5°C 
10°C/minute 

220.0°c 125.7°C l 23.5°C 120.5°C l 18.5°C 115.0°C 
8°C/minute 

.~ I 

220.0°c 124.6°C 123.0°C 120.2°c l 18.6°C 115.8°C 
6°C/minute 

220.0°C 126.0°C l 22.4°C 120.0°c l 18.5°C 
Plate 6.3.1 Series ofphotomicrographs from four different cooling rate studies on pimellate treated succinylated thermomechanical pulp fibre in polypropylene. 



6.4 Discussion 

The use of succinylated TMP fibres for specific nucleation of transcrystalline 

layers appears to be of limited use because of the loss of succinic anhydride into 

the polypropylene matrix, which acts as an a-nucleant, giving a very fine 

spherulitic structure near the fibre. The succinic anhydride may be an excess, 

which has not reacted with the fibre, but as a lengthy extraction process had been 

applied to the fibres after modification, and there was no indication ofungrafted 

anhydride in the FTIR spectra for these fibres, it is more likely that the succinic 

anhydride or succinic acid is released from the fibre during prolonged heating in 

the polymer melt. 

In studies with the calcium ion exchanged fibres, the problem with succinic 

anhydride in the melt did not occur. If the succinic anhydride were the result of 

excess ungrafted anhydride in the succinylated fibres, then the calcium ion 

exchange process appears to have removed this problem. If on the other hand the 

succinic anhydride is evolved during heating, then the presence of calcium on the 

grafted fibre surface may have prevented whatever degradation mechanism 

operates. 

Neither the succinylated, nor the calcium ion exchanged succinylated, fibres 
• 

generated the intended ~-transcrystallinity. However, the pimellate treatment, 

when applied to succinylated fibres, did generate ~-transcrystalline morphologies 

on the fibre surface. There was also less indication ofloss of pimellate from the 

fibre surface during the experiments, compared with the unmodified fibres 

treated with pimellate. 
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7 Mechanical properties of composites with untreated 

fibres 

7.1 Introduction 

Having looked extensively at the effect of a range of fibres and treated fibres on 

the development of crystalline structures in polypropylene as matrix, and the 

effect of this on the small scale, it is necessary to consider the mechanical 

properties of the composite as a whole. A wide range of mechanical property 

data has been reported in the literature. Typically, an increase in stiffness 

(MOE), is expected on increased fibre load, some increase in strength (figure 

1.4.1) and a somewhat unpredictable alteration in impact behaviour (figure 1.4.3 

and 1.4.4). 

The decreased toughness observed with natural fibres in the matrix is often 

attributed to poor interfacial adhesion between the hydrophobic matrix and the 

hydrophilic fibre (Klason et al. 1984, Dalvag et al. 1985, Oksman and Lindberg 

1995, Oksman and Clemons 1998). When basalt fibres were added to 

polypropylene, for example, there was an increase in toughness without the 

addition of compatibiliser (Botev et al. 1999). Similarly, Hornsby et al. (1997) 

reported no change in toughness for glass fibre in PP without compatibiliser. 

However, polypropylene itself has a reputation for poor toughness, especially at 

low temperatures, and copolymers such as ethylene-propylene rubber are often 

used to enhance toughness where this is a desirable property. 

When additives, such as maleic anhydride-graft-polypropylene (MAPP), are 

added to natural fibre polypropylene composites the mechanical properties have 

been improved. Often the increase in strength with fibre content becomes more 

substantial when MAPP is added (Hornsby et al. 1997, Oksman and Clemons 

1998, Kazayawoko et al. 1999). 
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The impact response remains variable, especially that from notched impact tests 

(which reflect the ability of a crack to propagate through the material once 

initated). In the unnotched test there seems to be a consensus that the presence of 

MAPP causes an increase in impact energy or impact resistance (Krzysik et al. 

1991, Myers et al. 1991, Gatenholm et al. 1993, Clemons 1995, Stark 1999). In 

the notched impact tests, some authors report an increase (Kamani et al. 1997), 

Stark (1999) reports no change, and others report a decrease (Krzysik et al. 1991, 

Myers et al. 1991, Hornsby et al. 1997, Oksman and Clemons 1998). 

A large number of blends of fibre and polypropylene were formed, by the same 

method, to allow comparison between polymer viscosity, between fibre type and 

fibre size. The effect ofMAPP1 and MAPP2 as compatibilisers was also studied 

in the work reported in this chapter. 

7.2 Materials and methods 

7.2.1 Materials 

Two isotactic polypropylenes, with melt flow indices of 12 and 20 g/1 0min, were 

used as matrix materials for the composites. These were obtained from Aldrich 

and used as supplied. Two maleated polypropylene compatibilisers MAPP 1 and 

MAPP2 were also obtained from Aldrich. MAPP1 had a MF! of l 15g/10min, and 

MAPP2 had a much lower viscosity so the molecular weight of91,000g/mol was 

reported instead. 

