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ABSTRACT

In recent years, considerable attention has been given to the development and utilisation of

natural fibres.  This study examines the investigation of hemp fibre reinforced composites

with competitive mechanical properties.  The growing trials in the Eastern Cape (CSIR) are

opening up the possibility of these fibres becoming available locally in the near future.

Also, new commercial polypropylene random copolymers were used as matrices in this

study, because they can be processed at lower temperatures when compared with other

commercial propylene copolymers.

The composites were produced by extrusion compounding in a single screw extruder.  The

pellets obtained were further processed into tensile test bars by injection moulding.  A fibre

content of 5-30% could be achieved.  Composite samples with a fibre content in the range

of  10%  to  30%  exhibited  good  mechanical  and  thermal  properties.   In  most  cases

mechanical  and thermal  properties  of  South  African long hemp fibre  composites  were

found to compare quite well with the French bleached and cottonised hemp fibres.

The thermal properties of the composites were analysed by thermogravimetric method.  It

was found that the fibre/PP composites showed excellent properties compared to fibre and

the matrix.  The addition of hemp fibres shifted the start of the degradation process towards

higher temperatures.  The results obtained prove that the mechanical and thermal properties

of the composite are generally dependent on the fibre content.  Also, natural fibres can be

processed with the commonly applied methods such as extrusion and injection moulding.  
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EKSERP

Daar word tans heelwat aandag geskenk aan die ontwikkeling en gebruik van natuurlike

vesels.  Die  sentrale  tema  van  hierdie  projek  is  die  bepaling  en  verbetering  van  die

meganiese  eienskappe  en  die  optimering  van  verwerkingskondisies  van  alfa-

olefiengebaseerde polimere wat met natuurlike vesels soos hemp versterk is.

Hierdie  ondersoek  kyk  na  die  ontwikkeling  van  hempveselversterkte  saamgestelde

materiale  met  kompeterende  meganiese  eienskappe.  Die  groeitoetse  in  die  Oos  Kaap

(WNNR) het die moontlikheid daargestel dat hierdie vesels kommersieël beskikbaar gaan

word  in  die  nabye  toekoms.  Dan  het  die  beskikbaarheid  van  ‘n  nuwe  kommersieële

ewekansige polipropileen kopolimeer, wat as matrix gebruik is die moontlikheid daargestel

om die vesels by laer verwerkingstemperature te verwerk. Dit is in teenstelling met die

hoër temperature wat gebruik is in die verlede.

Die saamgestelde materiale is verwerk deur gebruik te maak van ‘n enkelskroef strangpers.

Die korrels  so verkry is  dan verder  verwerk in  die  vorm van treksterktemonsters  deur

inspuitgietvorming. ‘n Veselinhoud van 5-30% kon verkry word. Saamgestelde materiale

met ‘n veselinhoud van 10 to 30% het goeie meganiese en termiese eienskappe vertoon. In

die meeste gevalle is daar dan ook gevind dat die meganiese en termiese eienskappe van

materiale  wat  met  Suid-Afrikaanse  hemp  versterk  is  baie  goed  vergelyk  met  Franse

gebleikte en gekatoeniseerde vesels.

Die  termiese  eienskappe  van  die  materiale  is  ondersoek  deur  middel  van

termogravimetriese  analise.  Daar  is  gevind  dat  die  termiese  eienskappe  van  die

saamgestelde materiale baie goed vergelyk met dié van die vesels sowel as die matriks. Die

inkorporering van hemp vesels het die ontbindingstemperatuur verhoog. Die eienskappe is

oor  die  algemeen  afhanklik  van  die  veselinhoud.  Dan  is  daar  ook  gevind  dat  die

saamgestelde materiale deur die algemeen aanvaarde verwerkingsmetodes soos ekstrusie

en inspuitgietvorming tot finale produkte verwerk kan word.
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CHAPTER 1

INTRODUCTION

1.1 DEVELOPMENT OF A NATURAL FIBRE COMPOSITE

1.1.1 Historical background

Since the beginning of human existence people have developed plant fibre composites.

These composites were used as a source of energy, to make shelters, clothes, construct

tools and produce weapons.  In ancient Egypt, 3000 years ago, clay was reinforced by straw

to  build  walls.   These  composites  were  produced  in  simple  shapes  and  easy  design

structures by positioning the structural elements on top of each other to create the desired

design.  Some creative designs were made but limited by the shape and weight of the

structural elements.  Glue laminated beams were also introduced using a casein adhesive in

1893 in Basel, Switzerland.  As early as 1908, the first composite materials were applied

for the fabrication of large quantities of sheets, tubes and pipes for electric purposes (paper

or  cotton  to  reinforce  sheets  made  of  phenol-  or  melamine-formaldehyde  resins).   In

general, all these products were produced in flat sheets and in two-dimensional designs. 

Later  on,  the  natural  fibre  composite  lost  much  of  its  interest  because  more  durable

construction materials like metals were introduced.  Engineering fibre composites were

first used in 1940 when strong continuous filament glass fibre and unsaturated polyester

resins became available.  The rise of these composite materials began when glass fibre in

combination with tough rigid resins could be produced on large scale.  These fibres are

being  used  as  reinforcing  agents  in  both  thermosetting  and  thermoplastic  polymers  in

automotive, aeronautical and aerospace industries.  

In recent years, there has been a renewed interest in the natural fibre as a substitute for

glass fibre because of the potential advantages of weight saving, lower raw material price,

recyclable  and  renewable.   Natural  fibre  reinforced  plastic  composites  have  been

1



increasingly utilised in quite widespread applications.  For example, hemp, jute, flax and

sisal fibres are already used in automotive industry. 

1.2 NATURAL FIBRE

It has been estimated that there are at least 1000 types of plant that produce usable fibres or

fibre  bundles.   However,  the  numbers  that  are  currently  grown,  specifically  for  fibre

production are relatively small.   Natural  fibres are obtained from different  parts  of the

plants, to name few, for example, jute, ramie, flax, kenaf and hemp are obtained from the

stem; sisal, banana and pineapple from the leaf; cotton and kapok from seed; coir from the

fruit, et cetera.

1.2.1 Structure and chemical constituents of natural fibre

All plant species are built up of cells.  When a cell is very long in relation to its width it is

called a fibre.  The components of natural fibres are cellulose, hemicellulose, lignin, pectin,

waxes and water-soluble substances.  The cellulose, hemicellulose and lignin are the basic

components of natural fibres, governing the physical properties of the fibres.  The principal

chemical constituents of fibres from various plant fibres are shown below in Table 1.1

(Robson, 1993:8). 

TABLE 1.1:  The estimate of the percentage chemical composition of plant fibres (percent of 

          dry matter).

Material Cellulose Hemicellulose Lignin Pectin
Flax 81 14 3 2
Jute 72 13 13 <1

Hemp 74 18 4 1
Sisal 73 13 11 1

Cotton 92 6 - -
Ramie 76 15 1 2
Wood 45 23 27 -
Coir 43 <1 45 4

Straw 40 28 17 8

Gassan & Bledzki (1999:24) reported that cellulose, lignin, hemicellulose and pectin cell

walls differ in their composition and structure.  The chemical composition of plant fibres is

2



important,  since it  can affect  their  ultimate utilisation.  For example,  those fibres with

higher lignin contents are likely to be more reactive and hence respond better to chemical

modifications.  Robson (1993:8) reported that the chemical constituents of plant fibre have

specialised functions in the cell wall: cellulose forms strong and stiff crystalline regions,

cellulose  and  hemicellulose  form  semi-crystalline  regions  which  provide  necessary

flexibility while the amorphous regions of lignin give toughness and cohesion.  Gassan

(1999:24) also stated that climatic conditions, age and the digestive process influence not

only the structure of fibres but also the chemical composition.  The chemical constituents

of natural fibre are discussed in detail below:

1.2.1.1 Cellulose

Cellulose is the basic structural component of all plant fibres.  In 1938, Anselme Payen

suggested that the cell walls of large numbers of plants consist of the same substance, to

which he gave the name  cellulose  (Bledzki, 1999:24). Cellulose is a linear condensation

polymer consisting of D-anhydroglucopyranose units (glucose units) joined together by β-

1,4-glycosidic bonds.  Each glucose is bonded to the next glucose through 1 and 4 carbons

(see Figure 1.1) to form celloboise.

Robson (1993:8)  reported  that  each  cellobiose  unit  is  approximately 1  nm long.   The

average length of a cellulose chain is 5000 cellobiose units (5 µm).  These long flat chains

can bond tightly together to form crystalline regions.  The molecular structure of cellulose

is responsible for its supra-molecular structure and this determines many of its chemical

and physical properties.   According to Bledzki  (1999:24),  the mechanical  properties of

natural fibres depend on its cellulose type because each type of cellulose has its own cell

geometry and the geometry determines the chemical properties.  Cellulose content is an

important  parameter,  because  in  chemical  pulping,  the  pulp  yield  corresponds  to  the

cellulose content of the raw material.

3



FIGURE 1.1:  The chemical structure of glucose showing the carbon numbers and two 

     glucose to form cellobiose

1.2.1.2 Hemicellulose

Hemicellulose is made up of chains of sugars.  They comprise a group of polysaccharides

(excluding  pectin)  bonded  together  in  relatively  short,  branching  chains  and  remains

associated with the cellulose after lignin has been removed.  These sugars include glucose

but also other monomers such as galactose, mannose, xylose and arabinose (see Figure 1.2)

(Robson, 1993:8).  The hemicellulose differs from cellulose in three important aspects.  In

the first place, they contain several different sugar units whereas cellulose contains only

1,4-β-D-glucopyranose units. 

FGURE 1.2:  Examples of two hemicellulose sugar monomers.

Secondly,  they exhibit  a  considerable  degree  of  chain  branching,  whereas  cellulose  is

strictly a  linear  polymer.   Thirdly,  the  degree of  polymerization  of  native  cellulose  is

between 10 - 100 times higher than that of hemicellulose. Bledzki (1999:24) confirmed

that  hemicellulose  cannot  pack  together  as  tightly  as  cellulose.   Unlike  cellulose,  the

constituents  of  hemicellulose  differ  from  plant  to  plant.   Stamboulis  et  al (2001:32)
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reported that hemicelluloses bond to cellulose by hydrogen bonding and act as crosslinking

molecules between the cellulose microfibrils forming the cellulose-hemicellulose network,

which is thought to be the main structural component of the fibre cell.

1.2.1.3 Lignin

Lignin is the compound that gives rigidity to the fibre.  Natural fibres could not attain great

heights or rigidity without lignin.  Lignins are complex hydrocarbon polymer with both

aliphatic  and  aromatic  constituents.   Their  main  monomer  units  are  the  various  ring-

substituted phenyl-propane linked together in ways which are still  not fully understood.

Structural details differ from one source to another.

