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Abstract 

 

This thesis explains the manufacturing of recyclable, eco-friendly composites and their 

fabrication into hollow cores. The composites have been manufactured using compression 

moulding and extrusion techniques; each representing batch manufacturing and continuous 

manufacturing respectively. A statistical design of experiments based on Taguchi method has 

been used to study the multivariable system involved in the process of continuous extrusion. 

Factorial design of experiments (DoE) has been used to determine the best material 

formulation to obtain maximum mechanical properties. The composite sheets produced after 

the DoE were pelletised in a hammer mill and reprocessed by passing them through another 

cycle of extrusion. The effect of recycling on the mechanical properties, which were 

determined by performing static tests as per ASTM standards, has been investigated. 

The extruded composite sheets have been thermoformed into half-hexagonal and 

sinusoidal profiles using matched-die and roll forming processes. As the process involves 

bending and stretching the sheet to conform to the geometry of the mould, it is usually 

accompanied by large strains. These strains have been analysed using grid strain analysis, and 

the strain path taken during the forming operation has been determined using strain space 

diagrams.  

Due to the stretching and bending of the composite sheet during thermoforming 

process, a stress field is induced in the material, which upon extraction in that state, would 

result in either spring-forward or spring-back of the material causing dimensional instability, 

but by holding the part in that deformed state for a period of time will allow the stresses in the 

materials to relax. This time-stress information (stress relaxation behaviour) has been 

experimentally investigated and modelled using springs and dashpots arranged in series and 

parallel. The spring-back and spring-forward phenomena, occurring in the formed part upon 

de-moulding, have been investigated using single curvature vee-bending experiments. 

The profiled sheets obtained after forming have been assembled and bonded into 

honeycomb cores using adhesives and ultrasonic methods. These cores have been sandwiched 

between two wood veneer facings to form eco-friendly sandwich panels. The compressive and 
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shear properties of these sandwich panels have been modelled and experimentally 

investigated. The compressive behaviour of the sisal-PP honeycomb cores has been modelled 

considering the honeycomb cell wall as a linear elastic specially orthotropic plate/lamina 

under plane stress and as a quasi-isotropic material. A finite element model of the sandwich 

panel has been developed in ANSYS classic finite element environment, to study the 

behaviour of the panel and the core, under flexural loading. 

Some non-structural properties such as, sound absorption, structural damping and 

energy absorption have been experimentally determined. The sound absorption ability of the 

honeycomb has been experimentally evaluated using a standing plane wave impedance tube. 

Three configurations; one with hollow cores, and the other two filled with polyurethane foam 

and wood fibres, respectively have been tried. The natural frequencies and structural damping 

have been experimentally determined by subjecting the sandwich beam to harmonic 

vibrations. The energy absorption characteristic has been experimentally determined by 

subjecting the honeycomb cores to quasi-static compressive loading.  
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y  Average response value (grand average) 

FP , FL , PL  Average response of the factor interactions 

maxy  Maximum average response value 

σxx Stress, xx corresponds to principal direction  

εx Strain, x corresponds to the principal direction 

*
plσ  Plateau stress 

ysσ  Yield stress of the composite sheet 

*σ  Honeycomb core compressive stress 

ρ  Composite sheet density 

*ρ  Honeycomb core density 

xxE  Young’s modulus of the composite sheet 

*E   Honeycomb core compressive modulus 

σf  Facing bending stress  

Gc  Honeycomb core shear modulus  

Ef  Facing modulus 

σfi  In-plane buckling stress 

δ  Maximum deflection  

U  Panel shear rigidity  
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 τ  Core shear strength  

D Panel bending stiffness  

ρ Density 

V Volume fraction 

E Young’s modulus  

σ Tensile strength 

υ Poisson’s ratio  

G Shear modulus  

f  Subscript refers to fibre 

m Subscript refers to matrix 

T Temperature 

at Shift factor 

φ Relative density 
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Chapter 1  

Introduction 

“Imagination is more important than knowledge”    

Albert Einstein 

1.1 Background 

 The word ‘cell’ derives from the Latin word cella, meaning a small compartment. This 

may be made from a lattice of interconnected struts or plates enclosed in two-dimensional or 

three-dimensional spaces. They can occur naturally or can be man-made; some examples of 

naturally occurring cellular solids are: wood, sponge and cork, and those that are man made 

are: honeycombs and foams.  

 Honeycombs are neatly ordered cellular solids, consisting of an array of open cells. The 

name ‘Honeycomb’ derives from the bee’s honeycomb found in nature due to its close 

resemblance to it. The cells of the honeycombs are usually hexagonal in shape; however, 

different cell variations such as triangular, square, semi-circular, circular or combinations of 

them are also possible. They are multifunctional in nature and have a wide range of 

applications in structural and non-structural areas. In structural applications, they are 

generally used as core material for sandwich construction, where they are bonded to thin rigid 

face sheets on either side of them, and in non structural applications they are used as acoustic 

panels, in air vents for changing the air direction and as thermal insulators/conductors. The 

principle of the sandwich panel in structural application is similar to that of a conventional I-

beam where the flanges carry the flexural load and the web carries the shear loading; 

however, in the case of sandwich materials, the shear load is sustained by the core and the 

flexural load is carried by the facings. As the honeycomb cores are made up of a network of 

hollow cells, considerable amount of weight can be saved if they were to be used instead of a 

homogenous core made of the same material.  

 

 



Chapter 1 Introduction 

  2

 Honeycombs can be manufactured from any thin flat formable sheet that may be metallic 

or non metallic. Common metallic honeycombs could be made from any sheet metal such as 

stainless steel, titanium and aluminium and some common non-metallic materials are fibre 

glass, Aramid paper, and Kraft paper. Some of the other uncommon materials used are 

copper, lead, and asbestos. Several manufacturing processes of honeycomb cores are currently 

available and many patents on the core manufacturing processes have been filed in the recent 

years (Fell 1997; Pflug and Verpoest 2004). The most common processes for manufacturing 

paper and aluminium honeycombs are through expansion and corrugation. In the expansion 

process, glue lines are printed or laid between sheets which are then stacked and cured under 

pressure at elevated temperatures; these sheets are then cut to required core thickness and 

expanded. Metallic foil sheets that are manufactured by this process tend to retain their shape 

after expansion, but the non-metallic materials tend to relax back to their original shape; 

therefore, the expanded non-metallic core is usually dipped in a resin and cured while holding 

them in a rack in a vacuum oven to retain the expanded shape. In the corrugation process, the 

sheets are passed between rolls to obtain the desired profile, which are then bonded at the 

node regions to form a core. This process is labour intensive, but commonly used to 

manufacture higher density cores (metallic and non-metallic). 

 The application of honeycomb cores has been somewhat limited to aerospace and high end 

application in automobile, sporting and construction industries, due to their high production 

costs. In the recent time, researchers have used low-cost thermoplastic materials to 

manufacture sandwich panels to extend their application. Though these cores are cost 

effective, their application has been somewhat limited to non-structural applications such as 

filtration media, acoustic insulators, vibration dampers, and energy absorbers because of their 

poor mechanical properties.  

 The intention of integrating honeycomb cores in sandwich panels is to obtain a high 

strength to weight ratio. As all thermoplastics cores fail to offer strength to the sandwich 

panels, it could be replaced by fibre reinforced thermoplastics (FRTPs). The FRTPs offer high 

strength to weight ratio, and some composites reinforced with synthetic fibres offer strengths 

higher than some conventional metals those are used to manufacture honeycomb cores (Bitzer 

1997). The advantage of using synthetic fibres is that the properties of the fibres could be 

altered during their manufacturing to cater to the needs of the end applications. However, the 

cost and the energy consumed in the manufacturing of synthetic fibres are fairly high. Most of 

the energy involved in their manufacturing is derived from fossil fuels such as coal, oil and 
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natural gas that emit carbon-dioxide (CO2) into the atmosphere. The accumulation of such 

gases in the atmosphere would act as glass walls of a greenhouse causing ‘greenhouse effect’ 

and leading to global warming.  

 Therefore, if renewable natural fibres that are obtained from sustainable resources were to 

be combined with the recyclable thermoplastic polymers, the resulting composite would be 

eco-friendly and could be used as an alternative solution to the synthetic cores. Hence, this 

research focuses mainly on the manufacturing and testing of natural FRTP honeycomb cores 

and their sandwich panels.  

1.2 Research scope 

 The scope of this research extends from the initial characterisation of raw materials until 

the final applications of the manufactured product. The primary objective of this research is to 

manufacture honeycomb cores from natural FRTP composites that are able to sustain 

structural loads. This has been achieved through a series of more detailed objectives. 

Characterisation of material and process parameters for the manufacture of natural 

FRTPs: This can be associated with the material and process parameters in maximising 

the mechanical properties of the composite material. The material parameters may include 

the type of reinforcement used (continuous fibres, short discontinuous fibres), the fibre 

orientations (unidirectional, random), matrix type, additive type, and their volume 

percentages and the processing parameters may include different durations of 

consolidation. 

Thermoforming analysis of natural FRTPs cores: This objective relates to the 

investigation of the ability of the composite material to conform to the shape of the 

die/mould within which it is being formed. This involves determining the forming 

temperature, speed, safe formable limits and the relaxation behaviour of the material 

during its cooling phase.  

Performance evaluation of natural FRTP cores: This objective can be linked to the 

behaviour of the composite material cores under static loading conditions. This includes 

investigation and identification of a good bonding system, evaluating the mechanical 

properties of the composite material core and the sandwich panels under different loading 

conditions.  
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Functional property evaluation of natural FRTP cores: This can be achieved by determining 

if the manufactured cores show any enhancement in their functional properties when 

compared with the unreinforced counterparts. Acoustic, vibration damping and energy 

absorption are the common functional properties of honeycomb cores. 

A simple block diagram depicting the flow of the research is shown in Figure 1.1. Each task 

was accomplished and compiled more or less as chapters throughout this research work.  

 Chapter 2 provides an overview of all the literature referred to in this study. A summary of 

the findings of a few researchers in the field of natural fibre composites, honeycomb and 

sandwich structures have been provided. In the initial part of this chapter, a survey has been 

included on the properties of some natural fibres available for reinforcement and different 

thermoplastics available as matrix systems in the current market to manufacture composites. 

The techniques adopted by different researchers to manufacture natural fibre composites have 

and some theories used in the succeeding chapters have been reported. 

 Chapter 3 consists of the two different processes considered for manufacturing natural 

FRTPs in this research. A detailed explanation of a statistical analysis that was used to 

determine the best material formulation to obtain maximum mechanical properties of the 

composite sheet has been provided. The composite sheet obtained through one of the 

manufacturing process has been recycled and the resulting mechanical properties of the 

recycled sheet have been compared and reported in this chapter. 

 Chapter 4 reports the investigation of the process parameters for thermoforming flat 

composite sheets into corrugations and their assembly to form honeycomb core sandwich 

panels, and the manufacture of honeycomb core sandwich panels from the thermoformed 

cores. Two processes, namely matched-die and roll forming, which were considered, have 

been presented with relevant forming analyses. The behaviour of the sandwich panels in 

compression and bending has been investigated. The results of different mechanical tests 

conducted to examine the behaviour of the honeycomb core sandwich panels when subjected 

to compressive and flexural loads, are reported. 
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Figure 1.1 Simple block diagram depicting the direction adopted during this research  
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 In chapter 5, different micromechanical models with slight variations depicting the 

mechanical properties of the composite sheets have been presented. The theoretical 

investigations regarding the failure of honeycomb cores under compressive and flexural loads 

have been presented with their respective failure mode maps.  

 In chapter 6, some functional properties of the honeycomb cores such as acoustic damping, 

vibration damping and energy absorption have been investigated and reported. 

 Chapter 7 summarises all the findings of the research work undertaken.  
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Chapter 2 

Literature review 

“Information is not knowledge”    

Albert Einstein 

 

In this chapter a background of natural fibres, plastics and their composites has been provided 

to familiarise the reader with the subject. Different natural fibres and some polymers that is 

commonly used and available for manufacturing natural fibre composites have been 

discussed. Some common manufacturing techniques to produce natural fibre composites have 

been reviewed and presented. A brief survey of the manufacturing methods of honeycomb 

cores and their properties has been included. 

2.1 Natural fibres 

 Since the 1990s, natural fibre composites are emerging as realistic alternatives to 

synthetic fibre reinforced composites in many applications. One of the major reasons for this 

renewed growth is due to the increased environmental awareness. Most synthetic fibres 

consume in energy that is derived from fossil fuels such as coal, oil and natural gas that emit 

carbon-dioxide (CO2) into the atmosphere during their manufacturing. The accumulation of 

such gases in the atmosphere would act as glass walls of a greenhouse causing ‘greenhouse 

effect’, leading to global warming (Vegt and Haige 1997), and this could be avoided if natural 

fibres obtained from sustainable origins are used instead of synthetic fibres.  