The unmodified fibres studied were thermomechanical pulp (TMP), chopped 

soda pulped hemp and viscose staple. The viscose staple ( 40mm in length) was 

problematic in the small chamber of the mixer, and gave a blend which matted 

around the beater arms of the mixer and needed to be cut free at the end of 

mixing, so viscose staple which had been cut to 7mm lengths was used. Details 

of the fibre-loadings for each fibre type tested are given in table 7.2.1. 
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No release agents or other additives were used with the control blends, namely 

those with polypropylene and unmodified natural fibre. This was to minimise 

variation due to factors outside the experimenal design. 

7.2.2 Preparation of treated fibres 

MAPP treated fibres were prepared for blending, for comparison with the blends 

based on untreated fibres in the MAPP-PP matrix. 

Batches of 6g ofTMP fibres were treated with 9g ofMAPP1 or MAPP2 and 

300ml of pyridine in a round bottomed flask at 100°C in an oil bath for six hours. 

Fibres were then transferred to sinter glass extraction thimbles for extraction in 

4: 1: 1 solution for 24 hours, before drying in an air circulating oven at 105°C 

overnight. Weight percent gains of 11 % and 12% were observed for the MAPP1 

and MAPP2 modifications, respectively. 

7.2.3 High shear mix 

The fibres were blended with polypropylene using a Haake Rheomix 600 

Banbury mixer. The mixer consists of a figure-of-eight chamber with a pair of 

profiled rotating beater arms to blend the polymer. The central section of the 

chamber was heated to 190°C. A residence time of 20 minutes was used for all 

batches, to allow sufficient time for blending of the high fibre loading batches, 

while giving comparable periods of heating for all blends. Torque values of the 

melt and temperature were recorded by a Rheocord 90 computer system during 

processing. 

Batches had a total mass of 50g, the range of fibre loadings (weight percent) for 

each fibre type are presented in table 7 .2.1. The polypropylene was introduced to 

the chamber first, and up to three minutes was allowed for melting to occur 

before the fibre was fed in. After blending, the molten polymer - fibre blend was 

removed from the mixer chamber, cooled and stored before hot pressing. 
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TMP fibre hemp fibre viscose fibre 
Unmodified, ungraded 5, 10, 15, 20, 5, 10, 15, 20, 40mm staple 10 
control 25, 30, 35, 40 30 

medium 10,20,30,40 chopped 7mm 10,20 
coarse 10,20,30, 40 

MAPP, 2% un1rraded 10,20,30 10, 20 -·---
MAPP1 4% un1rraded 10,20,30 --- ---
MAPP2 2% ungraded 10,20,30 10,20 ---
MAPP2 4% ungraded 10,20,30 --- ---
Table 7.2.1 Fibre loadings (weight%) of blends formed for investigation of mechanical 
properties 

A series of studies were performed using 2 and 4% (of total composite weight) of 

MAPP1 and MAPP2 as compatibilisers, as shown in table 7.2.1. The MAPP 

pellets were added to the PP pellets before heating, and fibre was added 

subsequent to melting of the polymer. Additionally, blends using 10% fibre 

loading of MAPP, and_MAPP2 pretreated fibre were prepared. 

7.2.4 Hot press 

Batches of 20g ( ±2g) of polymer blend were weighed out onto 1OOx100mm 

stainless steel platens and warmed in a 200°C oven for 20-30 minutes. Once the 

blend was molten, a second platen (pre-warmed) was placed onto the melt, and 

pressure applied by hand. The sandwich was inverted to assist elimination of air 

bubbles, and returned to the oven for five minutes. 

The molten blends were pressed to 6mm stops in a 60°C hot press. The stop 

distance included the thickness of the platens, which were 2mm thick, giving a 

composite sheet of nominal thickness 2mm. Typically a pressure of 38kg/cm2 

was applied in the press. After five minutes, the sheet and platens were removed 

from the press. A further five minute cooling interval was allowed at room 

temperature before removal of the pressed sheet from the platens. 

The 200°C to 60°C processing conditions were selected in line with those 

specified in ASTM D4101 (1995) for injection moulding test specimens of 

polypropylene. While injection moulding was not used, the crystallisation 
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conventional tests in order to give crystalline morphologies which resembled 

those of conventional test specimens. 

7.2.5 Tensile tests 

Specimens of 70mm x 15mm were cut from the hot pressed sheets. The edges 

were sanded to a uniform finish using medium and then fine sandpaper, working 

in the direction of the specimen's long axis. The specimens were placed in a 

conditioning room at 20°C and 65% relative humidity to condition for three days 

before testing. 