Lignin is one of the major constituents of wood and is the extractive component of wood

that binds the cellulose fibres together and is removed during the pulping process.  The

monomers of wood lignin are shown in Figure 1.3.  The main chemical difference between

lignin and cellulose  and hemicellulose is  the  amount  of  potential  crosslinking sites  on

lignin.  Crosslinking can occur along the propane chain, through the C4 oxygen and at the

vacant aromatic ring carbons.  The crosslinking of lignin gives it an irregular amorphous

(non-crystalline)  structure.   An extracted lignin is  often used as  a  phenol  substitute  in

matrix materials.  Bledzki (1999:24) reported that the mechanical properties of isotropic

lignin are distinctly lower than those of cellulose.

According  to  Stamboulis  et  al (2001:32),  the  hydrophobic  lignin  network  affects  the

properties of the network in such a way that it acts as a coupling agent and increases the

strength of the cellulose-hemicellulose network.  Another important feature of lignin is that

it is thermoplastic (i.e. at temperatures around 90°C, it starts to soften and at temperatures

around 170°C it starts to flow).  In papermaking, lignin is removed by environmentally

unfriendly pulping methods, such as bleaching.  Low lignin content is desirable because

less polluting bleaching techniques are required to remove lignin. 

5



 

Figure 1.3:  Lignin structure.  In softwoods lignin is based on guiacyl lignin.  In   

        hardwoods the lignin contains both syringyl and guiacyl monomers.

1.2.1.4 Pectin

Stamboulis et al (2001:32) reported that the outer cell wall is porous and consists also of

pectin and other non-structural carbohydrates.  The pores of the outer skin are the prime

diffusion  paths  of  water  through  the  material.   Pectin  is  a  collective  name  for

heteropolysaccharides,  which  consists  essentially  of  polygalacturon  acid.   Bledzki

(1999:24), stated that pectin is soluble in water only after a partial neutralization with alkali

or ammonium hydroxide.

1.2.1.5 Waxes

According to  Bledzki  (1999:24),  waxes  make  up  the  part  of  the  fibres,  which  can  be

extracted  with  organic  solutions.   These  waxy  materials  consist  of  different  types  of

alcohols,  which  are  insoluble  in  water  and  in  several  acids  such  as,  palmitic  acid,

oleaginous acid and stearic acid. 
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1.2.2 Properties of natural fibre

Natural fibres have always found wide applications from the time they gained commercial

recognition. Their versatility is based on the following desirable material properties:

- Plant fibres are a renewable raw material and their availability is more or less

unlimited.  

- Very good mechanical properties, especially tensile strength.  In relation to its

weight, the best bast fibres attain strength similar to that of kevlar.

- Very good heat, acoustic and electrical insulating properties.

- Combustibility:  products can be disposed of through burning at the end of their

useful service lives and energy can simultaneously be generated.

- Biodegradability:  as a result of their tendency to absorb water, natural fibres

will biodegrade under certain circumstances through the actions of fungi and/or

bacteria.

- The abrasive nature of natural fibre is much lower compared to that of glass

fibre, which leads to advantages in regard to technical,  material recycling or

processing of composite materials in general.

- Reactivity:  the hydroxyl groups present in the cell wall constituents not only

provide  sites  for  water  absorption  but  are  also  available  for  chemical

modification  (e.g.  introduce  dimensional  stability,  durability  or  improved

oil/heavy metal absorption properties).

The properties described above show that there should be an increasing role for plant fibre

based products in the future.  The drawbacks of natural fibres are listed below:

- Lower strength properties, particularly its impact strength.

- Variability in quality, depending on unpredictable influences such as weather.

- Moisture absorption, which causes swelling of the fibres.

- Restricted maximum processing temperature.

- Lower durability, fibre treatments can improve this considerably.

- Poor fire resistance.

- Price can fluctuate depending on harvest results or agricultural politics.
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- Dimensional  stability,  as  a  consequence  of  the  hygroscopicity of  the  fibres,

products and material based on plant fibres are not dimensionally stable under

changing moisture conditions.

Eichhorn (2001:36) reported that there is a variability of mechanical properties that one can

obtain  for  natural  fibres  such  as  flax  and  hemp  when  compared  to  conventional

reinforcements such as glass and aramid fibres.  In terms of strength and modulus , typical

values  are  summarized  in  Table  1.2.  It  can  be  seen  that  the  natural  fibres  compared

reasonably well with glass (given their low density), but are not as strong as both aramid

and carbon fibres. 

TABLE 1.2:  Mechanical properties of natural fibres compared to conventional

          composite reinforcing fibres

Fibre Density

(g/cm3)

Elongation at

break (%)

Tensile strength

(MPa)

Young’s modulus

(GPa)
Cotton 1.5 - 1.6 7.0 - 8.0 287 - 597 5.5 - 12.6

Jute 1.3 1.5 - 1.8 393 - 773 26.5
Flax 1.5 2.7 - 3.2 345 - 1035 27.6

Hemp - 1.6 690 -
Ramie - 3.6 - 3.8 400 - 938 61.4 -128
Sisal 1.5 2.0 - 2.5 511 - 635 9.4 - 22.0
Coir 1.2 30.0 175 4.0 - 6.0

Viscose (cord) - 11.4 593 11.0
Soft wood Kraft 1.5 - 1000 40.0

E-glass 2.5 2.5 2000 - 3500 70.0
S-glass 2.5 2.8 4570 86.0

Aramid (normal) 1.4 3.3 - 3.7 3000 - 3150 63.0 - 67.0
Carbon

(standard)

1.4 1.4 - 1.8 4000 230.0 -240.0

1.3 END USES AND ECONOMICS OF NATURAL FIBRE COMPOSITES

Natural  fibre  composites  exhibit  excellent  mechanical  properties,  low density and  low

price.  Stamboulis (2001:32) reported that this excellent price-performance ratio at low

weight in combination with the environmentally friendly character is very important for the

acceptance of natural fibres in large volume engineering markets, such as the automotive

and construction industries.  
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The main reasons influencing the steady growth of natural fibres in the automotive industry

include:

- Comparative weight reduction of 10-30% in comparable parts.

- Good mechanical and manufacturing properties.

- The possibility of forming complex components.

- Relative good impact performance with high stability and minimal splintering.

- Occupational  health advantages in assembly and handling compared to glass

fibre where airborne glass particles can cause respiratory problems.

- Moulding offcuts can be re-used unlike fibreglass

- No emission of toxic fumes when subject to heat.

- Good “green” credentials as a sustainable renewable raw material resource.

- Superior environmental balance during material and energetic use.

- Relative cost advantages compared to conventional constructions.

Recently,  high  performance  natural  fibre  polymer  composites  have  attracted  a  lot  of

attention  because  of  the  reproducibility  and  environmentally-friendly  behaviour  of  the

dispersed natural fibres.  Natural fibre composites are well suited for use in the worldwide

automotive industry, which has come under strong pressure to produce environmentally

friendly cars.  In 1999, natural fibres used in the automotive industries comprised of 75%

flax, 10% jute, 8% hemp, 5% kenaf and 2.5% sisal.

In Europe, natural fibres are increasingly used in the production of substrate materials for

automotive  interior  parts  such  as  door  liners  and  head-liners.   Apart  from  being

biodegradable,  they also  provide  good  reinforcement,  which  improves  the  mechanical

properties  of  the  components.   Besides  applications  in  the  automotive  industry,  the

technology can also be used to manufacture paneling and furniture components  and in

thicker beams that could be used in outdoor railings and decking.  Joseph (1999:59) stated

that the biodegradability of natural fibres can contribute to a healthy ecosystem while their

low costs and high performance are able to fulfill the economic interest of industry.

A lot has been achieved over the last decade in the exploration of the potential markets for

different fibre resources, although a real breakthrough is still to come.  As a renewable raw
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material, fibre crops do have strong marketing arguments as “eco-efficient” products for

development of sustainable consumption and production.  Diversification of the market for

fibre  products  in  automotive  industry,  geotextiles,  building and  construction  materials,

paper and pulp, bio-energy, et cetera, are all in the picture, if the quality control of the agro-

industrial production chain can be organized according to ISO standards and supplies of

specified products to industrial buyers can be guaranteed. 

1.3.1 Opportunities

The market for bast natural fibres has expanded considerably in the last five years to the

extent that most European car producers now use natural fibres for interior components.

The type of fibre used depend on the performance requirements and the current fibre cost.

According to Ellison & McNaught (2000:NF0309), the opportunities for bast fibres can be

classified under the following headings:

1.3.1.1 Mature products

The use of  natural  fibres  in  blended thermoplastic  or  resinated  thermoset  compression

mouldings is now generally accepted for applications as door liners/panels, parcel shelves

and boot  liners.   The following car producers  are  known to have incorporated natural

fibres, to a greater or lesser extent in their various models for such mentioned components. 

Volkswagen: Golf, Passat.

Audi: A3, A4, A6, A8, A4 Avant, Roadster.

Mercedes: all models including A Class, C Class, E, Class, S Class. 

Opel GM: Vectra, Astra.

Ford: Mondeo, Focus.

Fiat: Punto, Brava/Marea, Alfa Romeo 146, 156.

Renault: Clio

Peugeot: new 406

Volvo: C70, V70

The use of natural fibres in these components can be expected to increase steadily with

increased model penetration.
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1.3.1.2 Developing products

The use of natural fibres can also be expected to extend into components such as seatbacks,

sunroofs, floorpan substrates with the use of non-woven and process technology.  Ellison &

McNaught (2000:NF0309) reported that  in the case of calender bonding, the market  is

beginning  to  open  for  lightweight  natural  fibre  reinforced  substrate  for  structural

headliners, as a replacement for glass fibre.

1.3.1.3 New products

It is apparent  that  considerable opportunities may be opening up for injection moulded

components based upon short fibre reinforced polymer granules – this technology has yet

to be scaled up to full commercial production and marketing.  This technology is equally

suitable with hemp, flax or jute, with a view of targeting a new range of hard interior

components.   According  to  Ellison  &  McNaught  (2000:NF0309),  the  same  injection

moulding technology may bring wider opportunities in the plastics market for items such as

computer, audio and television casings.

1.3.2 Constraints

Performance is one of the major constraints in the automotive industry.  These issues are

summarized below:

1.3.2.1 Performance factor

The principal limitations to further growth are:

- Compliance  with  required  performance  standards  for  emissions,  particularly

fogging, followed in importance by odour and mildew growth.

- Consistency of quality from batch to batch, particularly for flax and hemp.
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- The lack of an internationally recognized grading and quality system for flax

and  hemp  fibre.   The  automotive  industry  is  demanding  better  and  more

reproducible fibre qualities, independent of climatic and processing variables.

- Consistent availability of fibre is still as a problem, although it is demonstrated

above that these concerns are unnecessary, with almost unlimited supplies of

jute and increased European production of improved grades of flax and hemp.

1.4 ENVIRONMENTAL ACCEPTANCE

The  plant  fibres  are  gaining  acceptance  as  glass  fibre  replacements  in  composite

manufacture and currently only long vegetable fibres from plants like hemp and flax are

widely  used.   Singleton  (2003:34)  reported  that  during  the  past  decade,  increasing

environmental awareness, new global agreements and international governmental policy

and  regulations  have  been  the  driving  force  behind  renewed  interest  in  natural  fibre

reinforced  thermoplastics.   Many countries  impose  limitations  for  growing hemp fibre

because of the high tetrahydrocannabinol (THC) content used as a drug.  As part of the

license requirements of growing hemp fibre, producers must provide proof that their hemp

crop has a THC level of less than 0.3%.