 Natural fibres can be classified by their origin, variation of their properties depending 

on the quality, location, and the age of the plant. The main constituents of natural fibres are 

lignin, cellulose and hemicelluloses; hence they are commonly termed as lignocellulosic 

materials. In the classification of these materials, shown in Figure 2.1, woodfibres, bast fibres 

and leaf fibres are commonly applied as reinforcements or fillers in composite materials 
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 Radiata pine (Pinus Radiata D. Don), a soft wood, produces a commonly used 

woodfibre in New Zealand for pulp and paper industry, and as a raw material in other major 

wood using industries (Kininmonth and Whitehouse 1991). The fibres are extracted by 

various methods, such as mechanical, physical and steam explosion techniques, separating the 

fibres from the woody core. The mechanical properties of the wood fibres are dependent on 

the cellular structure of the fibre. The woodfibre cells are made of cellulose making up to 40% 

of the wood mass in Radiata pine, hemicelluloses constituting 31% of the mass and lignin 

which binds the cellulose and hemicelluloses together and extractives which make up the rest 

of the mass.  

 

 Bast fibres are extracted from the fibrous bundles in the inner bark of a plant stem 

which are generally isolated by retting process (Taib et al. 2007). They may be as long as 2m, 

and are usually obtained from plants grown in temperate and subtropical regions of the world. 

Bast fibres such as jute, hemp and flax are used in packaging, furnishings and as drapes, and 

some softened fibres are used as clothing and apparels. 

Figure 2.1 Characterisation of Natural fibres (Taib et al. 2007) 
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 Leaf fibres are obtained from the leaves of the plant. Unlike bast fibres, they cannot be 

isolated by retting, instead they are decorticated where the leaf is crushed between blunt 

blades and the soft tissue is washed away using water (Sultana 1992). These fibres have been 

commonly used as ropes, cordage and textile fabrics. Leaf fibre based composites show better 

impact strength than bast fibre based composites. Sisal and henequen fibres are the most 

commonly used leaf fibres in composites. 

2.1.1 Sisal fibres 

 Sisal fibres are produced from a variety of agave plant, indigenous to the arid regions of 

North America, South America, East Africa and China. The plant is characterised by its 

leaves which grow to over a length of 1m and yield long, creamy white strong fibres. The 

sisal plant is resilient and prospers even in areas of limited rainfall and can withstand 

extended period of droughts. The estimated annual production of sisal fibres from the above 

regions is about 200 million tons. In the past, sisal fibres have been mainly used as sacks, 

agricultural twines and as other cordages. However, in the recent past due to the advances 

with the research in producing high strength fibres, their applications have been extended to 

various markets, such as, in building industry as plaster reinforcement, in home décor as high 

quality carpets and rugs (Kadolph and Langford 2006), in other areas such as cigarette papers 

and currency notes, and there is an emerging potential in composites manufacturing for the 

automobile industry.  

 Sisal plants consist of a rosette of sword-shaped leaves about 1.5-2m tall. Young leaves 

may have a few minute teeth along their margins, but lose them as they mature. The name 

‘sisal’ originates from the port of Sisal in Yucatán, Mexico, from where they were shipped 

from originally though it is not the native plant of Yucatán (Yayock et al. 1988). Sisal fibre is 

made from the large spear shaped tropical leaves of the Agave Sisalana plant. The sisal plant 

produces approximately 200-250 leaves throughout its productive period, and the life span of 

sisal plant is 7-10 years. A good sisal plant yields about 200 leaves with each leaf having a 

mass composition of 4% fibre, 0.75% cuticle, 8% other dry matter and 87.25% moisture. 

Thus a normal sisal leaf weighing about 600g would yield about 3% by weight of fibre with 

each leaf containing about 1000 fibres (Mukherjee and Satyanarayana 1984). As sisal is a leaf 

fibre, it is obtained as a product after the process of decortication as explained in the previous 

section. A large amount of water is used during the decortication process to wash away the 

crushed pulpy matter. The decorticated fibres are dried in the sun or by hot air, which are then 
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combed using mechanical combers. The quality of the fibre depends on moisture content in 

the fibre, therefore proper drying of the fibre is important.  

 The cross-section of a sisal fibre describing its constituents is shown in Figure 2.2. The 

sisal leaf is composed of three types of fibres viz. mechanical/structural fibres, ribbon/arch 

fibres and xylem fibres (Li et al. 2000). Mechanical fibres and ribbon fibres are commonly 

utilised for various commercial applications, with mechanical fibres being the strongest, 

followed by the ribbon fibres, the xylem fibres in the leaf are usually broken up and lost 

during extraction process. 

 

 The mechanical fibres are extracted from the periphery of the leaf and the ribbon fibres 

occurs close to the conducting tissue and the xylem fibres occur opposite to the ribbon fibres 

through the connection of the vascular bundles. The fibre strength depends on the extraction 

process and the fibres that are extracted by the mechanical decorticators prove to be stronger 

than the ones extracted from retting and scraping process. The mechanical fibres, commonly 

known as the structural fibres are of great importance as they rarely split during extraction 

process. These fibres are seldom circular and usually appear as horse shoe shaped. The sisal 

Cuticle 
Cell wall 

Lumen

Vascular bundle 

Xylem 

(a) (b) 

Figure 2.2 Sisal fibre (a) Cross-section of a sisal fibre (Li et al. 2000) (b) Schematic sketch 
of sisal fibre cell (Gram 1983)  
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fibres are usually a bundle of hollow sub-fibres and their cell walls are reinforced by helical 

microfibrillar bands of cellulose as long chains in a lignin and hemi-cellulose matrix. The 

angle between the fibre axis and the microfibrils is known as the microfibril angle. The 

mechanical properties of these fibres greatly dependent on the cellulose content in the fibre, 

the microfibrillar angle and the degree of polymerisation of the cellulose.  

 A schematic diagram of a fibre cell of the sisal fibre is shown in Figure 2.1 (b). The cell 

walls consist of several layers of fibrils. In the primary wall, the fibrils are reticulated in 

structure. The outer secondary wall (S1), which is located inside the primary wall, has fibrils 

that are arranged spirally at an angle of 40° with the longitudinal axis of the cell and the fibrils 

in the inner secondary wall (S2) of having a sharper angle of 18°-25°. The innermost tertiary 

wall that encloses the lumen has fibrils that run parallel. The fibrils consist of micro-fibrils 

that are of thicknesses ≈20μm. The microfibrils are composed of cellulose molecular chains of 

thickness ≈0.7μm and a length of a few microns (Joseph et al. 1999).  

 The strength in the natural fibres is due to the resistance offered by the cellulose 

molecules to slip past one another when a load is applied. This is dependent on the 

intermolecular forces present between the cellulose molecules in the form of hydrogen bonds 

and van der Waal’s forces. Therefore, the number of cells, the cellulose content, the 

microfibrillar angle and the molecular structure would determine the strength of the fibre. 

Fibres having high cellulose content, higher degree of polymerisation and low microfibril 

angle exhibit high tensile properties; however, this property is not constant and varies not 

only from one plant to another but also within the leaves of a single plant (Mukherjee and 

Satyanarayana 1984). The number of cells, the cellulose content, the microfibrillar angle and 

the molecular structure of the fibres depends on the extraction process and the sequence of 

cell growth. Since the orientation of each cell varies with the fibre axis during the growth 

phase of the plant, the fibre property in turn depends on the soil and the climatic conditions of 

the region they are grown in. 

 Due to the variation in the soil and the climatic conditions of the region, the strength of 

all the fibres may not be the same; in addition a single fibre may have process borne defects in 

them due to the mechanical decortications. If in general it could be termed as ‘defects’, the 

variation in the properties is due to the distribution of these defects in the fibre; the longer is 

the fibre, greater is the chance of it containing a sizable defect, and so being considerably 

weakened. Therefore, during mechanical testing of the fibre, the failure of the fibre will be 
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largely due to the stochastic distribution of defect and its location in the specimen being 

tested. The frequency distribution of such values can usually be described by simple statistical 

distributions; for example: normal distribution, Binomial distribution, Poission’s distribution 

and Weibull distribution (Weibull 1951). The effect of random distribution of a single type of 

defect on the strength of a solid has been described by Weibull who compared the failure of 

the solid to the breaking of a chain in which its failure is controlled by its weakest link. 

 A model for composite failure based on statistical distribution of flaws has been 

developed by Rosen (1964). The model expresses the tensile strength of the unidirectional 

composite in terms of statistical distribution of fibre strengths and is based on the assumption 

that the composite fails as a result of accumulation of statistically distributed fibre flaws.  

 Mechanical properties of sisal fibre such as the initial modulus, ultimate tensile 

strength, average modulus and percent elongation as a function of fibre diameter, test length 

and the speed of testing have been studied in detail by researchers Mukherjee and 

Satyanarayana (1984). In their detailed research paper, they have reported that tensile 

properties of fibre vary with test length of the fibre. 

 In a recent study regarding the statistical distribution of fibre strength and modulus, 

Andersons and co-workers (Andersons et al. 2005) have used a two-parameter Weibull 

distribution to characterise the strength and modulus of flax fibres tested at different gauge 

lengths. They used short fibre fragmentation test rather than the single fibre test to determine 

the properties of the fibre. Their obtained shape parameter from the two-parameter 

distribution was considerably higher than the experimental results, but obtained a good fit by 

applying the modified Weibull distribution suggested by Watson and Smith (1985). They 

concluded that the axial stiffness and strength of the flax fibre is not directly dependent on the 

gauge length but admit the presence of a weak correlation. 

 Silva and co-workers (Silva et al. 2008) have used two-parameter Weibull statistics to 

quantify the degree of variability in the tensile strength of sisal fibres at different gauge 

lengths. They measured modulus by applying machine compliance correction where the 

stiffness contribution of the load train was subtracted from the obtained total value. They have 

described the discrepancy in the mechanical properties of the fibres reported in several 

publications to be due to the wrong assumption of the fibre cross-sectional area and have used 

field emission scanning electron microscope coupled with image analysis software to measure 
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the accurate area of the fibre. However, in their findings, they have reported similar findings 

(modulus values) as in previous publications.  

2.2 Plastic matrices 

 Synthetic large molecules that are made by joining together thousands of small molecular 

units known as monomers and a relatively long chain of monomers are known as polymers. 

When additives are coupled with the polymers to improve its inherent property, then the 

material is termed as plastics. According to molecular chain structure and type of linkage, 

plastics are classified as thermosetting, elastomeric and thermoplastic materials.  

2.2.1 Thermosetting plastics 

 A thermosetting plastic is produced by a chemical reaction that forms long chain-like 

molecules whose molecular chains are not cross-linked, but on application heat and pressure, 

the cross-linking reaction takes place resulting in a rigid structure. As during this stage, the 

long chains are interlinked, the material cannot be softened due to the presence of strong 

bonds. This feature of single use renders them difficult to recycle hence the name thermo-set. 

Typical thermosetting materials are phenol-formaldehyde (PF) resins, urea-formaldehyde 

(UF) resins, melamine formaldehyde (MF) resins, polyester (UP), and epoxy (EP) resins. 

2.2.2 Thermoplastic plastics 

 Thermoplastic materials are manufactured by the process of polymerisation, during 

which a large numbers of small molecules (monomer units) combine to form a long chain 

macromolecule. The process of polymerisation activates the monomer units, converting it into 

a state which enables linkage with another monomer molecule or a chain of monomer 

molecules. This occurs due to external sources such as the supply of external heat, through 

high energy irradiation or through increase in pressure in the reaction vessel, but most rapidly 

when suitable catalysts are used.  

 Thermoplastics are also either cross-linked synthetic materials or modified natural 

products, but the extent of cross linking limited, compared to that of the thermosetting 

materials. Thermoplastics are solid polymers at room temperatures, but when heated, these 

materials possess the ability to flow, as the external heat source decreases the bond strength 

between the molecules enabling them to slide past each other with ease. Thermoplastic 

materials consist of uni-dimensional, long chain macromolecules which are not cross-linked. 
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Due to this characteristic property, they can be converted to different shapes by increasing the 

temperature to its softening state, which on cooling revert to its rigid state retaining its shape. 

As this is temperature dependent, these plastics provide the advantage of re-processing. In 

theory this process may be repeated indefinitely, but repetition is in fact limited by the 

processing stability of the material used. After repeated re-processing, the original properties 

of the material undergo changes as a result of thermal stresses. Due to its ease of processing 

and low melting temperatures, thermoplastics are used as matrix for natural fibre-composites, 

providing dimensional stability by holding the fibres together.  