Tensile tests were conducted on an Instron 1195 universal testing machine using 

self-tightening jaws, with a gauge length of 20.0mm. For tests on unfilled 

polymer the crosshead speed was 50mm/min, and for filled polymer the 

crosshead speed was 5mm/min. These speeds were selected in line with those 

specified in the ASTM standards relating to tensile testing of polypropylene, 

D638 and D4101 (1995). The strain was recorded as a function of the motion of 

the crosshead, as the short gauge length prevented suitable attachment of an 

extensometer. 

Maximum tensile stress, tensile strain at break and modulus of elasticity were 

calculated. 

Equation 7. I Stress = Force/ Area 
a = F I A 

Equation 7.2 Strain= elongation/ original length 
e = Lll/ l 

Traditionally the equation for modulus of elasticity is: 

Equation 7 .3 Young's modulus = stress at elastic limit / strain at elastic limit 
E = O"e! / t el 

However for plastics, which have a viscoelastic nature, the elastic limit is not 

clearly defined. The modulus of elasticity can be determined by the gradient of a 
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However for plastics, which have a viscoelastic nature, the elastic limit is not 

clearly defined. The modulus of elasticity can be determined by the gradient of a 

tangent to the steepest point on the stress-strain curve, or a secant modulus can be 

calculated at a specified percent strain, in the early section of the stress strain 

curve. 

Equation 7.4 0.5% Secant modulus= stress at 0.5% strain x 100 I 0.5% 
Eo.s = cro.s I Eo.s 

The energy at break can be calculated as the area under the stress-strain curve 

( equation 7 .5). Similarly the energy at maximum load is the area under the 

stress-strain curve up until maximum load. 

Equation 7. 5 Energy at break = f a de 

Statistical analysis of all mechanical test results was conducted in Mini tab 13, 

and in Genstat 5.3.2. 

7.2.6 Impact tests 

Specimens of 70mm x 9mm were cut from the hot pressed sheets. The edges 

were sanded to a uniform finish using medium and then fine sandpaper, working 

in the direction of the specimen's long axis. The specimens were placed iri ·a 

conditioning room at 20°C and 65% relative humidity to condition for three days 

before testing. 

Unnotched Charpy impact tests were performed on an analogue Zwick impact 

tester, using a 0.5J pendulum. The small specimen dimensions required a short 

span of 40mm between the specimen supports to provide sufficient resistance to 

the specimen. Conventionally, a span of 60mm is used (BS EN ISO 179: 1997) 

with specimens of 80mm length and greater thickness. This unconventional set 

up prevents comparison of this set of data with values quoted elsewhere, but 

trends within the datasets of this study are possible. 
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7.2.7 Scanning electron microscopy 

The failed surfaces of tensile test specimens for unmodified fibres in 

polypropylene were observed with a scanning electron microscope. A section, of 

five to seven millimetres depth was cut from the failed surface of the tensile 

specimen. The fracture surface was covered with masking tape during cutting to 

protect the surface. The sections were adhered to aluminium stubs using epoxy 

resin and sputter coated with gold using a Polaron E5000 sputter coater. A 

Hitachi S520 electron microscope was used with an electron acceleration of 

12kV. 

7.3 Processing observations 

7.3.1 Appearance, blending 

The blending of TMP fibre with polypropylene in the absence of any additive or 

compatibiliser was quite successful. In a few cases clumping of fibre occurred, 

but this was reduced in subsequent blends by using a slower rate of feed of the 

fibre into the mixing chamber. The TMP composite had a golden-brown colour, 

in which the fibres were visible giving a grainy appearance. 

' The hemp fibre pulp was difficult to blend because the clumps of dried pulp 

fibres did not separate well in the mixer. A second set of blends used fibre which 

had been separated somewhat by hand prior to mixing. This preparation gave a 

more uniform blend, and better incorporated the fibre into the melt. The hemp­

pp composite was a much darker (burnt sienna) brown than the TMP-PP blend. 

The long thin hemp fibres gave the appearance of a much finer and more uniform 

texture when the blending was good. 

The chopped (7mm) viscose blended with the polypropylene better than the 

40mm staple, but tended to form long oriented strands on removal from the 

mixer. It was difficult to alter or manage this orientation with the hot pressing 
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technique used in this study. The composite sheet contained clearly visible 

patches of highly oriented fibres. Consequently, the mechanical properties of the 

viscose blends were not tested. It is possible that other processing techniques 

would be more successful with this fibre polymer combination, and the good 

blending observed indicates that future developments with this blend are possible 

with an appropriate method and application. 

The torque values within the Banbury mixer during blending tended to increase 

to a maximum with each addition of fibre, but rapidly returned to a lower value 

once the fibre had become dispersed in the polymer. 