1.5 PROBLEM STATEMENT

Recently, the composite technology of a polymeric matrix reinforced with man-made fibres

such as glass, Kevlar, carbon et cetera, has raised great interest amongst researchers with

the advances in automotive, aerospace applications.  The problem is that these fibres have

the  disadvantage that  they impart  properties  to  both manufacturing and post  consumer

waste products that result in recycled products with unpredictable properties.  Also, these

fibres are relatively expensive and they create problems during recycling.  Glass fibres, for

example, do not burn during thermal recycling and remain as solid waste that has to be

land-filled.  The world is facing a challenge in having to decrease pollution levels while at

the same time significantly increasing industrial output.
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The solution to the above-mentioned problems could be the use of renewable resources.

The growth  in  environmental  awareness  has  led  to  the  use  of  natural  fibre  reinforced

composite materials.  The main advantage of natural fibres is that their production requires

little energy and CO2 is used while O2 is given back to the environment.  Plastic materials

have to be reinforced with fibres to meet the demands of automotive industries.  

Since natural fibres tend to degrade at lower temperature (above 200°C), the low thermal

stability of these fibres limits  the number of thermoplastics to be considered as matrix

material  for  natural  fibre  thermoplastic  composites.   Polypropylene,  as  a  thermoplastic

matrix,  has  received  a  lot  of  attention  in  the  production  of  natural  fibre  reinforced

thermoplastic  composites.   Polypropylene is  a  semi-crystalline  thermoplastic  with  very

good dimensional stability, low density, low price, excellent mechanical properties, good

flex life, good surface hardness, scratch resistance and good resistance against chemical

substances.  

For  the  natural  fibres  to  be able  to  compete  with  synthetic  fibres,  an  improvement  in

material properties of natural fibre reinforced composites is necessary.  Mechanical and

thermal  properties  of the fibre reinforced thermoplastic  composite  can be improved by

varying the fibre/matrix composition and using better processing conditions. 

1.6 OBJECTIVE OF THE STUDY

This  research  was  instigated  to  investigate  the  processing,  mechanical  and  thermal

properties of natural fibre reinforced polypropylene copolymer.  Considerable attention has

been given to the investigation of hemp fibre reinforced composites because of the hemp

growing trials in the Eastern Cape, South Africa. These trials are opening up the possibility

of  these  fibres  becoming  available  in  the  near  future.  The  use  of  a  new  commercial

polypropylene  copolymer  grade  as  a  matrix,  manufactured  by Sasol  Polymers  is  also

investigated in this research.  

This  study examines the  viability of simple  processing techniques for  producing hemp

fibre-reinforced polypropylene composites and explores the possibility of recycling these

composites in the near future.  The study has three principal objectives:
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- In  the  first  stage,  different  methods  of  incorporation  will  be  used  and  the

physiochemical  properties of the modified material investigated to provide a

fingerprint of the material.

- The second stage consists of the characterisation of the thermal and processing

properties of the reinforced materials.

- The third stage deals with the end use properties of the processed materials.
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CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

In this chapter, a literature survey is carried out.  It focuses on the processing and surface

treatment of hemp fibres.  Finally, the work done by other researchers is discussed, and a

motivation is given for the present project, based on previous work.  

2.2 HEMP FIBRE

2.2.1 Definition

Hemp is one of the oldest  and most  useful economic plants.  Hemp is a tall,  fast  growing

annual plant of the Cannabaceae family.  Hemp has numerous names: marijuana, hash, pot,

weed, grass, dope, Indian hemp; all referring to the same plant, Cannabis sativa L.  It has been

established  in  the  hemp industry that  any hemp with  tetrahydrocannabinol  (THC)  content

levels below 0.3% is ineffective in producing a hallucinogenic effect.  In comparison, typical

THC levels in hemp that people smoke are between 3.0% and 10%. 

2.2.2 Occurrence

This plant was probably first grown in Central Asia from where it spread to Europe, India and

China where it have been grown for 4,500 years.  It was originally grown for its fibre, then

around 900BC if also became known for its narcotic qualities.  Hemp is a strong, durable,

though harsh bast or phloem fibre, having a core that is characteristic of hardwood fibre.  The

earliest woven fabric was of hemp and it dates back to the eighth millennium (8 000 - 7 000

B.C).  Mica (1995:10) stated that the majority of all sails, clothes, tents, rugs, drapes, towels,
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paper, rope, twine, art canvas, paints and varnishes, and lighting oil were made from hemp.

Hemp seeds were regularly used as a source of food and protein.

2.2.3 Plantation

It is a high yield commercial fibre crop that flourishes in areas with temperate climates, such

as Canada.  It can be grown on a wide range of soils, but tends to grow best on land that would

produce a high yield of corn.  The plants are distinctly male or female, where separate plants

produce male and female and they flower between June and October.  The soil must be well

drained, rich in nitrogen and non-acidic.  

Hemp requires limited pesticides as it grows quickly, attracting few pests.  Hemp’s extensive

root system is very beneficial, as it is effective in preventing erosion, aiding in the removal of

toxins  and  improving  the  soil  structure  by  aerating  the  soil  for  future  crops.  Another

remarkable environmental benefit of growing hemp is that it consumes carbon dioxide and it is

an ideal rotation crop.  Hemp grows successfully at a density of up to 150 plants per square

meter and reaches a height of between two and five meters in a three-month growing season.  

2.2.4 Harvesting

The stem thickness and height of the hemp crop is similar to maize. Figure 2.1 illustrates the

cross section of a hemp stem.  Mica (1995:9) reported that at harvest time, the stem is between

1 to 5 meters and having a diameter between 4 and 20 mm, depending on the cultivar and

growing conditions.  Enhanced production efficiency can be achieved by mechanisation of soil

tillage to harvest, optimised use of fertilisers and crop protecting chemicals such as herbicides

and pesticides.  
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FIGURE 2.1:  Cross section of a hemp stem

Hemp grown for fibre is harvested at early to mid flowering stage using specialised equipment.

Hepworth  et al (2000:31) reported that early harvesting of hemp is beneficial,  resulting in

stiffer composites.  This is because of the fibre bundles in the tissue are stuck to the epidermis

and tissue strips result in a single large fibre.  If hemp is harvested late in the season for bast

fibre production, drying conditions are often poor,  with subsequent loss of fibre yield and

quality in the drying swath.  It would be an advantage to be able to increase the drying rate so

that the retting would start earlier.  

Hemp crops are harvested at different times; for example, harvesting stalks for high quality

primary fibre occurs as soon as the crop flowers, harvesting for seed production and stalks

occur 4 – 6 weeks after flowering, when male plants begin to shed their pollen.  Harvesting

hemp for  paper  pulp and textiles  occurs  as the female  plant  is  in flower and before seed

formation, and utilises specialised cutting equipment.  Hemp seeds are used for food and oil

production while hemp fibres are used to make woven or non-woven fibre mats for textile or

technical use.  In addition, hemp stems can be used for building applications.  
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The moisture content  at  the time of  harvest  is  about  54%.  For storage of dry hemp,  the

moisture content must be less than 15% to avoid fibre decay by micro-organisms.  The crop is

cut, then the stalks are allowed to rett in the field to loosen the fibres.  During this process,

most of the nutrients extracted by the plant are returned to the soil as the leaves decompose.

The stalks are turned and then baled with hay harvesting equipment.   The advantages and

disadvantages of hemp fibre is summarised below in Table 2.1:

TABLE 2.1:  Main advantages and disadvantages of hemp fibre.

Advantages Disadvantages

Hemp can be farmed without toxic chemicals
Hemp manufacturing is less polluting
Hemp  supports  the  family,  farmers  and  small

businesses
Hemp requires less moisture to grow than kenaf.  Hemp

has anti-mildew properties.
Hemp seed and oil have the most ideal ratio of essential

fatty acids of any edible plant
Hemp’s  fibre  bundles  are  stronger  and  tougher  than

those  of  kenaf,  generally  comparable  to  varieties  of

flax, and most other known fibre species.

Lower fibre  yields than kenaf and other

tropical species in the warmer portions of

the United States and the more southerly

regions. 
Hemp is generally pest resistant, drought resistant, and

light frost resistant.

Lower bast fibre portions relative to kenaf

and flax.
With proper leaf removal,  hemp has low net nutrient

requirements and requires minimal cultivation.
Hemp provides greater yields in areas generally north

of the 40th latitude than most other fibre crops and often

surpassing flax by 10%.

2.3 PROCESSING OF HEMP FIBRE
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Processing  of  natural  fibres  is  required  to  turn  harvested  plants  into  fibres  suitable  for

composite processing.  Besides differences in variety, the influences of climatic conditions and

soil,  ripeness  at  harvest  and  harvesting  method  and  the  retting  procedure  are  of  crucial

importance  to  the  processability  of  the  long  bast  fibres  such  as  flax,  hemp  and  kenaf.

Processing hemp fibre  begins  at  harvest  where  the  equipment  used and the timing of  the

harvest  affects  the  quality  and  the  potential  applications  of  hemp  fibre.   The  processing

methods for extracting hemp fibres have been described by Hepworths et al (2000:31).  Figure

2.2 illustrates the hemp fibre processing procedures.

FIGURE 2.2:  The hemp fibre processing

2.3.1 Retting

Retting is a controlled rotting process of plant stems to get rid of the pectin that connects the

fibre bundles with the wood core of the stem.  The pectin that binds the fibrous and non-
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fibrous portion of the stalk is broken.  Once the pectin is broken down the fibre and the stalk

can be easily separated.  Several retting processes are discussed below:

2.3.1.1 Dew retting

The most commonly applied process is dew retting on the fields.  The cut stalks are left in the

field for several weeks to allow rain and dew to induce the breakdown of the pectin.  The

influence of uncontrollable weather conditions such as humidity and sun on the process is

extremely high and gives rise to inhomogenous fibres.  There is a fine line between retted and

rotted hemp, so hemp must be lifted at the right time otherwise it will be useless. 

In under-retted samples, the pectin content is too high for good separation of bast fibres, which

causes substantial problems during further processing (decortication, cleaning and combing).

Also, other part of the crop may be lost because of over-retting.  This process may take one to

two weeks if weather is favourable (humid and warm) or sometimes four weeks is necessary.

After retting there is a period of drying and the fibres are then stored for further processing.

Dew retting produces a coarse fibre, which can be light brown in colour and the main use is for

twine, cordage and fine paper. 

2.3.1.2 Water retting

Hemp stalk bundles are submerged in clear water that is low in calcium and chlorides.  The

average time for this period is 7 to 10 days.  The bundles are rinsed, washed, sun-dried and

stored for fibre extraction.  It can be combed, refined, dyed, spun and woven into whatever is

required for cable, rope, string, thread and cloth et cetera.  