Table 2.1 Mechanical properties of some thermoplastics (Osswald and Menges 1995) 

Matrix polymer Density 

(kg/m3) 

Tensile 

Strength

(MPa) 

Tensile 

Modulus 

(GPa) 

Flexural 

Strength 

(MPa) 

Impact 

Strength 

(J/cm3) 

Test method (ASTM) - D638 D638 D790 D6110 

Polypropylene (PP) general 
purpose unfilled homopolymer 

0.9-0.91 27-40 0.5-1.9 45-50 0.2-1.2 

Polypropylene (PP) high impact 
unfilled copolymer 

0.9-0.91 19-35 0.8-1.3 28 0.8-6.4 

Low-density Polyethylene 
(LDPE) 

0.918-
0.940 

0.4-16 0.12-
0.24 

- No 
break 

High-density Polyethylene 
(HDPE) 

0.95-
0.965 

21-38 0.42-1.4 35-50 0.6- 

no break 

Polystyrene (PS) 1.04-1.11 35-84 2.8-3.5 83-118 0.13-
0.34 

PVC (rigid) 1.4-1.54 24-62 2.4-4.1 69-110 0.2-10.6 

PVC (plasticised) 1.24-1.34 11-20 0.02 95 10.6 

Polyester 1.32-1.34 55 2.2-3.5 85 0.2 
 

 Thermoplastic polymers are divided into two classes: amorphous and semi-crystalline. 

Amorphous thermoplastics are those with molecules that remain in a disorderly fashion as 

they cool down to room temperature, leading to a material with a fairly random molecular 

structure. Amorphous polymers are solid, below their glass transition temperatures, Tg and 

usually become very stiff at temperatures far below Tg . Semi-crystalline thermoplastics, on 

the other hand, have molecules that are ordered in a certain fashion; hence as they are cooled 

from their melting temperature, Tm, they start to harden when the molecules begin to arrange 
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in a regular manner, and those molecules that are not transformed into ordered regions remain 

as small disorderly amorphous regions. These amorphous regions within the semi-crystalline 

domains start to solidify when the temperature reaches the Tg. Most semi-crystalline polymers 

have Tg at temperatures below 0ºC, hence at room temperature they behave as rubbery or 

leathery materials. Polypropylene (PP) and polyethylene (PE) are the most common semi-

crystalline thermoplastics used as matrices in composite materials (Osswald and Menges 

1995). Other examples of thermoplastics are: polyvinylchloride, polystyrene, polyolefins and 

polyacetals, mechanical properties of some thermoplastics are shown in Table 2.1. More 

information on thermosetting, thermoplastic plastics and their properties is available in 

(Brydson 1989; Mascia 1989; Crawford 1998). 

2.3 Processing methods 

 Most common methods of natural fibre thermoplastic composites manufacturing 

include compression moulding, injection moulding, continuous extrusion, pultrusion and 

rotational moulding. Åström (1997) has presented a descriptive review of various composite 

sheet forming techniques such as matched die forming, hydro-forming, rubber pad forming, 

diaphragm forming, folding as well as roll forming A good review of manufacturing and 

forming composites covering flat sheet hot pressing, vacuum consolidation, flat sheet step-

pressing, continuous double-belt pressing, pultrusion, tape-placement/ tape-laying, filament 

winding, roll forming, stamp forming/matched-die forming, rubber block forming, diaphragm 

forming, hydro-rubber forming and incremental forming has been compiled by Mander 

(1997). The production process of thermoplastic composites can be grouped into batch 

production, which includes hot pressing, vacuum consolidation and injection moulding and 

continuous production, which includes step pressing, double belt pressing, extrusion and 

pultrusion (Lee and Springer 1987; Anderson and Colton 1990). 

2.3.1 Compression moulding 

Compression moulding was first developed to manufacture composite parts for metal 

replacement applications, typically for parts of a flat or moderately curved geometry. In 

compression moulding technique, a composite prepreg is laid in a mould and pressed for a 

certain time at elevated temperature and pressure, which is subsequently cooled. Hydraulic 

presses with heating and cooling options are usually used to accomplish this. The main 

advantage of compression moulding is that the process does not impose restrictions on the 

reinforcing fibre length, as opposed to injection moulding and extrusion processes. However, 
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incorporation of long fibres in the form of tows or mats and restraining them from movement 

during consolidation process may prove to be a tedious task. Another advantage of 

compression moulding is that the cost of tooling involved in this process is relatively lower 

compared to that of extrusion and injection moulding processes.  

Matched-die forming is most widely used to manufacture natural fibre thermoplastics. 

Many researchers have applied compression moulding to manufacture variety of materials 

such as, mats comprising of long natural-polymer comingled fibres, layers of extruded wood 

flour-thermoplastic pellets, fibre mats interleaved between thermoplastic sheets (Takase et al. 

1989; Bhattacharyya et al. 2003). The property of the composites manufactured from 

compression moulding depends on the processing parameters such as the platen temperature, 

pressure applied and the consolidation time. Bowis (1997) has determined the process 

parameters experimentally by varying them at different levels and comparing the mechanical 

properties of the woodfibre-PP composites with respect to the processing parameters. He has 

obtained maximum mechanical properties at pressures of 1.4MPa, temperature of 185°C and 

consolidation time of 10min. Though compression moulding offers several advantages such 

as low tooling, minimum wastage of material and the use of long fibres, it is limited to a semi-

continuous process. Therefore, in cases where continuous production is required, continuous 

extrusion or injection moulding is preferred to compression moulding. 

2.3.2 Continuous extrusion 

 

Feed hopper 

Material 

Variable speed 
drive 

Extrudate 

Die Heater bands 

Rotating screw Filler plate 

Figure 2.3 Schematic diagram of a single-screw extruder (Crawford 1998) 
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Extrusion is the most common manufacturing method used for continuous 

manufacturing of sheets, tubes and cables. The raw material is fed from a hopper onto the 

screw, which is conveyed along the barrel where it is heated by conduction from the barrel 

heaters and shear due to its movement along the screw flights through to the die to obtain a 

desired shape. The extruder can consist of a single screw commonly known as the single-

screw extruder or two screws commonly known as the twin-screw extruder. The latter 

provides a wider range of possibilities in terms of output rates, mixing efficiency, heat 

generation, compared with a single screw extruder.  

 The extruder in general has three zones, viz. the feed zone, compression zone and the 

metering zone. A schematic diagram of a single-screw extruder is shown in Figure 2.3. The 

function of the feed zone is to convey the material to the metering zone in a manner such that 

the metering zone is neither starved nor overrun during the process. In some cases the feed 

zone is provided with heaters to pre-heat the material and soften it before it is transferred on 

to the screw. The depth of the screw in this zone is constant and the optimal design of this 

zone is relative to the characteristic of the screw geometry, the barrel size and the material 

properties.  

 The function of the compaction zone is to compact the material by squeezing it, and the 

screw depth in this zone is gradually decrease to aid it. During this process, the trapped air is 

squeezed out and fed back to the feed zone.  

 The function of the metering zone is to homogenise the melt and supply it to the die at 

constant rate. The temperatures and pressures in this zone are constant and the depth of the 

screw is kept constant in this zone but however, it is much lower than the feed zone.  

 In addition to the metering zone, the extruders are provided with a venting zone at the 

end of the metering zone, just before the die. The function of this zone is to extract the 

moisture and the volatiles emitted during the process. 

 Twin-screw extruders are more commonly used in the recent times. They provide 

several advantages over the single-screw extruder such as higher output rates, better mixing, 

and uniform temperature distribution within the barrel. The twin screws used in the extruder 

could be co-rotating or counter rotating, which can be intermeshing, partially intermeshing or 

non-intermeshing, an example of such configurations of a counter rotating screws is shown in 

Figure 2.4. In a co-rotating system the material is transferred from one screw to the other in a 

figure-of-eight pattern and is suited for materials that are heat sensitive as the material is 

conveyed through the extruder quickly with a little chance of entrapment (Rauwendaal 2001), 

in a counter rotating screw extruder, the material is sheared and pressurized between the 
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counter rotating rolls. The screw of an extruder may be provided the option of heating or 

cooling by coring the screw (making it hollow) and circulating a heat transfer fluid through 

the hollow section. 

 

 

 The flow mechanism of the melt is similar for both the extruders, except that the shear 

rate in the twin-screw is higher than the single screw extruder. As the plastic moves along the 

screw, a thin film is formed around the barrel wall which is scraped off by the screw 

movement down to the front face of the screw flight. The movement of the material along the 

screw depends on weather or not it adheres to the screw and barrel. Theoretically, there are 

two extreme conditions; first is if the material sticks to the screw only and the second is that 

the material slips on the screw and has high resistance to rotation inside the barrel. If the first 

condition is true, there would be no material output, as the material and the material sticking 

to the screw and the screw would rotate as a single cylinder inside a barrel. If the second 

condition was true, then the material will have a pure axial movement and this would be the 

ideal case, but practically the flow of the material is somewhere between the two conditions 

where the material adheres to both the screw and the barrel (Goot 1996). 

 The heating and cooling of the extruder is important in the melting process. The heat 

produced is due to combination of the external heaters of the barrel and the shearing action of 

the polymer material. In some extruders, the material passes through the barrel so quickly that 

the heat required to melt the polymer is generated just by the sharing action and the barrel 

heaters are not required. In some cases it may become necessary to cool the barrel and the 

screw due to excessive heat generated in the melt, the cooling of the screw is not to reduce the 

temperature of the melt, but to reduce the friction between the material and the screw.  

 Extrusion has commonly been used in the plastics industries to manufacture pipes, 

cables, sheets, tubes and many more depending on the shape of die being used. However, in 

Figure 2.4 Counter-rotating screw types (a) fully intermeshing (b) partially intermeshing (c) 
non intermeshing (Rauwendaal 2001)

(a) (b) (c) 
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the recent times, extrusion has become common in the production of composite materials. 

Wood-Plastic composites (WPC), primarily consisting of wood fibre and thermoplastic 

polymers are commonly being manufactured by the process of extrusion (Wolcott et al. 2001). 

Thermoplastics such as polyethylene (PE), Poly vinyl chloride (PVC) and polypropylene (PP) 

are commonly being utilised as matrix materials for a variety of commercial products, 

including automotive trims, window frames and roof singles. Studies regarding WPC have 

been published in the recent years (Bhattacharyya et al. 2000; 2003; Wolcott et al. 2001; 

Bhattacharyya and Jayaraman 2003; Selke and Wichman 2004; Srinivasan et al. 2008) 

providing insight of manufacturing processes and applications. However, most of them 

involve incorporation of wood fibres with very low aspect ratios, making them fillers rather 

than reinforcements. The difficulty in using fibres with high aspect ratio is that the fibres are 

shortened during the process of extrusion due to shearing between the screw and the barrel. 

The fibre degradation occurs in two instances; in the first instance the fibre degradation 

occurs in the melting zone upon feeding a dry-blend of the components into the hopper, which 

continues along the screw until the melting is completed, and in the second instance, the fibre 

damage is brought about by shear forces exerted by molten matrix material in the rest of the 

passage.  

 The first instance relates to the situation where the fibres are deformed or crushed by 

solid matrix material upon feeding a dry-blend of the components in the hopper. The shape of 

the raw polymer material used also plays an important part; if pellets are used instead of 

powder, the degradation is more severe (Bigg 1985). In the second instance, it has been 

observed that the fibre length is always reduced down to a limiting value, depending on melt 

viscosity, the intensity of the shear field, and the time of treatment (Czarnecki and White 

1980). It has been reported in case of synthetic fibres that the length reduction can be as high 

as 50% of its original length in the melting zone and close to 15% in the remaining passage 

(Franzen et al. 1989). Hence, to reduce the fibre degradation, it is preferred to feed the fibres 

onto the polymer melt rather than feeding them in the hopper as a dry blend with the polymer.  

2.4 Design of experiments 

Manufacturing of composites through a continuous extrusion process is influenced by 

many factors such as extrusion barrel temperature profile, screw rotation speed, screw torque, 

fibre weight fractions, additive levels, matrix types, etc. Articles regarding composites 

properties as a function of a single variable have been reported (Kim et al. 1996; Velasco et 

al. 2003; Matuana and Li 2004), but a few papers show the importance of multiple processing 
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variables and their influence on the mechanical properties of composites. To study such a 

complex, multivariable system and its influence on the mechanical properties of the 

composites individually one at a time tends to become tedious, and hence the difficulty in 

obtaining synergistic effects between the parameters.  

The two core tools of the method are orthogonal arrays, to simultaneously accommodate 

many design factors and signal-to-noise ratio (S/N), to measure variation-induced quality. 

Taguchi’s orthogonal array design is a methodology for finding the optimum settings of the 

control factors to make the product or process insensitive to noise factors, which cannot be 

controlled by the designer. However, the presence of noise could induce a huge variability in 

the result. In such cases, a signal-to-noise ratio could be applied; it is a statistical quantity 

representing the power of a response signal divided by the power of the variation in the signal 

due to noise; the signal factors are the factors that specify the intended value of the product’s 

response and the noise factors are the factors whose settings are difficult or expensive to be 

controlled. The (S/N) ratio is derived from the loss function and assumes different forms 

depending on the optimization objectives; therefore, by maximising the ratio, the property that 

is sensitive to noise could be minimised. 