A plot of the torque changes during the blending of 40% of medium grade TMP 

fibre with polypropylene is presented in figure 7 .3 .1. The upper line represents 

the temperature within the mixer, on a scale from 0 to 200°C. The lower line 

relates the torque during mixing, with a scale of 0-20Nm. The torque reaches a 

maximum of l 4Nm at approximately 1 minute, when the polymer was added, 

before melting was complete, followed by a series of maxima as fibre was added 

in six installments, hitting a short lived maximum of 12Nm on full fibre loading, 

and declining to a final torque of 5.5Nm at 20 minutes. 

The final torque (after the 20 minute blending period) was higher than the torque 

of the polypropylene alone. This final torque tended to increase as fibre loading 

was increased (figure 7.3.2). 
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Figure 7.3.1 Typical torque variation during the blending process, a blend of 40% TMP in PP 
with MFI = 20g/1 Omin. 
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blending process 
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On the addition of MAPP to fibre filled blends, a further increase in the final 

torque was observed. This was most noticeable for the long chain MAPP1, but 

was also apparent for the somewhat shorter chain MAPP2. The increase in the 

presence of MAPP indicates that the MAPP is not acting as a dispersion agent 

(where a reduction in processing torque would be anticipated), but has increased 

the interaction of the fibre and the matrix. In the study by Myers et al. (1991) it 

is reported that a short chain MAPP (Epolene 43) had no significant effect on the 

melt viscosity, but their data actually shows a slight increase in melt viscosity 

from 2.30 to 2.44 kPa per gs-1• This effect, although at a low-to-negligible level, 

corresponds well with the significant torque increases observed for the longer 

chain MAPPs used in this study. Dalvag et al. (1985) reported in their literature 

review that when maleic anhydride was used as a coupling agent for calcium 

carbonate filled polyethylene and polypropylene, the melt viscosity increased 

substantially. 

7.4 Mechanical test results 

7.4.1 Work with unmodified fibres 

In establishing the control data set based on TMP fibre in polypropylene, a few 

problems were encountered. These are most appropriately dealt with before the 
' 

trends within and between data sets are investigated. An initial set of five blends 

was formed with TMP fibre (at 0, 10, 20, 30 and 40% fibre loading) in PP with 

MFI=12 g/lOmin, and from these blends tensile test specimens were prepared 

and tested. 

A typical stress-strain graph is shown in figure 7.4.1. In this graph it is apparent 

that there is a plateau region, relating to slippage within the testing machine 

grips, in the initial section of the curve. A variety of methods were attempted to 

prevent this problem but it was unavoidable. 
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Figure 7.4.1 Stress strain graphs for three specimens of20% TMP in polypropylene with MFI 12. 

In a perfectly elastic material, this first section of the graph would represent 

Hookean behaviour, with the sample deformation being directly proportional to 

the stress applied. In viscoelastic materials such as polypropylene, and its 

composites, this section of the graph remains of interest for determination of the 

elastic modulus, although a secant modulus is often used because of the 

viscoelastic response. During the mechanical tests, the 1 % secant modulus was 

reported for all samples tested. However, as this section of the graph contained 

the plateau region, the moduli were very variable and these were rejected. 

The secant modulus at 0.5% strain was calculated from the stress-strain data 

using a PERL routine. The plateau region, or the onset of slippage, was to some 

extent predictable within a batch of samples, but varied from one blend to 

another. The 0.5% strain region also proved to contain the plateau region for 

some of the batches of polymer, and these moduli were also unreliable. 

A second PERL routine was written to check all low modulus values (below 

400MPa), detecting whether the 0.5% strain region contained data from the 

plateau region. The check was based on the increment of stress between pairs of ,. 

data points (an increment of 0.02 or below was defined as part of the plateau). 

Thus it was assumed that the plateau would occur only in the latter half of the 
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stress data to 0.5% strain. A modification of this routine was prepared to check 

all moduli under 400MPa with an increment of 0.04 or below in the same 

manner. 

This method gave modulus data which more accurately represented the modulus 

of elasticity of the samples. However, there was still a considerable amount of 

scatter in the modulus data, and the confidence interval for the mean was very 

broad for each treatment. It is possible that the sequential nature of the 

calculation may have added bias to the data, with the modulus values from 

plateau samples being calculated at a different strain level. As these composite 

blends are viscoelastic in nature, the secant modulus calculated at a slightly lower 

strain will be different to that at 0.5% strain, because a lower level of plastic 

deformation will have been sustained during that time span. 

The modulus of elasticity was the dataset which showed the greatest variability as 

a result of the plateau region in the stress-strain data. The stress data, e.g. stress 

at maximum load and stress at break, is unlikely to have been significantly 

affected, although a small relaxation may have occurred in the test specimen 

during the plateau phase. 

The strain data will have been more significantly increased by the plateau period, 

during which strain continued to increase without any increase in stress. As the 
, 

plateau related to the tensile grip mechanism, and this was the same in all tests, it 

can be assumed that the extra strain was approximately equal for all samples 

tested. 