Water retting is a more readily controllable process and efficient for hemp stalks than dew

retting.  Water retting produces a more uniform and higher quality fibre but the process is time

consuming, costly and can pollute the body of water being used for the process.  Water retting
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has been abandoned for flax processing in the past because of the pollution it caused to the

surface waters and the foul smell given off.  Some studies have demonstrated the feasibility of

recycling retting water as fertilisers.

2.3.1.3 Warm water retting

This is similar to water retting, but the hemp fibre is soaked for 24 hours when new water is

added at elevated temperature (about 100°C) for about 2 to 3 days.  A uniform and clean fibre

is produced.

2.3.1.4 Green retting

Green stalks  are  mechanically processed for  the  separation  of  fibre  from the  stalk.   This

process uses a machine to mechanically separate the fibre from the hurd.  High quality fibre

can be obtained for the textile industry, while the remaining stalk can be used in the paper and

fibreboard industries.

2.3.1.5 Chemical retting

Stalks are processed using chemical agents to dissolve the pectin.  This process can reduce

retting period to 48 hours and produces a high quality fibre.  According to Hepworth  et al

(2000:31), the lack of retting does not significantly change the reinforcing capabilities of hemp

fibre and unretted fibres can be used to make composite materials that are stiff and strong.  

The problems caused by retting include microbiological contamination of the fibre, increased

variability of the fibre properties, insecurity of fibre supply owing to poor weather during field

retting and delays in the planting of subsequent crops.  These factors limit the competitiveness

and range of application of the fibre.  After retting the hemp fibre, the stalk is loosely held

together  for  further  processing.   The  retted  fibres  are  decorticated,  scotched,  hackled and
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combed  to  remove  the  remaining  pieces  of  stalk,  broken  fibres  and  extraneous  material.

Mechanical equipment can be used to produce the hemp stalks into consumer products such as

threads. 

2.3.2 Fibre separation

Different  methods  to  extract  fibres  (decortication)  from  the  plant  material  can  be  used.

Decortication decribes the process of separating the bast fibres from the hurd.  This is a very

difficult process and research is ongoing into machinery and other methods that can reduce the

cost of the traditional mechanical process.  Figure 2.3 (Leupin et al 2001:13), shows the hemp

fibre separation process.  After retting, hemicellulose and lignin can be removed by hydro-

thermolysis or alkali reactions.  The hemicellulose is responsible for a great amount of the

moisture absorption.  The lignin is the connecting cement between the individual fibre cells.  

Hepworth  et  al (2000:31) studied two different  forms of hemp fibre extraction.  The first

method was the standard treatment where the fibre stem was passed through the machine to

produce tangled fibre.  The second method was called “pinning”, where the stem was put part-

way into the machine and then withdrawn to fibrillate the worked end of the stem and thus

produce well aligned fibre.

  

FIGURE 2.3:  Fibre separation processes
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They showed that there is a significant difference in the properties of composites made using

fibre  from  standard  decortication  and  fibre  from  pinning-decortication.   The  standard

decortication processes produced composites  that  were less stiff  and weaker.   This can be

explained by the reduced alignment of fibre from the standard decortication.  The finer fibres

become tangled into small knots, which are very difficult to disentangle and straighten.  The

pinning process on the other hand does not tangle the fibres and therefore stiffer and stronger

composites can be made.

2.3.3 Cottonisation of hemp fibre

In the last  century, investigations of cottonisation of hemp fibre have already being made.

Nebel (1995:1) reported an old method used to cottonise hemp fibre.  The bast fibres of hemp

were processed using cotton machine.  The problems encountered was the sticky substances

such as pectin, lignin et cetera which are responsible for tenacity in wet spun hemp yarns must

be  removed  in  the  cottonisation  process  to  have  a  complete  separation  of  single  fibres.

According to Nebel (1995:1), the hemp yarns on the market do not fulfil the requirements of

the textile or automotive industry.  In regard to fibre fineness, homogeneity, flexibility and the

distribution or fibre length the textile and automotive industries are faced with vast processing

problems.  At present, South African hemp fibres need a new technology for the production of

better quality yarns from short or long fibres using the cotton technology.

2.4 SURFACE TREATMENT OF NATURAL FIBRE

The quality of a fibre reinforced composite depends considerably on the fibre-matrix interface

because  the  interface  acts  as  a  binder  and  transfers  stress  between  the  matrix  and  the

reinforcing fibres.  Interfacial bonding is as result of good wetting of the fibres by the matrix

and the formation of a chemical bond between the fibre surface and the matrix.  In order to

develop composites with better mechanical properties and good environmental performance, it

is  necessary  to  impart  hydrophobicity  to  the  fibres  by  mechanical  treatments,  surface

treatments and chemical treatments.  
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According  to  Robson  (1993:EC/4316/92),  before  plant  fibre  can  gain  access  to  other

composite markets, several fundamental problems must be overcome:

- The attraction of water to the hydroxyl (OH) groups on the cellulose, hemicellulose

and  lignin  of  plant  fibres  causing  swelling  and  subsequent  loss  of  physical

properties.

- The poor wetting of polar fibre surfaces of plant fibres by convectional (mainly

non-polar) matrix materials or the lack of strong bonds between the matrix and the

fibre.

- The biodegradability of plant material, especially when moist.

- The photosensitivity of plant material polymers.

- The combustion (especially flaming combustion) of plant material.

2.4.1 Treatment of natural fibre to improve fibre/matrix compatibility

Dewaxing method has been used to remove waxy substances from sisal fibre surfaces.  Soxhlet

extraction is  one technique adopted.  It was found that  the properties of the fibre are not

enhanced but the fibre matrix bond is improved.  Mwaikambo  et al (2001:36) studied the

alkalisation or acetylation of plant fibres resulting in the changes of the surface topography of

the fibres and their crystallographic structure. 

The fibre is washed with sodium hydroxide prior to any treatment.  The sodium hydroxide

opens up the cellulose structure allowing the hydroxyl groups to get ready for the reactions.

During  washing  with  sodium  hydroxide,  the  wax,  cuticle  layer  and  part  of  lignin  and

hemicellulose are removed.  The major reaction takes place between the hydroxyl groups of

cellulose and the chemical used for the surface treatment.  The above confirmed that some

natural  fibres  treated  at  high  sodium  hydroxide  concentrations,  have  reduced  thermal

resistance as determined by Differential Scanning Calorimetry.  

Rana et al (1998:69) stated that the increase in mechanical properties and the decrease in water

absorption are brought about by the addition of the compatibiliser.  Possible explanation for

this has been attributed to linkage between the hydrophobic hydroxyl groups of jute and the
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carboxyl groups of the compatibiliser.   Rana  et al (2003:63) have shown that there was a

drastic increase in flexural strength, tensile strength and tensile modulus when a compatibiliser

was  added to  composites.   Rana  et  al (1998:69)  reported  that  Hedenberg and Gatenholm

suggested the formation of covalent linkages between maleic anhydride and hydroxyl groups

of cellulose through IR and ESCA analysis.

2.4.2 Development of covalent bonds between the fibre and the matrix

An effective  method  of  chemical  modification of  natural  fibres  is  graft  copolymerisation.

Graft copolymerisation is a process by which matrix polymers can be grafted directly onto the

fibre  surface  to  provide  better  fibre/matrix  bond.   It  involves  both  etherification  and

esterification reactions, but is different from the mono or di-functional modification.  

According to Gassan et al (1999:24), the reaction is initiated by free radicals of the cellulose

molecule.   The  cellulose  is  treated  with  an  aqueous  solution  with  selected  ions  and then

followed by exposure to a high-energy radiation.  Then the cellulose molecule cracks and

radicals are formed.  The radical sites of the cellulose are treated with a suitable solution

compatible with the polymer, such as vinyl monomer.  For example, the treatment of cellulose

fibre with hot polypropylene-maleic anhydride (MAPP) (see Figure 2.4) copolymers provides

covalent bonds across the interface.  The mechanism of reaction is divided into two steps (see

Figure 2.5):

FIGURE 2.4:  The mechanism for the formation of MAPP
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Cantero  et  al  (2003:63)  stated  that  the  composites  containing  maleic  anhydride  treated

polypropylene  did  show the  highest  mechanical  properties  compared  to  trimethoxy silane

treated fibres.  The addition of maleic acid anhydride-grafted PP improves the interface.  Also,

the  improvement  in  tensile  and bending strength  is  counteracted  by the  stiffness-reducing

properties that can only partly be compensated by a high molecular coupling agent.

Figure 2.5:  The treatment of cellulose with polypropylene-maleic anhydride

2.5 PROCESSING OF HEMP FIBRE COMPOSITES

A composite material is one, which is composed of at least two elements combined together to

produce material properties that are different to the properties of those elements on their own.

In practice, most composites consist of a bulk material (the matrix) and reinforcement, of some

kind, added to increase the strength and stiffness of the matrix.  There are different processes

that can be used to produce reinforced plastics composites.  
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The process selected to produce a particular component from a particular composite depends

on a number of factors.  These include: the size, complexity and the required volume of the

component,  cost,  performance  and  appearance  specifications  of  the  component  with  a

particular resin, reinforcement and additive.  

One of the greatest challenges in natural fibre composites is in the way they can be moulded by

conventional polymer processing techniques to optimise their performance.  Such processing

techniques drastically affect the structure of the polymer and as a consequence the properties

of  the  composites.   The  most  important  processing  factors  that  influence  fibre-reinforced

composites are:

- fibre dispersion within the matrix

- fibre length

- orientation of fibre and polymer matrix chains

- fibre and polymer matrix degradability and

- polymer matrix crystallability.

In this project, advanced processing techniques such as extrusion and injection moulding are

successfully used with hemp fibre/PP composites.

2.5.1 Mixing

Thermoplastic  pellets  and  natural  fibres  have  different  bulk  densities  and  shapes.

Thermoplastics, in pellet form have a bulk density in the range of 500 – 600 kg/m3.  Plant

fibres have an uncompacted bulk density of between 50 and 250 kg/m3.  Dry blending of the

thermoplastic and the plant fibre generally results in the settling of the heavier component.

The fibres tend to clump together and separated from the matrix.  This problem is exasperated

if the thermoplastic is in molten form, at which time its bulk density or specific gravity will be

closer to 900 – 1000 kg/m3.
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2.5.2 Extrusion

Keller (2003:63), reported that because of the irregular fibre feed, manual metering of the

tangled fibres not only produced non-homogenous granulate with poorly wetted fibres, but also

created blockages in the nozzle inlet area, particularly at high fibre volume levels.  High fibre

levels at low rotational speeds is not desirable, as the speed of rotation was not allowed to fall

below 50 min-1 since the risk of blockage in the nozzle inlet area increases as the speed of

rotation decreases.

2.5.3 Injection moulding

Injection  moulding  is  a  very  suitable  procedure  to  process  natural  short  fibre  reinforced

polymers into geometrically sophisticated structural parts.  A rough finish is indicative of a

low mould temperature.   Higher temperatures may be possible  if  the material  has a short

residence time in the barrel.  However, if too high a temperature is used, charring can occur.