Articles involving application of Taguchi method have been published in the recent years, 

for example, Barbosa and Kenny (1999) have applied Taguchi method to optimise the impact 

properties of injection moulded glass fibre polypropylene composites with respect to the 

processing parameters. The authors have considered seven factors at two levels (high and 

low) replicating the experiments five times. The injection plates were tested for impact at 

nineteen different locations with respect to the injection point as per ASTM D 256 standard. 

Their aim of the design was to reduce the experimental trials, but even after the reduced 

experimental design was obtained, they ended up with a formidable number of trials because 

of the large sample set they chose to test. Due to the random distribution and orientation of 

the short fibres throughout the moulded plate, they obtained a huge variation in their result, 

and most of their two factor interaction appeared to be contributing significantly towards the 

impact strength which made it difficult for them to identify which of the interaction was 

dominating or if both were relevant. Due to this huge variability in the results, the authors 

performed Analysis of Variance (ANOVA) to reduce the variability in their experimental 

results such that they could identify the dominating two factor interaction in final property 

estimation.  
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Liu and Chen (2006) have applied Taguchi’s method in optimising the manufacture of 

thermoplastic parts by water assisted moulding technology. This technology is similar to 

injection moulding, but the difference here is that a pressurised jet of water is sprayed to the 

core of the plastic shot. In a conventional injection moulding process, the polymeric melt 

begins to cool as soon as it enters the mould cavity, which then undergoes a shrinkage process 

conforming to the mould surface. In water assisted injection moulding process, the water 

penetrates into the core of the composite materials and pushes the materials against the mould 

wall. The longer the water penetrates, the more the water pressure can pack the polymeric 

composites against the mould wall reducing shrinkage and sink marks. Hence, by optimizing 

the length of water penetration the shrinkage and the sink marks could be minimized. 

Therefore, the authors have considered seven factors; melt temperature, mould temperature, 

short-shot size, water pressure, water temperature, water injection delay time and hold time to 

optimize the water penetration. They have used seven factors, three level orthogonal array 

method in their optimisation. They have chosen ‘larger the better’ criterion to reduce the 

noise and maximise the water penetration lengths.  

Peterson and co-workers (Peterson et al. 2002) have used a Taguchi experimental design 

to optimise the compression moulding manufacturing parameters of woodfibre-biopolTM 

composites. The authors considered four factor two level experimental designs in their 

optimisation. Pressure, consolidation time, platen temperature and the pressure application 

point were chosen as the manufacturing parameters to be optimised with respect to the tensile 

mechanical property of the composites in their analysis. They also extended their analysis in 

determining the formability of the composites with respect to the manufacturing parameters 

by using single curvature Vee bending tests to form their specimens. The aim of the 

experimental design was to maximise the tensile properties and improve the shape 

conformance of the composites. Their results convey that the Taguchi’s orthogonal array 

method can be satisfactorily applied in determining the material parameters if the interactions 

between the considered factors are minimum, but if interactions between the factors existed 

considerably, which they say may be due high variability, a signal-to-noise (S/N) ratio must 

be used to reduce the variability which may be caused due to the presence of noise. 

Depending on the intention of maximising or minimising the factor effect, they suggest that a 

‘larger the better’ or ‘smaller the better’ criteria must be chosen in determining the (S/N) 

ratio. As the authors experienced considerable factor interaction during formability 
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experimentation, and that their aim was to minimise the shape deviation of the formed 

composite, they have applied the smaller is better criterion to determine the (S/N) ratio. 

Yuan and co-workers (Yuan et al. 2002) have used the Taguchi approach to optimize the 

plasma treatment parameters to improve the interfacial shear stress retaining the fibre 

strength. The authors used radio-frequency generated plasma to modify pre treated (with air 

and argon) sisal fibres and has investigated its effect on the tensile strength and interfacial 

shear stress of sisal fibre polypropylene composite. They have considered three factors, three 

level experimental design in their optimisation. The fibre matrix interfacial stresses were 

determined by the single fibre pull out tests. As the aim in their studies was to improve the 

tensile strength, and due to the presence of considerable factor interaction in their results, they 

applied ‘larger is better’ (S/N) criterion to reduce the noise. The (S/N) results predicted 

parameters which were impractical to produce plasma in reality which was an indication that 

the modification would result in the loss of either tensile strength or interfacial shear stress.  

Dong and Bhattacharyya (2008) have extended the application of Taguchi method to 

nanocomposites. They have used three-levels, four factors L9 design of experiments used in 

the selection of manufacturing conditions (screw speed and screw configuration) to enhance 

the mechanical properties of the PP based nanocomposites and have reported that the 

mechanical property of the recompounded composites are better when lower screw speeds are 

used. Furthermore, they have used Pareto ANOVA to find the best combination of materials 

to maximise the tensile, flexural and impact properties of the nanocomposites. Taguchi 

method is popular in engineering circles and can detect the most significant factors in 

maximising the mechanical properties of sisal-PP composites by working out their best 

formulations in a limited number of trials. 

2.5 Natural fibre composites 

 Fibre-reinforced composite materials consist of fibres of high strength and modulus 

embedded in a matrix with distinct interfaces between them. In general, fibres are the 

principal load-carrying members, while the surrounding matrix gives dimensional stability, 

acting as a load transfer medium between them (Mallick 1998). Fibre-reinforced composites 

are microscopically inhomogeneous and orthotropic. As a result, the mechanics of fibre-

reinforced composites are far more complex than that of conventional materials. Due to the 

environmental awareness, many researchers are using natural fibres as reinforcement in 

polymeric matrices. Some literature regarding sisal fibre reinforced composites is presented 
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below and the others which were referred to have been cited and explained in the relevant 

chapters. 

 Joseph and co-workers (Kalaprasad et al. 1997; Joseph et al. 2002) have investigated the 

mechanical, rheological, electrical and viscoelastic properties of short sisal fibre reinforced 

LDPE composites as a function of processing method, fibre content, fibre length and fibre 

orientation. They have reported that the fibre damage normally occurs during blending of 

fibre and the polymer by the melt mixing method and have suggested the use of solution 

mixing procedure instead. They have also reported that extrusion process aligns the short sisal 

fibres, enhancing the mechanical properties of the composites along the axis of the fibre 

alignment by more than twice compared to randomly oriented fibre composites. They have 

compared the experimentally observed tensile properties of short sisal fibre reinforced-LDPE 

composites with the existing theories of reinforcement and have concluded that tensile 

properties of short fibre reinforced composites strongly depend on fibre length, fibre loading, 

fibre dispersion, fibre orientation and fibre-matrix interfacial bond strength. 

 Jayaraman (2001) has used a simple compression moulding technique to manufacture 

sisal-PP composites and has reported an increase in the mechanical properties of the 

composites with the increase in fibre length. The composites exhibited maximum mechanical 

properties with 30% fibre content and any higher than that resulted in a decrease in the 

properties. He has also investigated the properties of the composites after mechanical 

recycling of the composites and using the pellets as raw material in the injection moulder, and 

has reported an increase in the mechanical properties of the composites, concluding the 

increase to be due to the possible fibre alignment in the matrix.  

 Lu and co-workers (Lu et al. 2004) have manufactured self-reinforced sisal composites 

using benzylated sisal fibers. Through slight benzylation treatment, the skin layers of sisal 

fibres were converted into thermoplastic material while the core of the fibber cells remained 

unchanged. The composites were then manufactured by hot pressing, during which the 

plasticized parts of sisal serve as matrix and the un-plasticized cores of the fibres as 

reinforcement. They have studied the environmental degradation with reference to the effects 

of ageing in water, enzyme solution and soil. In their findings, they have reported the 

biodegradability of the plant fibre is associated with that of the composite. They have also 

reported that the water resistance of the composite increases with the age of the composites. 

When the composites were treated with fungi, the composites degraded rapidly leading to 
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weight loss and when they were induced with cellulase the rate of deterioration decreased due 

to the insusceptibility of lignin to the enzyme.  

 Li and co-workers (Li et al. 2000) have provided an elaborate review of recent 

developments of sisal fibres and their composites. In their extensive survey, they have 

covered various subjects such as, the mechanical properties of sisal fibres, the cost advantages 

of sisal fibres over other synthetic fibres commonly used, different fibre treatments to make 

them compatible with hydrophyllic plastics, sisal fibre-thermosetting plastic composites, sisal 

fibre-thermoplastic composites, sisal fibre hybrid composites and properties of the composite 

materials. All in all this paper can be consulted for research in the field of sisal fibre 

composites. 

2.6 Recycling 

It is important to be able to reuse materials so as to reduce wastage and its undesirable 

impact on the environment. Thermoplastics provide advantages in recycling as they tend to 

retain most of their mechanical property after being recycled. The most common method of 

recycling polymeric materials is mechanical recycling, where the material is broken down into 

granules using a hammer mill, which is as raw material for moulding purposes. Many articles 

regarding polymer recycling have been published, for example, Jansson and co-workers 

(Jansson et al. 2003) have examined and compared the degradation of polypropylene (PP) 

after repeated recycling and ageing, and have reported a decrease in the elongation-at-break 

after each cycle of recycling, Meran and co-workers (Meran et al. 2008) have examined the 

possibility of utilising recycled PP when mixed in different proportions with original material 

and have reported a marginal decrease in tensile strength when 100% recycled PP was used. 

As the polymers are organic matters and degrade when subjected to high temperature and 

shear forces, the reusability of such material appears some what limited. However, the 

decrease in mechanical properties could be compensated by reinforcing them with 

environment friendly fibres obtained from sustainable sources. For example: Bhattacharyya 

and Jayaraman (2003) have reinforced woodfibres in waste plastic procured from kerbside 

and have obtained an increase of 25% in tensile strength values compared to just the matrix 

material. Similar findings regarding fibre reinforced-waste plastic and their mechanical 

properties are reported by several authors (Arbelaiz et al. 2005; Lei et al. 2007; Cui et al. 

2008). While the above research finds solution to the environmental pollution and waste 

management problem, it has also opened doors to new research in the field of recycling of 
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fibre reinforced plastics. In the view of recycling the natural fibre reinforced composites, 

Jayaraman (2001) has used mechanical recycling in manufacturing sisal-PP composite from 

granules obtained by granulating compression moulded sisal-PP composites, and has reported 

an increase in tensile strength, Bourmaud and Baley (2007) have recycled sisal-PP composites 

and have reported a marginal decrease in tensile strength and modulus of the seventh time 

recycled composite. However, this marginal decrease in mechanical properties can be 

compensated by adding extra fibres/polymers in proportions to the recycled materials to retain 

the mechanical property of the material. While mechanical recycling provides the easiest way 

of recycling fibre reinforced plastic, in due course reduces the reinforcing fibre lengths, thus 

decreasing the overall mechanical property of the material. 

 The properties of short fibre reinforced polymer composites are strongly dependent on 

the fibre length distribution, fibre volume fraction, fibre orientation distribution, fibre 

geometry and the degree of interfacial adhesion between the fibre and the matrix. The 

properties of the composites can be determined experimentally or can be estimated using 

mathematical models based on the properties of the individual components of the composite 

and their arrangement. The advantage of mathematical modelling is it reduces the cost and 

time consumed in experimentation by providing approximate solutions in terms of best 

possible combination of the materials to meet the design criteria. 

2.7 Theoretical models for composites properties prediction 

 The mathematical models predict the properties of the composite material using the 

fundamental properties such as the elastic modulus, Poisson’s ratio and volume fractions of 

the constituents. Many strength and modulus theories can be found in literature, but only a 

few generalised models those that have been applied to natural fibre composites have been 

described in this section. In selecting the models, the general requirement is such that each 

model must include the effect of fibre and matrix properties and the fibre volume fractions, 

include fibre aspect ratio and predict a complete set of elastic constants for the composites. 

The assumptions of all the models are: 

• The fibres and matrix are linearly elastic, the matrix is isotropic and the fibres are 

either isotropic or transversly isotropic 

• The fibres are axisymmetric, identical in shape and size and can be characterised by 

the aspect ratio l/d. 
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• The fibres and the matrix are well bonded at their interface, and remain that way 

during deformation, meaning that the interfacial slip, fibre/matrix debonding or 

matrix microcracking is not considered.  