The calculation of energy at maximum load and energy at break also relies 

heavily on the strain data, and as such will contain a strain energy component 

which did not act on the sample but instead overcame friction elsewhere in the 

test rig. In a similar manner, it can be assumed that the area of this section of the 

graph will be approximately equal for all samples tested, as the same test grips 

and test machine were used for all samples. 
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One possibility is for the data to be re-worked to eliminate the strain sustained 

during the plateau region, i.e. strain which was not sustained by the specimen 

itself. Similarly, the energy values could be recalculated using data from which 

the plateau region had been removed. Recalculation, however, is not an ideal 

option, as the gradient of the curve altered gradually on the the way into and out 

of the plateau making determination of the onset and end point difficult. This 

tapering into the plateau relates to the viscoelastic nature of the composite, with 

the time dependent component of the deformation continuing to occur during the 

plateau. 

The mechanical behaviour is best represented without further manipulation. 

Preliminary regression analyses were performed using linear and quadratic 

functions. The R2 values obtained were of an acceptable level to indicate the 

trends within the data were achieved, without additional data manipulation. 

7.4.1.1 The effect of polypropylene viscosity 

Blends formed with two polypropylene resins of two different viscosities were 

tested. Typical stress-strain curves for 10% TMP in PP with MFI=20 are shown 

in figure 7.4.2. With the exception of the plateau (relating to grip mechanism), 

these are typical of polymers such as polypropylene. They demonstrate quasi­

brittle failure after a very short period of plastic deformation at maximum load. 

In Figure 7.4.3, the increase in fibre loading to 30% has altered the shape of the 

stress - strain curve, giving a more rounded appearance at the onset of failure. In 

fact specimens 4 and 5 demonstrate ductile failure, while the failure of specimens 

6 and 7 is most characteristic of brittle failure, with the failure occuring at 

maximum load (Ward and Hadley 1993). 
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Figure 7.4.2 Stress strain graphs for four specimens of 10% TMP in polypropylene with MFI 20. 
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Figure 7.4.3 Stress - strain graphs for four specimens of 30% TMP - polypropylene composites 

The stress at maximum load is evidently lower in figure 7.4.3 than in the 10% 

fibre blend (figure 7.4.2). Similarly the strain at break has been reduced in the 

higher fibre content blend. This combination of trends is indicative that the 

unoriented fibres are in fact weakening the polymer, rather than providing any 

reinforcement. 

In figure 7.4.4 there are two failure modes demonstrated for specimens of PP 

(MFI = 20g/l Omin) without fibre. The most common failure mode is the ductile 
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failure of specimens 1 and 2, similar to that seen in figure 7.4.2 and figure 7.4.3. 

Specimen 3 demonstrated necking and cold drawing (Ward and Hadley 1993), 

giving the long flat portion of the graph, where a neck has stabilised and the 

strain is sustained for a long period with a low load. 
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Figure 7.4.4 Stress-strain graphs for typical specimens of unfilled polypropylene (MFI = 
20g/10min). 
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This behaviour is particular to polyolefins of simple structure. They can be 

categorised into three brittle-ductile behaviour types, as first proposed by Orowan 

(cited by Ward and Hadley 1993): 

1. If cr8 < cry the material is brittle 
' 2. If cry < crB < 3cry the material is ductile in an unnotched tensile test, 

but brittle when a sharp notch is introduced 
3. If cr8 > 3cry the material is fully ductile, i .e. ductile in all tensile tests, 

including those on notched specimens. 

Vincent (1964, cited by Ward and Hadley 1993) tested 13 common polymers, 

including polypropylene, and plotted brittle stress ( cr8) against yield stress (cry). 

The crB - cry diagram can be divided into three, according to the Ludwig­

Davidenkov-Orowan hypothesis. Polypropylene falls in the region where cry< 

crB < 3cry, with its lower values on the crB = 3cry cut off point. It can therefore be 

expected to behave in a ductile manner when not notched (Ward and Hadley 

1993). This will be discussed further later. 
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In the unfilled polypropylene with MFI = 12g/1 Ornin, there were no examples of 

cold drawing, and this resulted in a lower set of energy at break values for the 

lower MFI polymer. The entirely brittle failure of the MFI=l2 polypropylene 

may relate to the higher molecular weight (giving more chain entanglements), but 

may also result from the greater number of fibre impurities present in this 

polymer batch. This batch contained impurities (fibres) because of its order in 

the sequence of blends processed in the Banbury mixer. The presence of fibre 

significantly reduced the likelihood of a neck being successfully established in a 

test specimen, as the fibre may act as a notch, providing a stress concentration 

from which a crack or tear can proceed. 