According to Wielage et al (1999:337), injection moulding and consolidating of hybrid non-

wovens are suitable procedures to process natural fibre reinforced polymers into sophisticated

3-dimensional parts.  

According to Li et al (20003:63), the problems encountered in the injection moulding of sisal

fibre reinforced polypropylene (SF/PP) composition are: (i) increased melt flow viscosity as

sisal fibres were introduced; and (ii) poor interfacial bonding between sisal fibre and PP.  To

overcome the  high  melt  viscosity of  the  SF/PP  composites,  high injection  temperature  is

needed.   The  elevated  injection  temperature  (above  200°C)  can  cause  severe  thermal

degradation of the reinforcing sisal fibres.  Injection moulding differs from profile extrusion,

in that, after the material is heated, it is pumped into a permanent mould, where it takes shape

and cools.  The mould is then opened and the finished part discharged.  Injection moulded

parts range from buttons to computer cases and automotive components.
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2.6 MECHANICAL AND THERMAL PROPERTIES OF HEMP FIBRE

2.6.1 Tensile and Flexural properties

Wambua et al (2003:63) studied different fibre type/polypropylene composites that can replace

glass in fibre reinforced plastics. They found that hemp composites showed the highest (52

MPa) tensile strength while coir showed the lowest (about 10 MPa). The strengths of kenaf,

sisal and jute composites were approximately 30 MPa. Also, the flexural strength properties

(54 MPa) of hemp composites compare quite well with glass mat composite (60 MPa).  Keller

(2003:63) reported that the tensile strength of the ductile hemp composites was almost doubled

by the reinforcement with 27% of hemp fibres to 30 MPa and the modulus was quadrupled to

3.5 GPa.  No improvement of the tensile strength of the brittle material could be achieved,

although then modulus was increased to 6 GPa.  He also, reported that composites with a fibre

content of up to 42% could be achieved.

2.6.2 Impact strength

According to Wambua et al (2003:63), coir displayed the highest impact strength over jute

kenaf and hemp composites.  They stated that natural fibre composites were in some cases

better than those of glass and have the potential to replace glass in many applications that do

not require very high load bearing capabilities.

2.6.3 Thermal properties

Wielage  et  al  (1999:337)  studied  the  thermogravimetric  analysis  of  hemp  fibre  and

polypropylene.  They reported that the hydrophilic hemp fibres are subjected to a dehydration

process in which about 5-8% of absorbed water is being removed by the processing gas.  They
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confirmed the fact  that no degradation takes place before 160°C.  Above this temperature

thermal stability gradually decreases and decomposition of the fibres occurs.  For the matrix,

above  160°C  polypropylene  is  subjected  to  a  thermal  degradation  that  is  both  time  and

temperature dependent.

2.7 DISCUSSION OF LITERATURE REVIEW

A number of viable alternative materials for composites material applications do exist.  Some

have been tested and used more extensively than others.  Most researchers have found that the

conditioning, the manufacturing process, specific surface, the content of added fibre and the

processing parameters are the most important influencing factors on the mechanical properties

of the final product.  In addition, the results of the mechanical properties of the composite

material are dependent on the type of compatibiliser used.  Most published work has focused

mainly on processing hemp fibre and very little work on hemp composites was reported.  It is

believed  that  no  work  was  published  on  hemp  fibre  reinforced  polypropylene/1-pentene

random  copolymers,  hence  the  essence  of  this  investigation.   Most  of  the  processing

temperature  of  fibre  reinforced  polypropylene  composites  reported  were  about  200°C  or

higher.  The processing temperature depends on the type of processing equipment used i.e for

compression moulding, higher temperature can be used and lower temperature for injection

moulding.
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CHAPTER 3

THEORETICAL CONSIDERATIONS

It is the intention of this study to evaluate the performance of locally produced hemp fibre

reinforced  propylene/1-pentene  copolymer.   This  study  was  instigated  because  it  is

believed that no work was published on hemp fibre reinforced polypropylene/1-pentene

random copolymers.  From an economical point of view, government has realised that if

cultivated and processed for the growing international market, hemp can solve many of

the  problems  facing  the  economy,  unemployment  and  rural  underdevelopment  and

poverty.  The growing and processing of better quality hemp fibre could open up market

opportunities for composites in South Africa.

Most previous work on natural fibre reinforced composites has focused on sisal fibre as it

was the only commercially available fibre in South Africa.  Since it was expensive to

import other plant fibres such as hemp, flax et cetera, the CSIR, Textile Division, have

established  a  successfully  working  National  Plant  Fibre  Cluster  (NPFC)  to  conduct

research and development,  incubation and technology transfer for a competitive agro-

industry based on plant fibres in South Africa.  The Eastern Cape agronomic trials were

started  by  the  Agricultural  Research  Council  in  conjunction  with  the  Province’s

departments  of  Agriculture,  Economic  Affairs,  Environment  and Tourism and private

sector stakeholders.  The main involvement of the CSIR is the sourcing and testing of

fibre extraction technologies with machinery that would be appropriate for South African

conditions and technologies.  The South African government decided to subsidise the

agronomic trials in Eastern Cape in order encourage cultivation of hemp for industrial

and commercial purposes. 

For the matrix,  α-olefins polypropylene copolymers were chosen. These copolymers are

also uniquely South African and are manufactured by SASOL. Sasol’s Fischer-Tropfsch

oil-from-coal process produces linear and branched α-olefins, which could be useful as
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comonomers.  Unique monomers include the odd-numbered olefins such as 1-pentene, 1-

heptene et cetera.  Most commercially available propylene copolymers have ethylene or

1-butene randomly inserted into the backbone.  Due to the availability of 1-pentene in

Sasol’s hydrocarbon stream, an opportunity was identified to use 1-pentene in the gas-

phase production of polypropylene random copolymers.  
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CHAPTER 4

RESEARCH METHODOLOGY

4.1 MATERIALS USED IN THE INVESTIGATION

4.1.1 Hemp fibre

The South African long hemp and the French unbleached and bleached slivers, used in

this study were supplied by CSIR, Textile Technology Division in Port Elizabeth, South

Africa.  The S.A long hemp fibres (see Figure 4.1) were produced by CSIR whereas the

French unbleached hemp (see Figure 4.2) and bleached hemp (see Figure 4.3) slivers

were imported from France.  The unbleached hemp slivers were locally cottonised for

further applications.  According to the supplier’s data sheet, the hemp stalks of the S.A

long fibres have undergone the following processing route: 

- Stalks were crushed by fluted steel roller to release fibres from the woody

core.

- The crushed stems  were subsequently put  into  the  beating chamber  in  the

machine, called scotching unit.  Through this unit, the crushed woody core of

the stalks is further removed from the fibres resulting in relative clean fibres.

- The by-product of the above action is tow or short fibres which still has bits of

woody core.

- A  Russian  decorticator  (plant  extraction  machine),  which  has  two

components, namely, crusher and beater within the same unit, was used for

fibre extraction. 

The long hemp fibres were further processed using the Lin Opener (LOMY) machine,

which has  been exclusively designed for  opening,  shortening and cleaning of  natural

fibres.  The main cylinder of the LOMY was adjusted to different positions to regulate the

fibre length.
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FIGURE 4.1:  Optical photograph of South African long hemp fibre

To  prepare  cottonised  fibres,  the  imported  unbleached  hemp  slivers  were  further

processed locally on LINSTAR unit using cottonising main cylinder.  According to the

supplier’s data sheet, the LINSTAR has two cylinders namely, the fine opener and the

cottoniser.  The cylinders can be operated by using different speed and knife settings.

Long unbleached hemp fibres were processed through the fine opener first and then by

the cottoniser.  The unbleached hemp fibres were reasonably finer.  For security reasons

the  supplier  prohibits  the  publication  of  detailed  description  for  the  LOMY  and

LINSTAR processing methods.  At present, there is no machinery in place that could

process hemp long fibres into slivers or yarns in South Africa.

33



FIGURE 4.2: Optical photograph of French unbleached hemp slivers

FIGURE 4.3:  Optical photograph of French bleached hemp slivers

4.1.2 Polypropylene random copolymer

The polypropylene random copolymer granules used in this study were of two different

grades (PP1 and PP2) of propylene/1-pentene random copolymers manufactured in South

Africa by Sasol Polymers.  The data specifies that PP1 polypropylene random copolymer

is  an easy flow,  narrow molecular  mass  distribution grade while  PP2 is  a  high flow

clarified random copolymer grade for injection moulding applications.  These materials
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were evaluated to  compare their  influence on the fibre/matrix  composite  compounds.

The data sheet obtained specifies their physical and mechanical properties (see Table 4.1).

TABLE 4.1:  The physical and mechanical properties of polypropylene

PROPERTY PP1 PP2
Melt flow index (g/10 min) 8.5 28

1-pentene content (%) 1 3
Modulus of elasticity (1mm/min) (MPa) - 1400

Izod notched impact @ 23°C (kJ/m2) - 4.0

PP1 offers the following property advantages:

- Exceptional gloss and clarity

- Fast migrating slip agent 

- Low tendency to block

-  Superior toughness

4.1.3 Compatibiliser

The  compatibiliser  used  to  determine  the  adhesion  between  the  fibre  and  the

polypropylene was  a polypropylene-grafted-maleic  anhydride (MAPP)  wax,  known as

Permanol 603 supplied by Dick Peters (Netherlands).  It is an aqueous emulsion solution

derived from a high molecular weight maleic-anhydride-grafted polypropylene wax with

a  high  melting  point.   The  anhydride  functionality  of  the  maleanated  polypropylene

interacts with many different fillers such as fibreglass, flax, hemp, mica talcum, calcium

carbonate and woodpulp.  Generally, the amount of Permanol used, ranges from 1 – 3%

on the total amount of filler.  The fillers have to be coated with Permanol 603 and dried in

an oven between 100 to 150°C before it  is used in compounding.  The physical and

chemical properties of Permanol 603 compatibiliser are listed below:

Form :  liquid
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Colour :  white

Odour :  slightly perceptible

Freezing point :  0°C

Boiling point :  100°C (1 bar)

Density :  approximately 0.97 g/cm3

Solubility in water :  miscible in all proportions

pH value :  9 - 10 (20°C)

Viscosity (dynamic) :  <250 mPa.s (20°C)

4.2 COMPOSITION AND MIXING OF COMPOSITE

The composite consisted of fibre/matrix/compatibiliser mixtures where the amount of the

compatibiliser was kept constant at 2% weight of the total fibre, while the fibre content

was varied (see Table 4.2).  The hemp fibre contents were set at 0%, 5%, 10%, 20% and

30%  weight  of  the  matrix.   The  balance  of  the  mixture  was  made  up  of  the

polypropylene/1-pentene random copolymer granules, always to give a total weight batch

size of 100%.  A comparative control (matrix without fibre) was included which did not

contain any compatibiliser.  