2.7.1 The Rule of mixtures  

 The simplest mathematical model to obtain approximations of the engineering constants 

of a composite material is the rule of mixtures (parallel model). To calculate the first elastic 

modulus of the composite material in the 1-direction (E1), Voigt assumed that the fibre and 

the matrix experience the same strain (ε1) as shown in Figure 2.5 (a) when a uniform stress 

(σ1) is applied over a uniform cross-sectional area (A) (Tucker III and Liang 1999). The 

equation to calculate the upper bound elastic modulus can be written as (Jones 1999) 

mmffc VEVEE += ;  mmffc VTVTT +=   (2.1) 

where Ec, Ef, Em, are the moduli of the composite material, fibre and matrix respectively; Tc, 

Tf, Tm, are the tensile strength of the composite material, fibre and matrix respectively; Vf and 

Vm are the volume fractions of the fibre and matrix respectively. This model works well for 

continuous fibre composites as the assumption of the fibre and matrix experiencing same 

strain may hold well, but when short fibres are used it becomes somewhat plausible. 

However, in literature (Jayaraman and Kortschot 1996; Andersons et al. 2005; Facca et al. 

2006), they have used Voigt’s model with some semi-empirical modifications and obtained 

excellent approximations.  

The lower bound of the elastic modulus can be derived from the (Figure 2.6(b)), Reuss’s 

model assuming that the fibre and the matrix have same uniform stress (σ), and the resulting 

lower bound modulus can be given by the ROM (series model) (Jones 1999). 

Matrix Matrix

Fibre Fibre

1

2
σ1 

σ2 

(a) (b) 

Figure 2.5 Representation of a fibre and matrix in (a) 1 direction (b) 2 direction 
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 The Equations 2.1 and 2.2 define the upper and lower bound of the composites 

respectively and usually the experimental data fall within their bounds. However, the exact fit 

may not be possible because the assumption of uniform stress or uniform strain in the 

individual constituents of the composites may not be sufficient to describe the modulus.  

2.7.2 Hirsch’s micromechanical model and equation 

 Based on the ROM and series model, Hirsch proposed a relation for the Young’s modulus 

of the composite for random fibre inclusions (Figure 2.7), which is a summation of equations 

(2.1 and 2.2) (Kalaprasad et al. 1997).  
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where the parameters x and (1-x) are the relative fractions of the material conforming to the 

lower and upper bound solutions respectively; when x = 0 then the equation (2.3) reduces to 

the series model equation (2.2) indicating poor bonding between the fibre and the matrix, and 

when x = 1 the equation (2.3) reduces to the ROM equation (2.1) indicating a perfect bond 

between the fibre and the matrix. This model includes an empirical parameter ‘x’ which has to 

be determined by curve fitting process. 

(a) (b) (c) 
Figure 2.7 Models for short fibre reinforced composites (a) Parallel model (b) Series 

model (c) Hirsch’s model 
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2.7.3 Halpin-Tsai equations 

 Most of the micromechanical models are represented by complicated equations and 

curves which are impractical to use during the design of composite materials. Hence, to 

provide easier solutions, Halpin-Tsai (Halpin and Kardos 1976) have developed a simplified 

semi-empirical equations based on an approximate representation of more complicated 

micromechanics models. The generalised form can be expressed as  
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where ξ in equations (2.4) and (2.5) is the shape fitting parameter to fit the Halpin-Tsai 

equation to the experimental data. Several empirical equations for ξ are available in the 

literature (Halpin and Kardos 1976), the significance of this parameter is that it takes the 

packing arrangement and the geometry of the fibres in the composite into account (Jones 

1999). The shape factor ξ for the tensile modulus in the principle fibre direction when the 

fibre is rectangular or circular cross-section is given by  
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where L is the length of the fibre in the 1-direction and T/D is the thickness or diameter of the 

fibre in 3-direction. The Halpin-Tsai equation (2.4) reduces to the Series equation (2.2) as 

L→0, ξ→0 and as L→∞, ξ→∞ the equation (2.4) reduces to the ROM equation (2.1). 
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2.7.4 Nielsen modified Halpin-Tsai equation 

 Nielsen and Lewis modified the Halpin-Tsai equation by including the packing fraction 

of the fibres ψ. They developed an equation based on the analogy of the stiffness G of a 
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composite and the viscosity μ of a suspension of rigid particles in a Newtonian fluid. The 

equation can be expressed as 
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where η retains its definition from equations (2.7), the parameter ψ can be expressed as  
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where φmax is the maximum packing fraction which has a value of 0.785 for square packing 

arrangement of the fibres, 0.82 for random packing arrangement and 0.907 for hexagonal 

packing arrangement (Tucker III and Liang 1999). 

2.7.5 Shear-lag theory 

 Shear-lag models were the first micromechanics model for short fibre composites (Cox 

1952), describing the reinforcing effect of short fibres on the strength and modulus of the 

composite materials. In the classical shear-lag model developed by Cox, he considered a 

single fibre of length l and radius rf embedded in a matrix of radius R as a concentric cylinder 

(Figure 2.8). This theory assumes that the reinforcing fibres are aligned and packed in an 

orderly manner and both the matrix and the fibre are perfectly elastic and isotropic, and that 

the stress is transferred from the matrix to fibre by the interfacial shear stresses. The tensile 

stress at the fibre ends is assumed to be zero (Tucker III and Liang 1999).  

l 
rf R 

z 

Figure 2.8 The fibre matrix configuration used in shear-lag models 

fibre

matrix
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 With these assumptions, the fibre would experience maximum tensile stresses at the 

middle and maximum shear stress would occur at the fibre ends; hence, only the longitudinal 

properties can be predicted; however, this prediction could be used in conjunction with other 

models to obtain the other elastic constants. The axial tensile modulus and strength of the 

composite can be given as  
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 The parameter η is the shear-lag parameter which can be expressed as (Cox 1952; Piggott 

1980) 
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where υm is the Poisson’s ratio of the matrix material, Pf is the packing factor; Pf = π for 

square packing and 2π/√3 for hexagonal packing, as (L/r) →∞, the shear-lag equation (2.10) 

reduces to the ROM equation (2.1). The classical shear-lag models only predict the 

longitudinal modulus E (Cox 1952). However, as the fibre in aligned in the x direction, only 

the axial stress and strain would be of importance, and by neglecting the Poisson effect, σf = 

Ef x εf. The outer cylindrical surface is subjected to displacement boundary conditions 

consistent with the axial strain εf, and hence, can be solved for σf. Axial equilibrium of the 

fibre requires that
f

f

rdz
d τσ 2

−= , where τ is the axial shear stress at the fibre surface. Recalling the 

assumption that τ is proportional to the difference in displacement between the fibre and outer matrix 

surface, one could solve for σf applying the boundary condition of zero stress at the fibre ends.  

Nayfeh (1977) used multifibre composite model where periodic arrays of unidirectional 

elastic cylindrical fibres were reinforced in an elastic matrix material, the material was 

approximated as concentric cylinders that were rigidly bonded at their interfaces subjected to 

vanishing shear stresses and radial displacements at their outer boundary and derived the 

shear-lag parameter for a single fibre embedded in a matrix as  
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where Gm and Gf are the shear modulus of the fibre and matrix respectively.  

The shear-lag parameter derived by Nayfeh (1977), referred to as the ‘optimal’ shear-

lag parameter for concentric cylinders was extended by Nairn (1997) enabling it to be 

expressed in a generalised form with the inclusion of shear stresses as shape functions and the 

interfacial adhesion parameter. The equation for the shear lag parameter is given as 
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The parameter χ is a correction factor, without which equation (2.13) →∞ as Vf →0. 

Nairn obtained excellent agreement with the shear-lag predictions and finite element analysis 

for both isotropic and anisotropic fibres at various Ef/Em ratios when χ = 0.009. In equation 

(2.13), the parameter Ds is the interfacial adhesion parameter which in case of perfect 

adhesion (Ds = ∞) would reduce to equation (2.12). The equations presented in this section are 

pertinent to elastic modulus; however, their general form is applicable to predict the strength 

properties of the composites too. 

2.8 Thermoforming of natural fibre composites 

 Formability may be defined as the limiting response of a material to a particular 

forming operation and is dependent both on material characteristics and the process variables. 

The deformation process during forming involves several flow phenomena such as interply 

slip, intraply slip and matrix squeeze. The term formability is loosely defined, as it mainly 

indicates the ease of forming and can be measured in various ways. In sheet metal forming, 

forming limit diagrams (FLD) provides a huge knowledge about formability predicting strains 

that will lead to material failure.  
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 To obtain the FLD, grids of small circles, usually a few millimetres in diameter, is 

marked or etched on the undeformed sheet and during forming, the circles deform into 

ellipses. The principal axes of each ellipse indicate the local principal directions of strain. The 

ratios of the lengths of the major and minor axes to the original circle diameter provide the 

principal stretch ratios; the FLD is then constructed by plotting the strain states of those 

ellipses that lie within the adjacent to fractured areas of the sample. 

 Hill (1952) associated localized necking with a discontinuity in the strain velocity field 

and identified certain mathematical conditions required for such a discontinuity. From this, 

one could construct the curve for the onset of local necking in the FLD (ε1 and ε2 space), 

providing safe forming limits. Sheet metal forming is usually accompanied by instabilities 

such as necking (tensile instability) and wrinkling (buckling instability). Therefore, to achieve 

a formed part with minimum defects, such instabilities are deferred until the forming process 

is completed.  

For example, a diffuse neck is prevented by developing by constraining the surrounding 

material such that the sheet will strain in a quasi-stable manner until a local neck is developed. 

If one of the principal strains in the plane of the sheet is zero or negative, then there would be 

a direction of zero extension in the sheet and local necking is more likely to develop in this 

direction when the strains satisfy the relation ε1 + ε2 = n (Hill 1952), where n is the strain 

hardening index.  

Figure 2.9 Forming limit curves (a) depicting the limits imposed by necking (Duncan 
et al. 1997) (b) depicting constant thickness path and thinning (Duncan and 
Lenard 2002); ‘n’ being the strain hardening index 

(a) (b) 
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If both the strains are tensile, then there is no direction of zero strain, in which case, the 

Marciniak model (Marciniak and Kuczynski 1967) shows that the shape of the yield locus can 

stabilize the process, such that the necking is delayed. The Hill and Marciniak models when 

combined give rise to a line in the strain diagram, which indicates the onset of local necking 

(Figure 2.5 a), commonly termed as the ‘forming limit curve’. This can be experimentally 

determined by printing grids on a flat sheet of various widths and observing the strains when 

necking occurs. The strain path is typically a straight line radiating from the origin having a 

slope of -1 (pure drawing) to +1 (biaxially stretching), which can be useful in determining the 

deformation mode during forming (Figure 2.5 b).  

 The process of forming greatly depends on the material strain hardening index n. In 

Figure 2.5 (b), the diagonal to the left is a constant thickness forming path that is that of 

drawing, and the failure will not occur by tearing, hence a material having low strain 

hardening index is preferred. When the forming path is in the first quadrant, thinning is rapid 

and the failure will be mostly due to tearing of the material, and in such cases, a high strain 

hardening material is preferred as it will roughly balance thinning to approximately give a 

constant tension during forming. 

 Sheet metal forming analysis is well understood and as thermoplastic composite 

materials behave like viscous fluids during thermoforming, it is practical to apply similar 

knowledge to understand the subject. 

 Dessenberger and Tucker-III (1998) have used sheet metal forming approach to develop 

and characterize formability of Vetrotex CertainTeed’s U750 random fibre mat performs for 

RTM process by mapping the principal stretch ratios on a ε1 and ε2 strain space. Fong and Lee 

(1994) conducted experiments on thermoformable random-fibre mats to identify relationship 

between deformation modes and defects (tear and wrinkle). They concluded that it was 

difficult to predict and eliminate all forming defects, recommending further experiments to 

characterize the deformation behaviour. Bhattacharyya and co-workers (Bhattacharyya et al. 

2000; 2003) have studied formability of woodfibre-PP composites by thermoforming single-

curvature vee, double-curvature dome and deep-drawn cup products from woodfibre 

composite sheets of varying types. They have quantified the strain differences during 

thermoforming of the composites and have accounted for the deformations using grid strain 

analysis (GSA).  
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 Martin (1993) has applied large strain analysis technique to fibre reinforced 

thermoplastic sheets. Double diaphragms have been used to support the composite during 

thermoforming polypropylene sheets. The fundamental concept behind grid strain analysis 

and its application to components formed from continuous fibre-reinforced thermoplastic 

sheets has been presented in (Martin et al. 1997).  

2.8.1 Grid strain Analysis 

 Sheet forming operations are often complex and induce large strains in the deformed 

materials. Grid strain analysis (GSA) provides a means of quantifying those strains by 

measuring the dimensions of the deformed grids and comparing them with the original grids 

printed on the material surface. In this method, the surface of a sheet is marked with series of 

square grids prior to the deformation and the deformed shape of these grids is measured by 

measuring each element separately or by measuring the nodal coordinates of the deformed 

grids. In GSA, macroscopic deformation of a sheet may be evaluated without any need to 

know the constitutive information of a deforming material. Material thinning and thickening 

(or compressive instability) zones can be very well identified and predicted, if necessary. 