Fibre Maximum Strain at Modulus of Energy at Impact 
loading stress break elasticity break resistance 
% MPa % GPa J kJ/m2 

TMP&PP 0 41.10 24.25 0.565 3.14 24.16 
MFI = 12 10 26.18 13.67 0.842 1.13 9.42 

15 24.71 9.42 0.845 0.67 7.30 
20 22.18 8.25 1.041 0.56 6.49 
25 19.72 6.86 0.990 0.39 5.37 
30 23.84 8.87 0.677 0.37 5.17 
40 21.18 5.70 1.094 0.43 4.56 

TMP &PP 0 38.83 60.27 0.602 -- --
MFI= 20 10 23.64 12.58 0.781 0.89 9.42 

15 21.61 8.91 0.526 0.58 9.72 
20 21.72 7.86 0.925 0.50 5.17 
25 21.32 6.56 1.183 0.36 5.42 
30 18.55 5.94 1.045 0.30 4.50 
40 17.87 4.80 1.306 0.22 , 4.01 

Table 7.4.1. Mean values for mechanical properties of composites using two different viscosities 
of polypropylene. 

For composites formed with unmodified TMP, the mechanical properties using 

the higher MFI polypropylene were slightly poorer than the polypropylene with 

MFI= l 2. For example, the mean maximum stress sustained in tensile tests was 

lower, as was the mean strain at break (table 7.4.1). As it was possible to form 

blends ofup to 40% fibre loading using the 12g/10rnin MFI polypropylene this 

was used for the remaining tests reported in this chapter. For fibre loadings 

above 40%, the 20g/1 Ornin MFI PP may have advantages. 
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In the unmodified TMP blends for both PP viscosities, a decrease in maximum 

stress, strain at break, energy at break and impact resistance was observed as fibre 

loading was increased. This decrease appeared to be exponential in form, with a 

steep drop on addition of the first 5% of fibres, and a less steep decline on futher 

additions of fibre. An exponential function was used to fit the regression line. 

The regression results for each property are presented in appendix 3 .1, and 

visually in figures 7.4.5-7.4.9. 

The modulus of elasticity increased with increased fibre loading (figure 7.4.8), as 

anticipated. This relates to the presence of the fibres restricting the motion of the 

polymer in response to load. Again, the greatest change in properties was seen in 

the initial section of the curve, at low fibre loadings, with the curve reaching a 

plateau at about 30% fibre loading. An exponential function was used to fit the 

curve for the 12g/10min melt index polypropylene blends. For the 20g/10rnin PP 

blends, the plotted exponential function gave a straight line, so regression was 

repeated using a linear function. 

The values obtained for modulus of elasticity are very low, when compared to the 

work of other researchers. For example, Oksman and Clemons (1998) reported a 

modulus of elasticity of 2.40Pa for uncompatibilised composites with 40% wood 

flour. The most obvious cause of this disparity is the change in specimen 

preparation method. The laboratory press method used in this study gives •fibres 
, 

oriented in all directions, whereas injection moulding (as used by Oksman and 

Clemons 1998) gives a greater proportion of fibres or particles aligned with the 

test piece axis. 

In both unmodified TMP blends, there was a decrease in energy at break and 

impact resistance with increasing fibre loading (table 7.4.1 ). Regression analysis 

of impact resistance confirmed this trend with both the MFI=l2 and 20 matrix 

composites having similar behaviour. The fitted curves are presented in figure 

7.4.9, there is no significant difference between the two matrices. 
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Figure 7.4.5 Regression lines for stress at 
maximum load with fibre loading in 
polypropylene matrices of two viscosities. 
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Figure 7.4.7 Regression lines for energy at break 
with fibre loading in polypropylene matrices of 
two viscosities. 
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Figure 7.4.8b Modulus of elasticity data with 
fibre loading in polypropylene matrices of two 
different viscosities. 
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Figure 7.4.6 Regression lines for strain at break 
with fibre loading in polypropylene matrices of 
two different viscosities. 
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Figure 7.4.8a Regression lines for modulus of 
elasticity with fibre loading in polypropylene 
matrices of two different viscosities. 
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Figure 7.4.9 Regression lines for impact 
resistance of two viscosities of polypropylene 
filled with TMP fibre. 
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7.4.1.2 The effect of fibre type - TMP grade 

A further set of blends was prepared with TMP fibre which had been sieved to 

provide medium and coarse fractions. The medium grade was retained by a No 

16 sieve but passed a No 6, and the coarse grade was retained by a No 6 sieve 

(B.S. sieve grades). A large amount of fine dust was removed, with the intention 

of providing a more uniform set of fibres. Both series used polypropylene with a 

melt flow index of 12g/10min. 