The quantity of granulated hemp fibre was calculated on dry basis in order to obtain the

correct reading.  Natural fibre has the tendency to absorb high content of moisture from

atmosphere  which  cause  swelling  during  compounding  and  hence,  a  decrease  in

mechanical  properties.   Also,  dry  fibre  gives  better  wetting  with  the  matrix  during

compounding.  These fibre content  were chosen to observe the effect  of fibre on the

mechanical and thermal properties as the fibre content is increased.  Although, higher

fibre  content  (up  to  60%)  have  been  reported  elsewhere.   A 2% weight  MAPP was

considered as an optimum level for the compositions because of its migration tendency to
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the surface of the fibre.  The process is divided into six different steps, namely: drying,

cutting, mixing, compounding, pelletising and injection moulding.  

TABLE 4.2:  Overview of hemp fibre composite mixtures.

Fibre/Matrix/Compatibiliser Compositions
Mixture 1 (g) Mixture 2 (g) Mixture 3 (g)

Bleached PP1 PPM

A

Cottonised PP1 PPMA Long PP1 PPMA

0 1000 0 0 1000 0 0 1000 0
50 931 19 50 931 19 50 931 19

100 882 18 100 882 18 100 882 18
200 784 16 200 784 16 200 784 16
300 686 14 300 686 14 300 686 14

Fibre/Matrix/Compatibiliser Compositions 
Mixture 4 (g) Mixture 5 (g) Mixture 6 (g)

Bleached PP2 PPM

A

Cottonised PP2 PPMA Long PP2 PPMA

0 1000 0 0 1000 0 0 1000 0
50 931 19 50 931 19 50 931 19
100 882 18 100 882 18 100 882 18
200 784 16 200 784 16 200 784 16
300 686 14 300 686 14 300 686 14

4.2.1 Drying
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The hemp fibres were dried in an air-circulating oven at 60°C overnight before being

chopped into the desired length for the preparation of composites.  It is important to dry

them because they absorb moisture from the atmosphere and tend to swell.  Drying made

the cutting and mixing processes faster and more efficient. 

4.2.2 Cutting

The hemp fibres were chopped to a length of approximately 10 cm by guillotine machine.

The  fibres  were  then  fed  into  the  granulator  (Type  S10/9)  having  an  8  mm  screen

(manufactured by H.Dreher Maschinenbau from Aachen in Germany).  The machine is

normally used for recycling purposes where small plastic parts are granulated.  However,

since much longer (than 8 mm) fibres can pass through the 8 mm holes in the screen, a

wide  fibre  length  distribution  was  observed.   The  cut  fibres  were  placed  in  an  air-

circulating oven at a temperature of 60°C for overnight to dry.

4.2.3 Mixing

A calculated quantity of granulated hemp fibre (on a dry basis) was sprayed with (2%

weight) MAPP compatibiliser and dried in an air-circulated oven at 100°C for 4 hours.

After 4 hours the coated fibres and the polypropylene random copolymer were fed into a

Jones high-speed mixer (see Figure 4.4) with two stump blades.  Mixing of coated hemp

fibres with polypropylene granules were much more problematic since the hemp fibres

and polypropylene granules have different densities.  Throughout the experiment the total

composition weight was maintained to a 1000g per batch size.  Each batch was mixed at

an average initial temperature of 25° to the maximum of 100°C, for between 30 to 60
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minutes depending on the fibre content.  All the mixtures were kept in the oven at 60°C

to avoid moisture absorption before they were extruded.

FIGURE 4.4:  Jones high-speed mixer

4.2.4 Compounding

The mixture  was  compounded  with  a  small  single  screw laboratory extruder  (Cavity

Transfer Mixer-CTM) from Rapra Technology Ltd.  The temperatures used during the

compounding process  were kept  relatively low to  prevent  thermal  degradation of  the

hemp fibre.  Figure 4.5 shows the set points of the four separate temperature zones.  The

zones were set at temperatures from 168 – 170 – 170 – 168°C (maximum) to 165 – 167 –

167 – 165°C (minimum), depending on the fibre content.  The screw speed was varied

between 50 and 60 rev/min.  Since the feeding zone of the extruder was not optimised for

the use of cut hemp fibres, the mixture had to be manually fed with a wooden stick.  The

extrudate was cooled in a water bath.

Min: 165°C 167°C 167°C 165°C

39

Zone 1Zone 2Zone 3Zone 4



Max: 168°C 170°C 170°C 168°C

FIGURE 4.5:  Schematic diagram of temperature zones of extruder

4.2.5 Pelletising

The compounded materials were collected as strands and pelletised in a standard strand

pelletiser  used  in  plastics  compounding.   The  material  was  fed  into  the  machine  by

rotating rollers.  The blades of a large rotating cylinder, cuts the material.  This resulted in

cylindrical pellets of approximately 3mm long.

4.2.6 Injection moulding

Since water was absorbed during the cooling process, the pellets were dried in an oven at

60°C for 48 hours before injection moulding.  This was to reduce the moisture content in

the samples because it could lead to formation of air bubbles in the specimens and poor

mechanical properties.  The compounded granules were injection moulded as tensile test

specimens, using a Mannesmann Demag Injection moulding machine (Type D60 NC III-

K).  Figure 4.6 shows the injection moulding flow chart of the fibre/PP composite.  

Figure 4.6:  Injection moulding flow chart.
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The levels of moulding variables were chosen based on the grade of the polypropylene

random copolymer used and are shown below in Table 4.2.  A low temperature profile

was again chosen to reduce thermal damage to the hemp fibre and low injection speeds

were required to get bubble free samples.  

TABLE 4.3:  Operating parameters set on the injection moulding machine

Factor Levels for grade PP1 Level for grade PP2
Dosing (mm) 65 45

Screw speed (rpm) 63 63
Back Pressure (bar) 7 7

Barrel Temperature profiles (°C) 180 – 185 – 185 - 185 170 – 175 – 175 - 175
Hold Pressure (bar) 25 27
Injection time (s) 8 8

Injection speed (rpm) 15 15
Injection Pressure (bar) 40 40

Cooling Time (s) 20 20
Hold Time (s) 15 7

4.3 MATERIAL CHARACTERISATION

4.3.1 Tensile testing

The tensile strength was determined on 6 specimens (the average was recorded) after

conditioning for 3 days at 23°C and 50% relative humidity.  The tensile properties of the

composites  were  measured  with  an  Instron  Model  4302  testing  machine  (ASTM  D-

638M).  The width and the thickness of each sample were approximately 10 mm and 4

mm, respectively.  The cross-head speed was 10 mm/min at a strain rate of 10 points/sec.

The elastic modulus, stress at break and strain at break were calculated from the stress-

strain curve.

4.3.2 Flexural strength
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Rectangular test pieces for flexural test were cut from the injection moulded tensile test

specimens.  The flexural tests were performed on the same machine as tensile tests using

the 3-point  bending method according to ASTM D-790M.  The specimen was freely

supported by a beam and the maximum load was applied in the middle of the specimen.

The tests were carried out at a temperature of 23°C and the relative humidity of 50%.

The crosshead speed was 1.7 mm/min at a strain rate of 10 points/sec.  For statistical

purposes, a total of 6 samples were tested.

4.3.3 Impact strength

The impact strength of the samples was measured on the injection moulded tensile test

specimens  using an Izod impact  test  machine.   All  test  samples  were notched.   The

method used for impact strength testing was according to ISO 180.  The test specimen

was supported as a vertical cantilever beam and broken by a single swing of a pendulum.

The pendulum strikes the face of the notch.  A total of 6 samples were tested and the

mean value of the absorbed energy was taken.

4.3.4 Thermal analysis

One  of  the  accepted  methods  for  studying  the  thermal  properties  of  polymeric  or

composite materials is thermogravimetry (TG) analysis. In this mathod of analysis the

mass  loss  of  the  sample  is  determined  as  a  function  of  the  temperature.

Thermogravimetric  analysis  was  carried  out  on a  Perkin  Elmer  TGS-2,  coupled to  a

System-4  microprocessor  and  a  TADS  data  station.   Nitrogen  gas  at  a  flow rate  of

20ml/min was used to purge the furnace and the heating rate was 10°C/min.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 INTRODUCTION

This chapter is divided into three sections:

- Physical appearance of test samples

- Mechanical properties of the composite

- Thermal properties of the fibre composite

5.2 PHYSICAL APPEARANCE OF TEST SAMPLES

South African long hemp fibre is relatively clean but it has bits of wood attached to the fibres

while the imported hemp fibre from France is clean as it was pre-processed (see Section 3.1).

Since the French bleached and cottonised hemp fibres have finer texture, it was difficult to

feed in the granulator.  The fibres tend to get tangled around the rotating blades instead of

being cut.  

Figures 5.1 and 5.2 show the injection moulded test bars, which were cut for the preparation of

various tests.  It can be seen from Figures 5.1 and 5.2 that both cottonised and long hemp fibre

in PP1 and PP2 composite samples have darker colour, while the bleached hemp fibre in PP1

and  PP2  composite  samples  have  much  lighter  colour.   For  compounding,  the  barrel

temperature zones were increased as the fibre content increased, while for injection moulding

the barrel temperature was increased for the different polypropylene grades.  In cottonised and

long hemp fibre composite samples, the colour darkened as the fibre content was increased.

The dark cottonised and long hemp fibre (see Figures 4.1 and 4.2) is responsible for the dark

colour of the injection moulded test samples.
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FIGURE 5.1:  Injection moulded test bars of PP1 composites.

FIGURE 5.2:  Injection moulded test bars of PP2 composites.

5.3 MECHANICAL PROPERTIES OF THE COMPOSITE

5.3.1 Effect of fibre content on flexural modulus

As expected, it is clear from Table 5.1 (see also Figures 5.3 and 5.4) that the flexural strength

of all hemp fibre composites increased with increasing in fibre content.  For PP1 composites,

bleached composites showed a higher modulus value (4252 MPa) at 30% fibre content while
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cottonised  and  long  hemp  fibre  composites  showed  the  lowest  (3279  and  2518  MPa,

respectively) modulus.

For 5-10% fibre contents,  the  long and cottonised composites  (PP2)  show lower modulus

when  compared  with  the  bleached  composites.   A  significant  increase  in  modulus  was

observed with the bleached and long fibre composites with 20 to 30% fibre content.   The

flexural strength of composites is highly influenced by the properties of the materials closest to

the  top  and  bottom  surface  of  the  samples.   South  African  long  hemp  fibre  composites

compare well  with France bleached and cottonised hemp fibre  composites  at  higher  fibre

content (> 20% fibre content).

TABLE 5.1: Effect of fibre content on flexural strength.

Type of Fibre Fibre Content
(% wt)

Flexural Strength (MPa)
PP1 PP2

Bleached hemp 0 1054 984
5 1127 983

10 1445 1311
20 2153 2690
30 3324 3041

Cottonised hemp 0 1054 984
5 1173 1137

10 1254 1227
20 2488 2398
30 3428 2847

Long Fibre hemp 0 1054 984
5 1043 1081

10 1153 1128
20 2446 2583
30 3352 3373
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FIGURE 5.3:  Effect of fibre content in PP1 composites on flexural strength.
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FIGURE 5.4:  Effect of fibre content in PP2 composites on flexural strength.
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5.3.2 Effect of fibre content on impact strength

Table 5.2 shows the measured impact strengths of the fibre/PP composites.  Generally, the

impact  resistance  was  not  improved  by  fibre  reinforcement  for  both  fibre/PP  composite

materials (see Figures 5.5 and 5.6).  The low impact strength could be the results of weak

interfacial bond strength between the hemp fibre and the PP material.