 In this analysis, it is assumed that the deformed component can be represented by a two-

dimensional surface in 3-D space. The in-plane deformations of the sheet are then quantified 

and the direction of the third principal strain is represented by the surface normal. The 

material is assumed to behave homogenously and not rupture during the deformation process. 

Under these conditions the application of the grid strain analysis technique provides a means 

for establishing a mathematical relationship between a series of points marked on the surface 

of the sheet before and after deformation. 

 A surface fitting finite element strain analysis technique has been developed at the 

University of Auckland and implemented on a Windows platform (Christie 1997). This is a 

PC-based version and provides excellent graphical interface for both pre-processing and post-

processing the data. In this finite element software, four nodded rectangular Bicubic Hermite 

elements are used to describe the surface geometry of both the undeformed and the deformed 

geometry (Bhattacharyya et al. 1997). The deformation gradients give the strain magnitudes. 

When these elements are joined together to form a finite element mesh, their adjoining 

elements share all of the properties of their common nodes, such that, both strains and 

displacements are continuous across the entire geometry.  



Chapter 2 Literature review 

  35

 There are essentially three useful methods for displaying the strain distribution over the 

surface of a component, viz., Arrow diagrams, Contour maps and Strain space diagrams. In 

GSA, as only the macroscopic deformation of a sheet can be evaluated, the material thinning 

and thickening is depicted as arrow diagrams which are pairs of orthogonal arrows pointing 

outwards and inwards, respectively, or as contour maps. 

 The arrows in Figure 2.10 indicate the magnitude and direction of the principal surface 

strains by displaying orthogonal pairs of two headed arrows drawn on the 

undeformed/deformed geometry. The arrow sizes are proportional to the strain magnitudes.  

 Contour maps are useful for representing the distribution of a scalar function over the 

sheet surface. If the material is incompressible, a shaded strain contour map may be used to 

highlight thickness variations in the surface layer, by plotting the thickness strain distribution 

across the component. From this, one could construct the curve for the onset of local necking 

in the FLD (ε1 and ε2 space). More about contour maps and FLD w.r.t sisal-PP composites 

forming is explained in Chapter 4, section 4.2. 

2.8.2 Roll forming 

 Roll forming is a continuous manufacturing process used for forming flat sheets of 

material into useful profiled sections. The method employs consecutive roll stations to deform 

a strip progressively into a desired profile (Figure 2.7). The process being continuous in 

nature makes it an extremely attractive technique for producing continuous sections of light 

weight which could possibly find structural application.  

 

Figure 2.10 Arrow depiction in a arrow diagram (a) Tension (b) Bi-axial tension (c) 

Pure drawing (d) Uniaxial compression 

(a) (b) (c) (d) 



Chapter 2 Literature review 

  36

 This process provides many advantages over other processes such as extrusion, press 

braking or hot rolling, being quicker and more flexible. Roll forming was initially developed 

for forming thin metal strips into profiles, but in the recent times, they have been applied to 

for continuous fibre reinforced composites also (Mander et al. 1995; Friedrich et al. 1997). 

However, despite its advantages, like all forming operations, this process relies on the 

experience of the operator and the skills developed over years of experience.  

In the roll forming process, each pair of rolls provides an incremental amount of deformation 

on the work-piece as it progresses from one workstation to the other until the prescribed 

geometry is obtained. Due to the small strain increment, the failure in the material is minimal; 

however, having said that, the deformation in this process is complex, involving three-

dimensional bending, stretching and some non-unique boundary conditions. The roll forming 

  

Figure 2.11 An illustration of continuous roll forming (Srinivasan 2008) 

Figure 2.12 A schematic of roll forming thermoplastic composites sheet (Martin 1993) 
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operation used to form thermoplastic composite sheets has been studied in some detail by 

Martin (1993). Due to the complexity in the fibre reinforced composites compared to 

conventional metals, they have categorised the operation into three stages, viz., material 

supply, consolidation and actual forming stages, shown in Figure 2.8. 

 In order to form a fibre reinforced thermoplastic strip, the forming temperature must 

remain above the solidification temperature of the thermoplastic matrix. This has been 

achieved by employing auxiliary heating elements, positioned between the roll stations. He 

suggests that the correct management of the temperature is paramount as the sheet may cool 

between the rolls which might result in geometric instability of the formed part.  

 Mander and co-workers (Mander et al. 1995) have successfully applied the roll forming 

process to form glass fibre polypropylene composite laminates (Plytron) and that document 

was first of its kind to have been published. Dykes (2000) has successfully demonstrated the 

application of roll forming to form continuous fibre reinforced composites, and has reported 

that the membrane strains in the fibre reinforced composites sheets are very similar to those in 

metals. 

 In all their work, a systematic approach of determining the forming temperatures, 

estimating the deformation length, determining the stress relaxation of the materials and their 

effects on the process has been adopted. Finally, they have judged the quality of formed 

sections by assessing the deviation from the intended geometry, and the severity of fibre 

buckling and wrinkling. In their findings, they have reported that the quality of the parts is 

highly dependent on the temperature control of the process and have achieved it by careful 

positioning of the heating elements and cooling devises between roll stations.  

 In a recent study, Srinivasan (2008) has successfully roll formed two different profiles 

using wood veneers. In his report, he has mentioned that the deformation of the wood veneer 

is possible only when the veneers are soaked in water and formed between heated rolls. In his 

observation (Srinivasan et al. 2008), he has reported that the deformation process of the wood 

veneers highly depended on the moisture content of the wood and the glue used to bond the 

veneers together. 

When thermoplastic composites are processed, they are subjected to heating and cooling 

cycles, and after processing and subsequent cooling of composites from a relatively high 

processing temperature to the service temperature, residual stresses arise due to the mismatch 
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of shrinkage of the matrix and the fibres of the composite. Due to the viscoelastic (time-

dependent) nature of the polymer matrix, the resulting residual stresses become time 

dependent too, hence when a certain strain is applied and held constant, the composite 

material shows an increase in stress initially, which gradually decreases with time due to the 

molecular relaxation process that takes place within the polymer (Findley et al. 1976).  

 The residual stress can be defined as ‘a stress that persists in a material that is free of 

external forces or temperature gradients’ (Parlevliet et al. 2006). For semi-crystalline 

thermoplastic composites, the magnitude of these stresses depend mainly on the 

crystallization kinetics, fibre volume fraction, fibre-matrix adhesion, processing conditions, 

thermal gradients set up during cooling and the mould material.  

 The residual stresses affect the matrix dominated properties such as moisture absorption 

and the fibre-matrix adhesion. High residual stresses may accelerate the moisture absorption 

causing the matrix to swell and changing the stress state in the composite, this in turn affects 

the fibre-matrix interfacial bonding (Barnes and Byerly 1994). The most common effect of 

residual stresses in composite products is the dimensional instability of angled and curved 

parts. While the sheet is constrained in the mould, residual stresses begin to build up during 

the cooling phase, and when the formed sheet is de-moulded, it instantaneously deforms 

because the residual stresses resulting in a spring-back or spring-forward. 

 The relaxation rate of the residual stresses and the total relaxation is higher at increased 

temperatures, in other words, the further the temperature is below the stress-free temperature, 

longer the relaxation time. The stress-free temperature for semi-crystalline polymer lies near 

the peak crystallization temperature because of the load bearing capability of the crystalline 

phases below that temperature (Parlevliet et al. 2006). Hence, the forming temperature should 

be higher than the stress-free temperature, which is the peak crystallization temperature of the 

composite, such that the composite crystallizes in the cooling phase. 

 From the thermoforming point of view; the material is formed within the forming window 

which is usually above the crystallisation temperatures and then cooled to the service 

temperatures, and the solidification of the material during the cooling phase involves 

formation of crystals at characteristic temperatures before it stabilizes. In semi-crystalline 

matrices, if it assumes enough solid-like character early in the crystallization region, the 

residual stresses are large which may result in shrinkage and cracks. If the stress does not 
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build up until after crystallization, the residual stress will be smaller (Youssef and Denault 

1998; Guillen and Cantwell 2002). 

 At a given forming temperature, when the material is formed in the die, it stretches and 

bends to conform to the shape and dimensions of the die, inducing a stress field (residual 

stresses) in the material, which upon extraction in that state, would result in either spring-

forward or spring-back of the material causing dimensional instability, but by holding the part 

in that deformed state for a period of time will allow the stresses in the materials to relax. This 

time-stress information (stress relaxation behaviour) of the specimen would be helpful in 

determining the duration the material has to be in that stressed state to attain permanent 

deformation. In practical applications such as matched-die thermoforming and roll forming 

processes, this information could be applied to reduce dimensional instability of the formed 

part. 

2.9 Stress relaxation models for sisal-PP composites 

 To understand the process of relaxation, it can be modelled in terms of springs and 

dashpots. Any linear differential model for the viscoelastic behaviour of the material reflects 

some rheological model where springs and dashpots are connected in series or parallel; a 

spring obeying the Hooke’s law  

εσ E=   (2.14) 

where σ is the applied stress, ε is the strain and E is the Young’s modulus, a linear dashpot 

obeying the Newton’s law 

dt
dεησ =  (2.15) 

where η is the Newton’s viscosity. These basic elements can be connected to each other in 

series or parallel. When the elements are connected in series, their stresses coincide and the 

total strain is equal to the sum of strains in individual elements and for elements are connected 

in parallel, the strains coincide and the total stress equals the sum of stresses in individual 

elements.  

 If the applied stress is constant, then the Equation (2.15) can be integrated to yield  
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where t is the time and ε0 is the initial strain before the application of the stress σ0 (usually = 

0).  

 There are several pre-existing models available in literature that portrays the relaxation 

phenomenon, out of which the simple Maxwell’s model with the arrangement of a spring and 

dashpot in series (Maxwell element) explains the best. When the load is applied, the initial 

elastic response can be thought as the expansion of the spring, and the drop in the stress can 

be thought as the expansion of the dashpot because of the fluid in the dashpot passes slowly 

through an orifice in the piston. This results in the extension of the overall length of the 

dashpot and the spring returns to its unexpanded state. The rate of expansion of the dashpot is 

dependent on the viscosity of the fluid in the dashpot. As the viscosity of a polymer is 

temperature dependent, the relaxation process becomes temperature dependent too, meaning 

that at higher temperatures, the viscosity of the polymer is low and hence the relaxation is 

higher. 

 The viscoelastic properties of a semi-crystalline polymer depend mainly on temperature, 

for example, during stress relaxation test, the variation of the polymer modulus with respect to 

the stages of relaxation can be described as, the initial glassy state where the value of the 

modulus is that of the un-relaxed state which is independent of time, followed by the 

viscoelastic and the rubbery state where the modulus is time dependent and finally the flow 

stress where the modulus is that of the relaxed state which is independent of time. The 

viscosity and the viscous resistance to conformal changes is another property of the polymer 

that is temperature dependent is; decreases with the increase in temperature.  

2.9.1 Time-temperature superposition 

 Similarly, in the mechanical models of the voscoelastic polymers, consisting of springs 

and dashpots, the modulus of every spring and the viscous damping by the dashpots can be 

taken to be proportional to temperature. In many cases, the relaxation data may not be 

available over a large range of temperatures, however, if the information is available over an 

appropriate range of temperatures, it might be possible to interpolate or extrapolate to achieve 

properties at another temperature. 
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 Time-temperature superposition approach is usually used to determine the viscoelastic 

characteristics at unknown temperatures from the known experimentally determined data. As 

the relaxation modului at the relaxed and unrelaxed state are independent of temperature, the 

remainder of the moduli are essentially parallel to each other, thus by introducing a shift 

factor, aT, that can be applied to move one curve to another. William and co-workers 

(Williams et al. 1955) developed an empirical relationship for this type of shift factor which 

can be expressed as 

( ) ( )
( )ref

ref
t TTC

TTC
a

−+
−

=
2

1log  (2.17) 

where C1 and C2 are constants and Tref is a reference temperature 

 

The constants C1 and C2 in Equation (2.17) are -17.4 and 51.6 respectively when Tref is taken 

to be Tg of the polymer. Then the WLF equation takes the form  
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log  (2.18) 

Hence, all the data at different temperatures could be shifted onto a single master curve using 

a shift factor for different temperatures.  

2.10 Bonding selection 

 Bonding thermoplastics using adhesives is generally difficult because of their low surface 

energy, poor wettability and presence of weak boundary layers where the molecules of lower 

Figure 2.13 Typical variation of relaxation modulus with time (Crawford 1998) 
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molecular weight separate from the melt and create a region of low strength on the surface 

(Brewis and Briggs 1981); however, this can be overcome by using appropriate surface 

treatments. Some common surface treatment methods are: treatment by flame, plasma, 

chemical and primers, of which, primer treatment proves to be more efficient in terms of cost 

and processing time. The common adhesive systems available in the market are: heat-cured, 

hot-melt, instant, pressure sensitive, sealing, retaining and structural adhesives.  