Fibre Maximum Strain at Modulus of Energy at Impact 
loading stress break elasticity break resistance 
% MPa % GPa J kJ/m2 

TMP&PP 0 41.10 24.25 0.565 3.14 24.16 
Medium 10 23.60 11.47 0.702 0.74 10.46 
TMP 20 21.88 8.60 0.793 0.53 8.45 

30 18.13 6.73 0.839 0.34 5.51 
40 16.19 4.67 0.904 0.21 3.53 

TMP&PP 0 41.10 24.25 0.565 3.14 24.16 
Coarse 10 25.11 13.53 0.551 0.98 11.59 
TMP 20 20.24 8.79 0.774 0.51 6.35 

30 18.80 5.72 1.030 0.28 4.86 
40 16.92 5.42 1.008 0.24 4.60 

Table 7.4.2. Variation of mechanical properties with changes in TMP dimensions. 

A similar trend with stress, energy at break and impact energy decreasing on 

increasing fibre loading, was indicated by the mean values for both the medium 

and coarse TMP grades (table 7.4.2). A slight reduction in the mean values of 

these mechanical properties was observed, when compared with the ungraded 

TMP composites reported in 7.4.1. The regression analysis of the data gave very 

similar regression lines both for medium and coarse TMP grades (appendix 3.2). 

There was a small decrease in the value of the stress at the higher fibre loading 

where the stress levels out, when compared with the standard TMP (figure 

7.4.10), but the difference between the strain at break and energy at break showed 

very litt le difference between all TMP grades (figures 7.4.11 and 7.4.12). It 

appears that there is no improvement in these mechanical properties on the 

removal of the fine dust fraction of the TMP. 
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The modulus of elasticity again increased with increasing fibre content, although 

the mean values given in table 7.4.2 would indicate that the increase was less 

significant than that seen in the experiment using ungraded TMP fibre (table 

7.4.1). The regression analysis gave a very shallow exponential plot for medium 

TMP, and a near linear plot for the coarse TMP, figure 7.4. 13a. The regressions 

were redone using a linear function. The gradient of the two regression lines was 

different, although the data when presented as a scatter plot (figure 7.4.13b) 

appear very similar. 

There is very wide scatter of data points for the modulus of elasticity data set 

(figure 7.4.13b ), which may relate to the problems with the measurement of 

strain. Further, the pressed sheet material had a very wide range of fibre 

orientations, and possibly there was a localised effect due to the radial spread of 

the melt during pressing. This press method may have generated an 

unpredictable bias in the fibre orientation within the specimen. The modulus of 

elasticity would therefore vary through a considerable range, depending on the 

dominant fibre orientation. This effect is unfortunately present in all blends 

tested. 

The trend for impact resistance to decrease as fibre load increased, was observed 

for the medium and coarse TMP grades (table 7.4.2). The impact resistance 

regression lines for coarse and medium TMP fibre blends were quite different, 

with an exponential function fitting the coarse TMP data but a straight line fitting 

the medium fibre blend data, appendix 3.2. In fact there was very little difference 

between the data when presented on a scatter plot, figure 7.4.14. It seems that the 

absence of data for unfilled polypropylene, and for 5% fibre loading, has made 

the fitting of an exponential function problematic. 

When all mechanical and impact properties are considered, there is little evidence 

to suggest an improvement on the removal of the fine dust fraction of the TMP. 
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Figure 7.4.10 Regression lines for stress at 
maximum load in medium and coarse TMP fibre 
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marked. 
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Figure 7.4 .12 Regression lines for energy at break 
with medium and coarse grades ofTMP, with the 
standard TMP regression line included. 
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Figure 7.4.13(b) Scatter graph for modulus of 
elasticity of composites with medium or coarse 
TMP fibre. 
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Figure 7.4.11 Regression lines for strain at break 
of two grades of TMP fibre, including the 
regression line for standard TMP. 
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Figure 7.4.13(a) Regression lines for modulus of 
elasticity of composites with medium or coarse 
TMP fibre. The standard TMP regression line is 
also included. 
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7.4.1.3 The effect of fibre type - TMP vs. hemp 

When chopped hemp fibres were used, the stress at maximum load, the strain at 

break and the modulus of elasticity were higher than those for TMP fibre 

composites (table 7.4.3). 

Fibre Maximum Strain at Modulus of Energy at Impact 
loading stress break elasticity break resistance 
% MPa % GPa J kJ/m2 

TMP&PP 0 41.10 24.25 0.565 3.14 24.16 
10 26.79 18.01 0.508 1.13 9.42 
20 23.81 12.13 0.580 0.56 6.49 
30 23.84 8.87 0.677 0.37 5.17 

Hemp&PP 0 41.10 24.25 0.565 3.14 24.16 
10 28.57 19.34 0.688 1.47 16.32 
20 26.89 12.20 0.795 1.26 12.07 
30 25.24 13.34 0.746 1.25 10.62 

Table 7.4.3. Mechanical properties ofTMP and hemp fibre composites. 