It is clear that the scatter on the measured values of the impact strength of the fibre/PP2 (see

Figure 5.6) is  quite  large and therefore it  is  difficult  to draw conclusions.   The fibre/PP2

composites tested showed low impact strengths with the exception of 10% cottonised fibre

(1.49 KJ/m2) and 20% bleached fibre (1.63 KJ/m2) composites.  Although, low impact strength

was  observed,  long  hemp  fibre  composites  seemed  to  compare  well  with  bleached  and

cottonised composites.  The impact resistance of fibre composites is highly influenced by the

interfacial bond strength.  

TABLE 5.2: Effect of fibre content on Impact strength.

Type of Fibre Fibre Content
(%)

Impact strength (KJ/m2)
PP1 PP2

Bleached hemp 0 1.73 1.34
5 1.36 1.29

10 1.40 1.34
20 1.41 1.63
30 1.39 1.01

Cottonised hemp 0 1.73 1.34
5 1.25 1.31

10 1.30 1.49
20 1.14 1.22
30 1.28 1.27

Long Fibre hemp 0 1.73 1.34
5 1.41 1.36

10 1.30 1.23
20 1.20 1.18
30 1.30 1.25
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FIGURE 5.5:  Effect of fibre content in PP1 composites on impact strength.
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FIGURE 5.6:  Effect of fibre content in PP2 composites on impact strength.
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5.3.3 Effect on fibre modulus and tensile strength

As expected, fibre reinforcement resulted in a significant increase in modulus.  This behaviour

was observed in both PP1 and PP2 composites (see Figures 5.7 and 5.8).  In the case of PP1

composites (see Table 5.3), bleached and cottonised fibres showed better reinforcements than

long hemp fibre.  In contrast, the PP2 composites (see Table 5.4), bleached and long fibres

showed to be better reinforcements than cottonised fibres.

TABLE 5.3:  Effect of fibre content on modulus and tensile strength

Type of Fibre Fibre Content Young’s Modulus
(MPa)

Stress at Break
(MPa)

Strain at Break
(%)

Control PP1 0 1232 20.1 45.8
Bleached Hemp 5 1221 29.3 8.0

10 1516 26.9 6.5
20 2068 22.6 4.4
30 4252 28.2 2.8

Control PP1 0 1232 20.1 45.8
Cottonised Hemp 5 1494 28.4 11.0

10 2380 29.6 4.9
20 2724 25.3 3.6
30 3279 28.1 2.2

Control PP1 0 1232 20.1 45.8
Long Fibre Hemp 5 1753 28.7 9.4

10 2057 28.7 5.8
20 2151 28.9 2.9
30 2518 25.8 2.5
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TABLE 5.4:  Effect of fibre content on modulus and tensile strength

Type of Fibre Fibre Content
(% wt)

Young’s Modulus
(MPa)

Stress at Break
(MPa)

Strain at Break
(%)

Control PP2 0 1098 20.7 57.5
Bleached Hemp 5 1575 27.7 10.1

10 2419 26.8 4.3
20 2804 24.0 3.9
30 3813 27.6 3.0

Control PP2 0 1098 20.7 57.5
Cottonised Hemp 5 1302 26.7 13.6

10 1527 28.4 6.7
20 2151 28.9 4.2
30 3123 26.4 2.9

Control PP2 0 1098 20.7 57.5
Long Fibre Hemp 5 1208 28.4 10.2

10 1459 28.4 10.2
20 2904 25.6 4.2
30 3801 26.4 3.5
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FIGURE 5.7:  Effect of fibre content in PP1 composites on Young's modulus.
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FIGURE 5.8:  Effect of fibre content in PP2 composites on Young's modulus.

It is also clear that an increase in fibre content led to an increase in stress at break for both PP

materials.  A similarity between stress at break of bleached, cottonised and long composites

can be observed (see Figures 9 and 10).  In both cases, at 5% bleached hemp fibre the stress at

break increased, but levels off at 10% and 20% fibre content.  A sudden increase in stress at

break was observed at 5% long fibre (for both PP samples) and then remained constant with an

increase in fibre content, with the exception of 30% fibre content.

51



0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

0 5 10 20 30

Fibre Content (% by weight)

St
re

ss
 a

t B
re

ak
 (M

Pa
)

Bleached Hemp

Cottonised Hemp

Long Fibre Hemp

FIGURE 5.9:  Effect of fibre content in PP1 composites on Stress at break.
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FIGURE 5.10:  Effect of fibre content in PP2 composites on Stress at break.

It is obvious that fibre reinforcement resulted in a drastic reduction of strain at break  (see

Figures 5.11 and 5.12) for both PP composites.  
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FIGURE 5.11:  Effect of fibre content in PP1 composites on Strain at break.
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FIGURE 5.12:  Effect of fibre content in PP2 composites on Strain at break.

It is observed that the modulus, stress at break and the strain at break of S.A long hemp fibre

composites compare favourably well with French bleached and cottonised hemp fibres.  The

results obtained prove that the type of matrix and the fibre contents influences the modulus

and the tensile strength of composites.
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5.4 THERMAL ANALYSIS OF THE FIBRE COMPOSITE

5.4.1 Thermogravimetric analysis of polypropylene

It can be seen from Table 5.5 that PP1 and PP2 decompose at temperatures of 503°C and 470°

C (see Figures 5.13 and 5.14), respectively.  Weight loss of about 99.4% and 99.9% were

respectively observed for PP1 and PP2 samples at a temperature range of between 450 and

550°C.  

TABLE 5.5:  Step analysis of weight losses at different temperature ranges

Temperature 

(°C)

Weight loss (%)
Polypropylene

PP1

Hemp fibre 30% Composite
Bleached Cottonised Long Bleached Cottonised Long

350 - 450 0 80.9 70 70 21.8 21.9 17.1
450 - 550 99.4 0 0 0 73.5 73.0 78.3
550 - 650 0 18.6 28.4 27.5 4.4 4.6 3.7

                                 PP2
350 - 450 0 80.9 70.0 70.0 22.6 20.8 20.6
450 - 550 99.9 0 0 0 72.9 75.5 74.5
550 - 650 0 18.6 28.4 27.5 4.1 3.9 4.7
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FIGURE 5.13:  Thermogravimetric curve of PP1
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FIGURE 5.14:  Thermogravimetric curve of PP2
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5.4.2 Thermogravimetric analysis of hemp fibre

It is clear that at around 75°C (see Figures 5.15 – 5.17) there is a slight drop in the mass of all

the samples.  The slight drop in the mass of the samples is due to the heat of vaporisation of

water from the fibre.  The bleached, cottonised and long hemp fibres composites decomposed

at relatively close temperatures (380, 382 and 385°C, respectively).  At these temperatures,

similar mass loss of about 70% was observed for both cottonised and long hemp fibres, while

bleached hemp fibre showed a higher mass loss of 80.9%.  
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FIGURE 5.15:  Thermogravimetric curve of Bleached hemp fibre
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FIGURE 5.17:  Thermogravimetric curve of Long hemp fibre

57



5.4.3 Thermogravimetric analysis of 30% hemp fibre/PP composite

In all  the TGA curves for all the fibre/PP composites, the first part of the curve is due to

thermal depolymerisation process, while the second part can be ascribed to a further breakage

of decomposition products.  For PP1 composites, it is clear that the degradation of bleached

hemp fibre composites (see Figures 5.18) shifted to higher temperature region (508°C) when

compared to the cottonised (491.9°C) and long hemp fibre (489°C) composites (see Figures

5.19 and 5.20).  Also, in the case of PP2 composites, higher temperature (494.7°C) region was

observed for bleached fibre composites (see Figure 5.21) when compared to the cottonised

(491.7°C) and long fibre (487.4°C) composites  (see Figures 5.22 and 5.23).   The thermal

stability of all fibre composites is better than that of the fibres and matrix.  This is attributed to

the improved fibre/matrix adhesion resulting from the treatment of the composites with the

MAPP compatibiliser.
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FIGURE 5.18:  Thermogravimetric curve of 30% Bleached hemp/PP1
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FIGURE 5.19:  Thermogravimetric curve of 30% Cottonised hemp/PP1
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FIGURE 5.20:  Thermogravimetric curve of Long hemp/PP1
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FIGURE 5.21:  Thermogravimetric curve of 30% Bleached hemp/PP2
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FIGURE 5.22:  Thermogravimetric curve of 30% Cottonised hemp/PP 2
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FIGURE 5.23:  Thermogravimetric curve of 30% Long hemp/PP2
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 INFLUENCE OF HEMP FIBRE ON MECHANICAL PROPERTIES

The hemp fibre content has an influence on mechanical properties.  It was observed in all

fibre/matrix  composites  that  increasing  the  amount  of  fibre  resulted  in  increasing  the

flexural  strength,  elastic  modulus  and  tensile  strength.  Therefore  an  improvement  in

strength and stiffness combined with high toughness can be achieved by varying the fibre

content.  

On the other hand, the addition of hemp fibre to the matrix was found to decrease the

impact strength with the exception of 10% bleached hemp fibre and 20% cottonised hemp

fibre of the PP2 composites.  A decrease in strain at break was observed with an increase in

fibre content.  This  is  due to fibre orientation close to the surface of the samples.  The

flexural test of composites is highly influenced by the properties of the samples closest to

the top and bottom surface of the samples.  

6.2 INFLUENCE OF HEMP FIBRE ON THERMAL PROPERTIES

Thermogravimetric analysis was carried out on the samples in order to study the thermal

behaviour of hemp/PP composites in relation to fibre content.  Different hemp fibres from

different sources were used for this analysis.  It was observed that in all cases the South

African  long  hemp  fibre  compare  favourably  well  with  the  French  hemp  fibres.   As

expected, it was found that all fibres degraded at lower temperatures when compared to the

PP  matrix.   It  was  also  observed  that  the  thermal  stability  of  hemp  fibre/PP  matrix

composite was higher than either the fibre or the matrix as individuals, due to the fibre-

matrix interaction. This is very encouraging as it points to good recycling possibilities of

the composite.
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6.3 INFLUENCE OF PROCESSING CONDITIONS ON COMPOSITES

It  was  shown  that  the  mechanical  and  thermal  properties  hemp  fibre  reinforced  PP

compounds could be improved by optimising the material compositions.  In choosing the

correct  processing  parameters  (temperature,  pressure,  speed  et  cetera)  and  the  use  of

compatibiliser, good mechanical properties can be achieved.  Taking these influences into

considerations parts made from natural fibre reinforced composites can be manufactured

successfully by injection moulding process.  The major problem experienced was feeding

the fibre mixture in the extruder during compounding due to the difference in the bulk

density of the fibre and the matrix.   The mixture was force-fed manually as the fibres

tended to remain at the top of the hopper.