 Structural adhesives are widely used in furniture, automobile, aerospace, sporting, and 

construction industries. Acrylic, cyanoacrylate, epoxy, hot-melt, methacrylate, phenolic, 

polyurethane, and solvent cements belong to the structural adhesives family, amongst which, 

acrylic, cyanoacrylate, hot-melt, epoxy, methacrylate, and polyurethane are widely used in 

structural applications (Gillespie et al. 1978). 

 Using adhesives to bond substrates is a laborious process as it involves intense surface 

preparation before bonding and in addition, would unnecessarily increase the weight of the 

structure. An alternative to adhesive bonding, to maintain the integrity of the material and to 

reduce the time involved, is the fusion bonding technique. It is a well established technology, 

commonly used in the thermoplastic industry. The efficiency of the welded joints using such 

techniques can approach the bulk properties of the adherents (Yousefpour et al. 2004). In a 

detailed review (Ageorges et al. 2001), induction welding, ultrasonic welding and resistance 

welding are listed as the three most promising fusion bonding techniques for thermoplastics. 

2.10.1 Induction welding 

 The process of heating by induction is not a new technology and has been in common 

use for heating metals. In the recent times, it has become popular in the field of fibre 

reinforced thermoplastics due to its extended application in bonding thermoplastics. The 

principle behind the process is simple. When an alternating voltage is placed across a 

conductive coil, an alternating current is produced. Subsequently this alternating current 

induces a time variant magnetic field which has the same frequency as the alternating current 

causing it. When a magnetically susceptible and electrically conductive material is placed in 

the vicinity of the coil and its alternating magnetic field, eddy currents are induced, with a 

frequency matched to that of the magnetic field. A condition imposed on the material is that 

closed-loop circuits must be present for eddy currents to be induced. In the case of fibre-

reinforced thermoplastics, a closed-loop circuit in the form of a conductive network is 

produced through weaves or cross plies, for example: The eddy currents are met with the 
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resistance of the material and energy is lost in the form of heat. This heat produced between 

the mating surfaces, with the application of appropriate pressure could cause the material to 

form bonds. Leatherman (1977) has used a metal mesh to generate heat and provide sites for 

mechanical interlocking for bonding two incompatible thermoplastics. Yarlagadda and Chai 

(1998) have studied the effects of a metal mesh implants and determined the heat distribution 

during the bonding process. They found that by removing some segments in the mesh, a 

uniform temperature distribution could be achieved, thus resulting in a better weld quality. 

Usually micro-particles of ferromagnetic materials, such as iron, stainless steel, or ferrite are 

used between the interfaces as conductors, which are expensive. Though the process offers 

advantages of re-opening of parts for internal repairs, the cost of the process overweighs the 

advantages.  

2.10.2 Resistance welding 

 Resistance welding uses electrically resistive implants sandwiched between the 

bonding surfaces of the laminates to provide the necessary heat to the joint. When the 

supplied energy exceeds the thermal losses in the material and the surroundings, the 

temperature of the composites in the close vicinity to the bonding surfaces starts to rise. When 

the temperature at the bond line rises to the melting temperature for semi-crystalline polymer 

composites, the electric supply is turned off and the material is allowed to cool while an 

adequate pressure is maintained. This process is mainly applicable for insulating materials, 

but when conducting thermoplastics are used, the conducting resistance element must be 

insulated from any conductive constituents of the composites, and moreover, the resistance 

coil is left behind between the mated surfaces which could pose as a potential stress raiser. 

2.9.3 Ultrasonic welding 

 Ultrasonic welding is the most commonly used welding process for bonding 

thermoplastics, some examples include battery housings and some automotive parts (Grimm 

1995). The parts to be welded subjected to high frequency (20kHz – 50kHz) oscillations 

under a constant pressure. Benatar and Gutowski (1989) describe the ultrasonic welding 

process as a five steps process. The first part includes the vibration of the parts and the fixture, 

the second being the internal heating due to intermolecular friction, third as the heat transfer 

from the energy detectors to the composites, fourth as the wetting of the interface due to the 

polymer melt and finally the polymer chain entanglement across the interface.  
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The ultrasonic vibrations required by this process are generated by electronically exciting 

disk-shaped piezoelectric transducers that are clamped under pressure between metal blocks 

(Deans 1961). This assembly as shown in Figure 2.10 is attached to a booster in which a 

reduced cross section results in an amplification of the vibratory amplitude. The tool that 

transmits the booster motion to the workpiece is called the horn and by designing the horn, an 

additional amplification of the amplitude can be achieved. In ultrasonic welding, vibrational 

energy concentrates around triangular surface protrusions, known as energy directors which 

dissipate heat. The energy directors are usually moulded on to the part to initiate melting 

(Benatar and Gutowski 1986).  

 The distance between the horn-workpiece interface and the joint interface affects the 

welding process and the weld quality. Ultrasonic welding can be accomplished at various 

distances from the horn; larger this distance, the greater will be the attenuation of the 

ultrasonic motion caused by the damping, which results in an energy reduction at the joint 

interface. Apart from this is the effect of part resonance on the amplitude of motion at the 

energy director, which in turn has an effect on heating and melting (Stokes 1989).  

 The weldability of the two components depends on the material properties, joint design, 

welding frequency and welding amplitude. During welding, the transmission of ultrasonic 

vibrations trough the workpiece would set up a wave pattern with regions of zero 

displacements and regions of high amplitude motion. Hence, to achieve good welds, the joint 

interface must be placed in the regions of maximum stress, which are not the regions of 

maximum motion. Therefore, part geometry plays a crucial role in the transmission of energy 

to the joint which in turn affects the melting phenomenon at the joint interface.  

Figure 2.10 A schematic diagram of the ultrasonic welding machine  
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 Ultrasonic welding is the most widely used welding method for thermoplastics and their 

composites. However, in case of natural fibre composites it is preferred to have higher 

polymer contents as otherwise, the high frequencies may lead to fibre burnout. The process 

provides advantages such as: short cycle time in the order of a second and the process could 

be automated and incorporated in a continuous manufacturing line. 

2.11 Honeycomb core sandwich panels 

 Sandwich structures were developed as early as the 1820’s but not widely accepted 

commercially until the 1930’s after successful production of structural glue. Earlier 

production of sandwich materials used casein glues, during which the primary materials were 

mostly wood. As technology advanced, better adhesives such as rubber and vinyl phenolics 

were developed which made it possible to bond metals and hence use sandwich structures in a 

wider range of application (Bitzer 1997).  

Aluminum core sandwich structures are extensively used in military and space vehicles. In 

recent years, they have also found application in the manufacture of cargo containers, ship 

interiors, small boats and yachts, automobiles and recreational sports equipment such as snow 

skis and surf boards.  Sandwich structures provide an advantage of a high strength to weight 

ratio and are widely accepted and used in the construction industry also. 

Figure 2.11 Constituents of s sandwich panel (Bitzer 1997) 

Adhesive layer 
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Sandwich materials consist of two face plates with a light weighted core sandwiched in 

between them (Figure 2.11). The face plates are generally flat and their primary function is to 

provide bending and in plane shear stiffness. Care should be taken while choosing suitable 

face plate material, such that they are compatible with the glue and core material.  

 Synthetic fibre reinforced composites, aluminium alloys and titanium alloys have been 

widely used as face plates in the aerospace industries. Core materials are generally designed 

to carry the shear loads which is transmitted through its thickness, hence it must be rigid and 

exhibit homogeneity in properties, whilst being light in weight. Core materials commonly 

used are wood, foams and honeycombs. More about wood and foam cores can be found in 

(Gibson and Ashby 2001). As the name suggests, the cell structure of the core is similar to 

that of a beehive comb. Impregnated Kevlar paper, aluminium and synthetic fibre reinforced 

plastics are common materials used to manufacture cores. The two conventional construction 

methods are as shown in Figure 2.12, the rest are shown in Appendix A-1. 

 In the first method, glue lines are laid between subsequent layers of the sheet which form 

a block. This is then sliced to a suitable height and each slice is expanded using suitable 

techniques to form honey comb core. The second method is used for stiffer material where the 

Figure 2.16 Conventional core manufacturing methods (a) Expansion process (b) 
corrugation process (Pflug et al.2003) 
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sheets are passed between two corrugated rolls resulting in a corrugated sheet, these sheets are 

then stacked and staggered to form honeycomb. Suitable glue is used in between the 

contacting surfaces to bond them firmly. Another novel method of manufacturing folded 

honeycomb cores has been described in (Pflug et al.). They have used stamp forming where 

the thermoplastic sheet material is thermo-stamped into cellular profiles which are then folded 

over each other to for a complete honeycomb core. Some common honeycombs and their 

applications are listed in Table 2.2. 

Table 2.2 Application of commonly used honeycombs (Bitzer 1997) 

  

The type of cores used in between the face plates should be carefully selected depending on 

their application. Cores are available in different size and shapes, depending on their 

applications. Different variations of the cells can be found in (Bitzer 1997). The advantage of 

sandwich material is that a single panel could find multiple applications and different cell 

densities could be incorporated under a single panel to handle variable loads. 

2.11.1 Mechanical properties of honeycomb cores 

 Compressive properties 

 Honeycomb cores are used for variety of applications; both structural and non-

structural. When they are used in structural applications, they are generally loaded in the out-

of-plane direction, because the loads are aligned along the cell walls such that they expand or 

compress rather than bending. Extensive research has been done on honeycomb cores since 

the Second World War (Bitzer 1997). Research in this area is primarily concentrated in 

developing the relationship between the mechanical properties and the geometrical parameters 

of honeycombs. The initial approaches to determine the honeycomb material properties were 

Material Applications 

Paper honeycomb Decoration, non structural application, packaging 

Aluminum honeycomb Aerospace applications, building construction 

Aramid paper honeycomb 
(Nomex paper) 

Aerospace applications 

Carbon fibre honeycomb Space vehicles, automobiles, aircrafts 

Kevlar honeycomb Space vehicle antenna reflectors, aircrafts 
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based on the energy method. The fundamental work in developing expressions for the out-of-

plane shear moduli (Gxz, Gyz) was developed by Kelsey and co-workers (Kelsey et al. 1958), 

They have developed simple expressions for upper and lower limits to the shear modulus of 

honeycomb sandwich cores using unit displacement and load methods. They have also 

reviewed three different testing methods to determine shear properties of the honeycomb 

cores and have concluded that the three-point bending tests are most satisfactory for 

honeycomb cores manufactured from steel and alluminium foils. Based on their work, 

(Gibson and Ashby 2001) have derived all the nine material properties (Eij, Gij and υij) of the 

honeycomb including the axial and shear deformation effects for compressive loading of the 

honeycomb cores. In their extensive report presented as a book, they have covered the 

mechanics of most of the cellular solids.  

 However, the calculation for honeycomb cores was based on cell walls of equal 

thickness, which was modified by Klintworth and Stronge (1988) by including the effect of 

double cell wall thickness. They have developed constitutive equations for large deformations 

of transversely crushed elasto-plastic honeycomb materials. They have observed a smooth 

deformation gradient after the yielding of the cell walls and state that the group of cells would 

behave like a single cell subjected to equivalent stress state. They have associated the local 

deformation to be due to the strain-softening of the cells making them weaker than the 

neighbouring cells and have stated that in such instances, the shape and the size of the 

elements must be adapted to match the localization of the deformation within the body to 

analyse its overall compliance. 

 This approach was applied by Zhang and Ashby (1992) to calculate out-of-plane 

properties of the honeycomb core. They have stated that, for low density honeycombs the non 

linearity in the stress strain is due to the elastic buckling of the cell walls. They have 

calculated critical stress for both single and double thickness cell walls. In their experimental 

evaluation of shear properties of the honeycombs, they have preformed block shear tests on 

sandwich specimens consisting of Nomex honeycomb cores of different densities and 

geometries and have reported that the shear moduli depends on the cell geometry.  

 The analytical framework of large plastic deformations of honeycomb structures was 

developed in 1960s’ by McFarland (1963). However, this was modified by Wierzbicki (1983) 

who argued that the approach was semi-empirical as the length of the local buckling wave 

were taken from the experimental results. He also states that the calculation of plastic energy 
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in the solution by McFarland was not compatible with experimentally observed collapse 

modes and identifies that the folding of the element is accomplished by the rolling type of 

mechanism and not due to shear type of deformation. 

All the properties of the honeycombs (Eij, Gij and υij) can be derived in terms of the sheet 

properties and the geometry of the honeycomb cell, which can be helpful during the process 

of designing the honeycomb core for a particular application. In structural applications; where 

they are used as cores between two thin face sheets, they behave similar to an I-beam where 

the flanges sustain the bending stress and the core takes the shear stress. Hence, the shear 

properties of the core are important to determine the overall property of the sandwich panels. 