The mechanical properties data were shown to contain significant differences by 

one way ANOVA, then regressions were performed. Appendix 3.3 reports the 

regression equations for the TMP and hemp fibre blends, these are illustrated in 

figures 7.4.15-19. Both sets of samples show a negative exponential trend with 

increasing fibre content. It is apparent from the plots of the regression lines 

(figures 7.4.15 - 7.4.17) that the hemp fibre gives a greater stress at maximum 

load, strain at break and energy at break, than the TMP fibre for the equivalent 

fibre loading. The modulus of elasticity for the TMP blends was greater thfl.Il that 

for the hemp blends, figure 7.4.18. 

The hemp fibre also appeared to improve the toughness of the composites, above 

that seen in TMP fibre blends. The mean energy at break data and the mean 

impact resistance data in table 7.4.3 are improved for all levels of fibre loading. 

The increase in unnotched impact resistance was also apparent when the 

regression lines for TMP and hemp fibre blends are compared, figure 7. 4 .19. 

Samples ofTMP and hemp filled polypropylene, from tensile tests, were 

observed on the SEM. In general, the fracture surface had two different textures 

which clearly indicated the direction of crack propagation during the test. The 
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Figure 7.4.15 Regression lines for stress at 
maximum load with TMP and hemp fibre loading. 
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Figure 7.4.17 Regression lines for energy at break 
with TMP and hemp fibre loading. 
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Figure 7.4.19 Regression lines for impact 
resistance ofTMP and hemp filled polypropylene. 
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Figure 7.4.16 Regression lines for strain at break 
with TMP and hemp fibre loading. 
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Figure 7.4.18 Regression lines for modulus of 
elasticity of TMP and hemp fibre blends. 
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surface around the crack initiation point was quite rough, or fibrillated, in 

appearance (plate 7.4.1), when compared to the smoother, mildly crenellated 

surface away from the initiation point. The apparent roughness at the crack 

origin was because of the fine drawn points of polymer (plate 7.4.2), which 

underwent plastic flow as the failure started. 

The crack initiation region often contained a single large fibre bundle oriented 

parallel to the failure plane. The presence of large fibre bundles appears to have 

produced weak points within the composite, and the fibre bundle width may be of 

particular concern. 

The areas further from the initiation point became smoother as the crack 

accelerated, increasing in energy (plate 7.4.3). In these areas away from the 

initiation point, the dominant mode of fibre failure was by fibre breakage, flush 

with or close to being flush with, the failure surface (plate 7.4.4). At points 

nearer the crack origin, a larger number of fibres had pulled out of the matrix. 

In the higher fibre loading material, the tensile failure showed similar ductility at 

the initiation point, but with a finer texture (plate 7.4.5). The greater proportion 

of fibres prevented the drawn fibrils from being so broad or becoming so long as 

in the low fibre examples. In the fast crack propagation region, the fibres broke 

and pulled out from the matrix. The incidence of fibre breakage increased·-as the 

distance from the initiation point increased, and therefore the crack energy 

increased. The length of pulled out fibre sections also reduced in the direction of 

crack travel (plate 7.4.6). 

In the hemp fibre composites, the fibre pull-out lengths were longer than for the 

TMP, (plate 7.4.7). There was also a tendency for these to be aligned away from 

the tensile axis. The problem with the laboratory pressing method used for 

composite production is the irregular distribution of fibre alignments within the 

formed sheet. Often the alignment is similar for many fibres in a particular part 

of the sheet, so it is inevitable that within the test specimen, certain patches will 
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500µm 

Plate 7.4.1 Micrograph showing the area where 
the failure initi ated for a 20% TMP blend. 

430µm 

Plate 7.4.3 Micrograph of the fast crack 
propagation end of the 20% TMP specimen. 

150µm 

Plate 7.4.2 Micrograph close up of the lower left 
comer of plate 7.4.1, showing the ductile failure 
in this region. 

100µm 

Plate 7.4 .4 Micrograph of fibre breakage and 
pull-out of short sections of fibre in the fast crack 
propagation region. 
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143µm 

Plate 7.4.5 Micrograph of ductile material at 
failure initiation point in a 40% TMP blend. 

136µm 

Plate 7.4.7 Micrograph showing the fibres in the 
fast crack propagation region of a 30% hemp 
composite. 

SOµm 

Plate 7.4.6 Micrograph of fibre breakage and 
short length fibre pull out in a fast crack 
propagation area. 

100µm 

Plate 7.4.8 Micrograph of ductile matrix polymer 
around hemp fibres 30% hemp blend. 
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10.0µm 

Plate 7.4.9 Micrograph of fibre with 
polypropylene extending from a crack in the 
compression crease region of the fibre. 

430µm 

Plate 7.4.11 Micrograph of failure surface in the 
fastest section of crack propagation. 

500µm 

Plate 7.4.10 Micrograph of patterns on the failure 
surface of unfilled polypropylene test specimen. 

60µm 

Plate 7.4.12 Close up of the smooth region in the 
centre of plate 7.4.11. 
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