6.4 RECOMMENDATIONS FOR FURTHER RESEARCH

In most cases the specific properties of S.A long hemp fibre composites were found to

compare favourably well with those of French hemp fibre.  This research made clear that

S.A long hemp fibre could be reinforced with polypropylene/1-pentene random copolymer

material  without  degrading the fibre.   It  can be concluded that  the  initial  findings are

promising,  but  further  work  is  necessary.  This  will  become  necessary  when  new

technologies for producing finer and clean South African long hemp fibre are developed in

the near future, i.e South African hemp fibres of a better quality should be developed.

Recycling (including incineration) characteristics and methods of hemp fibre reinforced

composites are important aspects of this new material but there are very little published

data  to  date.   Recycling of  these  composites  should  be  researched for  socio-economic

benefits.

63



BIBLIOGRAPHY

1. ALBANO, C. [et al]. 2004. e-Polymers. Kinetic considerations on the mechanical

behaviour of polypropylene + wood flour and polypropylene + sisal frbre blends.

(022): 1-11.

2. ALMENDROS,  G.  [et  al].  .2001.  Enzyme and Microbial  Technology.  Infrared

spectroscopy analysis of hemp (Cannabis sativa) after selective delignification by

Bjerkandera sp. at different nitrogen levels. (28): 550-559.

3. AL-QURESHI,  H.A.  SILVA,  J.L.G.  1999.  Journal  of  Materials  Processing

Technology. Mechanics of wetting systems of natural fibres with polymeric resin.

(92-93): 124 – 128.

4. BALEY, C. 2002. Journal of Applied Science and Technology. Analysis of the flax

fibres tensile behaviour and analysis of the tensile stiffness increase. (33): 939-

948.

5. BARBOSA,  S.E.  KENNY,  J.M.  1999.  Polymer  Engineering  and  Science.

Processing of short fiber reinforced polypropylene. II: statical study of the effect

of processing conditions on the impact strength. (39 No 10): 1880 – 1890.

6. BEAUMONT, P. W. R. [et al]. .2003. Journal of Engineering. On the mechanical

properties,  deformation  and  fracture  of  a  natural  fibre/recycled  polymer

composites. (34): 519-526.

7. BERG, J. C., MILLER, A. C., .2003. Journal of applied science and Technology.

Effect  of  silane coupling  agent  adsorbate  structure on adhesion performance

with a polymeric matrix. (34): 327-332.

8. CHRISTIANSEN, J. deC. [et al]. 2002. composites Part A: Applied Science and

Manufacturing.  Influence of push-pull injection moulding on fibres and matrix

of fibre reinforced polypropylene. (33): 735-744.

9. CICHOCKI,  F.R.  Jr.,  THOMASON,  J.  L.  .2002.  Composites  Science  and

Technology. Thermoelastic anisotropy of a natural fiber. (62): 669-678.

10. CLARKE , R. [ET AL]. 2002. Journal  of Industrial Hemp. (7:1) 

11. EICHHORN,  S.J.  [et  al].  2001.  Journal  of  Materials  Science.  Review  Current

international research into cellulsoic fibres and composites. (36): 2107 – 2131.

64



12. ELLISON,  G.C.  McNAUGHT,  R.  2000.  Research  and  Development  report:

Ministry of Agricalture Fisheries and Food.  Agri – Industrial Materials. The use of

natural fibres in nonwoven structures for applications as automotive component

substrates. (NF0309): 1 –46.

13. FUNG, K.L. [et al]. 2003. Composites Science and Technology. An investigation

on the processing of sisal fibre reinforced polypropylene composites. (63): 1255-

1258.

14. GASSAN,  J.  BLEDZKI, A.K.,  1999.  Progress  in  Polymer  Science.  Composites

reinforced with cellulose based fibres. (24): 221-274.

15. GASSAN, J. 2002. Journal of applied Science and Manufacturing. A study of fibre

and interface parameters affecting fatigue behaviour of natural fibre composites.

(33): 369-374. 

16. HEPWORTH, D. G. [et al]. 2000. Journal of Applied science and Manufacturing.

The use of unretted hemp fibre in composite manufacture. (31): 1279-1283.

17. HERRERA-FRANCO, P. J. [et al]. .1999. Journal of Engineering. Effect of fiber

surface treatment on the fiber-matrix bond strength of natural fiber reinforced

composites. (30). 309-320.

18. JAYARAMAN, K.  2003.  Composites  Science and Technology.  Manufacturing

sisal-polypropylene composites with minimum fibre degradation. (63): 367-374.

19. JOFFE, R. [et al]. 2003. Composites Part A: Applied science and manufacturing.

Strength and adhesion characteristics  of  elementary  flax fibres  with different

surface treatments. (34): 603-612.

20. KELLER,  R.  2003.  Composite  Science  and  Technology.  Compounding  and

mechanical properties of biodegradable hemp fibre composites. (63): 1307-1316.

21. KUMAR, R.P.  [et  al].  2000. Composites Science and Technology.  Morphology

and melt rheological behaviour of short-sisal-fibre-reinforced SBR composites.

(60): 1737 – 1751.

22. LAMPKE,  TH.  [et  al].  .  2003.  Journal  of  Material  Processing  Technology.

Processing  of  natural-fibre  reinforced  polymers  and  the  resulting  dynamic-

mechanical properties. (139): 140-146.

23. LI.R. K. Y. [et al]. .2003. Journal of Science and Technology. An investigation on

the  processing  of  sisal  fibre  reinforced polypropylene  composites. (63):  1255-

1258.

65



24. MAI, Y. [et al]. .2000. Composites Science and Technology.  Sisal fibre and its

composites: a review of recent developments. (60): 2037-2055.

25. MISHRA,  S.,  [et  al].  .2000.Journal  of  Science  and  Technology.  The

compatibilising  effect  of  maleic  anhydride  on  swelling  and  mechanical

properties of plant-fibre-reinforced novolac composites. (200): 1729-1735.

26. MONRAGON, I.,  [et  al].  .2003. Journal of Science and Technology.  Effects of

Fibre treatment on wettability and mechanical behaviour of flax/polypropylene

composites. (63): 1247-1254.

27. NECHWATAL,  A.  [et  al].  2003.  Composites  Science  and  Technology.

Developments in the characterization of natural fibre properties and in the use of

natural fibres for composites.  (63): 1273 – 1279.

28. NISHINO, T. [et al]. 2003. Composites Science and Technology. Kenaf reinforced

biodegradable composite. (63): 1281 – 1286.

29. RANA, A.K. [et al]. 1998. Journal of Applied Polymer Science.  Short jute fiber-

reinforced polypropylene composites: Effect of compatibilizer. (69): 329 – 338.

30. RANA, A.K. [et al]. 2003. Composites Science and Technology. Short jute fiber-

reinforced polypropylene composites:  effect  of  compatibiliser,  impact  modifier

and fiber loading. (63): 801 - 806.

31. RICHARDSON,  M.O.W.  ZHANG,  Z.Y.  2000.  Composites  Part  A:  Applied

Science and Manufacturing. Experimental investigation and flow visualization of

the resin transfer mould filling process for non-woven hemp reinforced phenolic

composites. (31): 1303 – 1310.

32. SAIN, M.M. PERVAIZ, M. 2003. Resources, Conservation and Recycling. Carbon

storage potential in natural fiber composites. (00) 1-16.

33. STAMBOULIS,  A.  [et  al].  2001.  Composites  Part  A:  Applied  Science  and

Manufacturing. Effects of environmental conditions on mechanical and physical

properties of flax fibers. (32): 1105 – 1115.

34. THOMAS, S. [et al]. .2002. Composites Science and Technology. Environmental

effects  on  the  degradation  behaviour  of  sisal  fibre  reinforced  polypropylene

composites. (62): 1357-1372.

35. THOMAS,  S.  [et  al].  .2003.  Composites  Part  A:  Applied  Science  and

Manufacturing.  Dynamic  mechanical  properties  of  short  sisal  fibre  reinforced

polypropylene composites. (34): 275-290.

66



36. THOMAS,  S.  [et  al].  .1999.  Journal  of  Science  and  Technology.  Effect  of

processing  variables  on  the  mechanical  properties  of  sisal-fiber-reinforced

polypropylene composites. (59): 1625-1640.

37. THOMAS,  S.  [et  al].  2000.  Composites  Part  A  :  Applied  Science  and

Manufacturing  Rheological behavior of short  sisal  fiber-reinforced polystyrene

composites. (31): 1231 – 1240.

38. VAN DE WEYENBERG, I. [et  al].  2003. Composites Science and Technology.

Influence  of  processing  and  chemical  treatment  of  flax  fibres  on  their

composites. (63): 1241 – 1246.

39. VAN  VOORN,  B.  [et  al].  2001.  Composites  Part  A:  Applied  Science  and

Manufacturing. Natural fibre reinforced sheet moulding compound. (32): 1271 –

1279.

40. VIGNON,  M.R.  [et  al].  1996.  Bioresource  Technology.  Morphological

characterization  of  steam  –  exploded  hemp  fibers  and  their  utilization  in

polypropylene-based composites.  (58): 203 – 215.

41. WIELAGE,  B.  [et  al].  .1999.  Thermochimica  Acta.  Thermogravimetric  and

differential scanning calorimetric analysis of natural fibres and polypropylene.

(337): 169-177.

42. WISNOM, M.R. 1999.  Composites  Science and Technology.  Size effecs in the

testing of fibre-composite materials. (59): 1937 – 1957.

43. WOLLERDORFER,  M.  BADER,  H.  1998.  Industrial  Crops  and  Products.

Influence  of  natural  fibres  on  the  mechanical  properties  of  biodegradable

polymers. (8): 105 – 112.

44. YOUNG,  R.  J,  EICHHORN,  S.  J.,  .2003.  Journal  of  Science  and  Technology.

Deformation  micromechanics  of  natural  cellulose  fibre  networks  and

composites. (63): 1225-1230.

45. ZAFEIROPOULOS, N.E. [et al]. 2002. Composites Part A: Applied Science and

manufacturing.  Engineering  and  characterization  of  the  interface  in  flax

fibre/polypropylene composite materials. Part I. Development and investigation

of surface treatments. (33): 1083 – 1093.

46. ZAFEIROPOULOS, N.E. [et al]. 2002. Composites Part A: Applied Science and

manufacturing.  Engineering  and  characterization  of  the  interface  in  flax

fibre/polypropylene composite materials. Part II. The effect of surface treatments

on the surface. (33): 1185 – 1190.

67



47. ZHANG, M. Q. [et al] .2003. Composite Science and Technology. Self-reinforced

melt processable composites of sisal. (63): 177-186.

48. ZULKIFI,  R.  [et  al].  2002.   Journal  of  Materials  Processing  Technology.

Interlaminar fracture properties of fibre reinforced natural rubber/polypropylene

composites. (128): 33-37.

68