 Determining shear properties of sandwich panels 

Several test methods to evaluate stresses in the honeycomb cores exist, of which single-

block shear test standard is common and most material manufacturers publish shear data using 

this standard. Other methods include the three point bending, four point bending and the 

double-lap shear test. In the single rail shear test the cores are bonded in between two stiff 

loading blocks and the load is applied tangentially through the loading block. To obtain a 

uniform stress field within the panel, the stiffness of the core with respect to the stiffness of 

the loading blocks used is low, which otherwise would result in bending and rotation of the 

panel. To avoid rotation which is induced in the single rail shear test, the double rail shear test 

was introduced. Though the testing method considerably reduces the rotational effect, the 

material making process is labour intensive and it fails to eliminate the edge effects.  

There are several problems when it comes to testing honeycomb cores in rail shear 

method, and the most common problem exists in bonding the core to the loading blocks. 

Honeycomb cores when expanded or bonded, would result in cell wall with edges of two 

thicknesses; one as thick as the sheet material and the other, twice that of the sheet material. 

Thus, the bonding area available for the cell walls of single thickness is significantly reduced 

(halved). Hence, the adhesive system that is used to bond the core to the loading block must 

have peel strength enough to withstand the shear stresses until the core fails. The other issues 

associated with this test are: (a) the spread of the adhesives should be uniform to avoid any 

localised stress concentrations (b) choosing an adhesive system that is compatible with the 

core and the loading block (c) the stress concentrations at the bi-material corners of the core 

and the loading block may create cracks at relatively low load levels.  
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 To avoid the complications involved with the rail shear tests, conventional beam 

theory can be applied to evaluate the shear stresses in the core, where the sandwich beam is 

either subjected to a single point load midway from the supports (three point bending scheme) 

or two point loads equidistant from the supports (four point bending scheme), refer to 

Appendix A-3 for figures. These tests are adequate for the evaluation of shear strength of the 

core but the extraction of shear strain data is complicated; hence, the shear stress–strain 

characterization of core materials may not be possible. However, other data such as facing 

tensile strength and panel rigidity can be evaluated which can be helpful in the design process. 

The only drawback of these test methods is that the application of loads may cause local 

indentation under the loading points which could cause local stress concentrations and result 

in de-bonding of face sheets. But, this could be overcome to a certain extent by placing rubber 

blocks under the loading points.  

 Usually four point bending is preferred to three point bending due to the fact that the 

transverse forces are constant in large sections of the tested beams viz., between the outer and 

the inner supports that can provide means for reliable estimations of the shear forces in those 

regions, and by appropriate choice of the facing material and thickness, a constant shear stress 

through the thickness of the core could be obtained. The shear stress could be also obtained by 

the three point bending tests by interpolating the data obtained while testing the beams at 

different span lengths. However, it is considered tedious as the specimen number requisite for 

testing becomes higher and is labour intensive.  

When panels are subjected to flexural loads, the top face is subjected to compressive 

stresses and the bottom faces are subjected to tensile stresses. Thus the face plate yields when 

the axial stress in either of the skins reaches the in-plane strength of the facing material. The 

failure in the facings can be evaluated by knowing the maximum stress σf in the facings, 

which can be used to predict the beam failure due to failure in the facings in modes such as: 

face yielding, intra-cell buckling (face dimpling) and face wrinkling.  

The initial work on developing relationship between the core and the face plate subjected 

to flexural loads had been developed on the energy principles by (Plantema 1966). Based on 

the work of many researchers, Zenkert (1995) has provided a concise version of the 

mechanics of sandwich panels in the for of a book starting from the first principles.  

Southward (2005) has done an extensive study on the wrinkling instability and disbonds 

in sandwich panels with honeycomb cores. He has developed empirical relationships to 
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determine the occurrence of wrinkling when the sandwich panel is subjected to shear loading. 

Most of his calculations were based on linear Winkler beam model. Staal (2006) in another 

study involving sandwich panels with honeycomb cores has investigated the influence of fillet 

radii between the cell walls and glue lining and had developed empirical relationships based 

on the previously developed relations by several authors. He has used finite element methods 

to investigate the behaviour of honeycomb core sandwich panels which he verified using 

experimental methods.  
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Summary  

YEAR AUTHOR TITLE COMMENTS/REVIEW 

Sisal fibres and sisal-fibre composites 

1984 Mukherjee and 
Satyanarayana 

Structure and properties of 
some vegetable Fibres: Part 1. 
Sisal Fibre. 

 

They have studied the effect of fibre diameter, test length and test 
speed on the tensile strength, initial modulus and percent elongation at 
the break of sisal fibres. They have concluded that the fibre properties 
do not change with the variation in diameter, but the tensile strength 
and percent elongation at the break decreases while the Young's 
modulus increases with fibre length. They have explained the failure 
in regard to the microstructure of the fibres. 

2002 Joseph, et al. Melt Rheological Behaviour 
of Short Sisal Fibre 
Reinforced Polypropylene 
Composites 

 

They have investigated the mechanical, rheological, electrical and 
viscoelastic properties of short sisal fibre reinforced LDPE composites 
as a function of processing method, fibre content, fibre length and 
fibre orientation. They have reported that the fibre damage normally 
occurs during blending of fibre and the polymer by the melt mixing 
method and have suggested the use of solution mixing procedure 
instead. They have also reported that extrusion process aligns the short 
sisal fibres, enhancing the mechanical properties of the composites 
along the axis of the fibre alignment by more than twice compared to 
randomly oriented fibre composites.   

2008 Silva, et al. Tensile behavior of high 
performance natural (sisal) 
fibers. 

The have used two-parameter Weibull statistics to quantify the degree 
of variability in the tensile strength of sisal fibres at different gauge 
lengths. They measured modulus by applying machine compliance 
correction where the stiffness contribution of the load train was 
subtracted from the obtained total value. 

1997 Kalaprasad, et al. Theoretical modelling of 
tensile properties of short sisal 

They have compared the experimentally observed tensile properties of 
short sisal fibre reinforced-LDPE composites with the existing theories 
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fibre-reinforced low-density 
polyethylene composites 

of reinforcement and have concluded that tensile properties of short 
fibre reinforced composites strongly depend on fibre length, fibre 
loading, fibre dispersion, fibre orientation and fibre-matrix interfacial 
bond strengthas individual molecules.  

2001 Jayaraman Manufacturing sisal- 
polypropylene composites 
with minimum fibre 
degradation 

He has used simple compression moulding technique to manufacture 
sisal-PP composites and has reported an increase in the mechanical 
properties of the composites with the increase in fibre length. The 
composites exhibited maximum mechanical properties with 30% fibre 
content and any higher than that resulted in a decrease in the 
properties. He has also investigated the properties of the composites 
after mechanical recycling of the composites and using the pellets as 
raw material in the injection moulder, and has reported an increase in 
the mechanical properties of the composites, concluding the increase 
to be due to the possible fibre alignment in the matrix 

2002 Yuan, et al. Plasma treatment of sisal 
fibres and its effects on tensile 
strength and interfacial 
bonding 

They have used the Taguchi approach to optimize the plasma 
treatment parameters to improve the interfacial shear stress retaining 
the fibre strength. The authors used radio-frequency generated plasma 
to modify pre treated (with air and argon) sisal fibres and has 
investigated its effect on the tensile strength and interfacial shear stress 
of sisal fibre polypropylene composite. They have considered three 
factors, three level experimental design in their optimisation. The fibre 
matrix interfacial stresses were determined by the single fibre pull out 
tests. 

2000 Li, et al. Sisal fibre and its composites: 
a review of recent 
developments 

They have provided a elaborate review of recent developments of sisal 
fibres and their composites. In their extensive survey, they have 
covered various subjects such as, the mechanical properties of sisal 
fibres, the cost advantages of sisal fibres over other synthetic fibres 
commonly used, different fibre treatments to make them compatible 
with hydrophyllic plastics, sisal fibre-thermosetting plastic 
composites, sisal fibre-thermoplastic composites, sisal fibre hybrid 
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composites and properties of the composite materials. 

Design of experiments 

1999 Barbosa, and Kenny Processing of Short Fiber 
Reinforced Polypropylene. II: 
Statistical Study of the Effects 
of Processing Conditions on 
the Impact Strength 

They have applied Taguchi method to optimise the impact properties 
of injection moulded glass fibre polypropylene composites with 
respect to the processing parameters. The authors have considered 
seven factors at two levels (high and low) replicating the experiments 
five times. 

2006 Liu and Chen The manufacturing of 
thermoplastic composite parts 
by water-assisted injection-
molding technology 

They have applied Taguchi’s method in optimising the manufacture of 
thermoplastic parts by water assisted moulding technology. They have 
used seven factors, three level orthogonal array method in their 
optimisation. They have chosen ‘larger the better’ criterion to reduce 
the noise and maximise the water penetration lengths.  

 

2002 Peterson, et al. Forming performance and 
biodegradability of woodfibre-
BiopolTM composites 

They have used a Taguchi experimental design to optimise the 
manufacturing parameters of woodfibre-biopolTM composites. The 
authors considered four factor two level experimental designs in their 
optimisation. 

Extrusion 

1998 Crawford. Plastics Engineering The book provides information about manufacturing of plastics and 
composites. It includes most of the current manufacturing processes 
those are used for manufacturing composites. The book also provides 
the theoretical background of all the processes and materials.  

2001 Raundawl  This is a concise chapter in the handbook of extrusion giving 
background of the extrusion in industries.  
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1996 Goot  The extruder as a 
polymerisation reactor for 
styrene based polymers 

A concise thesis providing information of the flow of material inside a 
twin-screw extruder. 

2001 Wolcott, et al. Wood-Plastic Composites They have reported about the current trends in the extrusion industry 
for wood plastic composites, providing insight of manufacturing 
processes and applications 

1985 Bigg. Effect of compounding on the 
properties of short fiber 
reinforced injection moldable 
thermoplastic composites 

They report about the degradation of short fibres during the process of 
extrusion and in their conclusion have suggested the use of preheated 
powdered polymer instead of pellets. 

1989 Franzen, et al. Fibre degradation during 
processing of short fibre 
reinforced thermoplastics 

They have reported that the fibre length reduction can be as high as 
50% of its original length in the melting zone and close to 15% in the 
remaining passage of the extruder barrel. 

1980 Czarnecki and White Shear flow rheological 
properties, fiber damage, and 
mastication characteristics of 
aramid-, glass-, and cellulose-
fiber-reinforced polystyrene 
melts 

They have observed that the fibre length is always reduced down to a 
limiting value, depending on melt viscosity, the intensity of the shear 
field, and the time of treatment, during extrusion. 

Composite manufacturing and forming 

1992 Martin et al. Deformation Characteristics 
and Formability of Fibre 
Reinforced Thermoplastic 
Sheets 

The formability of the fibre reinforced composites has been 
determined. A large strain analysis has been applied to fibre reinforced 
thermoplastic composite sheets and large compressive gradients have 
been found to be associated with regions of buckling.  

1997 Åström  Manufacturing Polymer 
Composites 

A book consisting of comprehensive information on different 
manufacturing processes that are current and those still under 
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development has been presented.                                                              

1997 Bhattacharyya Composite Sheet Forming A collection of articles from notable authors in the field of composite 
materials covering various forming methods including diaphragm 
forming, rheology of composites, process simulation and roll forming 
of metals and thermoplastics have been included. 

1997 Bowis Thermoforming Woodfibre-
Polypropylene Composite 
sheets 

A thesis comprising of manufacturing and formability of woodfibre-
PP composites. This study was the first of its kind to have applied 
GSA to examine the formability in natural fibre composites. 

1997 Martin et al. Grid Strain Analysis and its 
Application in Composite 
Sheet Forming 

Grid strain analysis using a continuum mechanics approach and its 
application in the thermoforming of fibre-reinforced thermoplastic 
sheets has been presented. The fundamental mathematical concept 
behind the grid strain analysis and its application to components 
formed from continuous fibre reinforced thermoplastic sheets has also 
been included. 

1995 Mander et al. Roll forming of Fibre-
Reinforced Thermoplastic 
Composites 

A good review of manufacturing and forming of composites including 
the methodologies used in the roll forming process of fibre reinforced 
thermoplastic sheets have been presented.  

1997  Martin et al. Rapid Manufacturing of 
Thermoplastic Composite 
section by Roll Forming 

Some important issues that must be carefully considered if the forming 
technology is to undergo a successful transition from metallic sheet to 
thermoplastic composites have been highlighted.  

1997 Mander et al.  Roll Forming of Sheet 
Materials 

A comprehensive review of roll forming technology and practices in 
the context of sheet forming has been presented. The advantages and 
difficulties in the roll forming process have been highlighted.  

2000 Dykes et al. Roll Forming Continuous 
Fibre Reinforced 
Thermoplastic Sheets 

A good review of composite roll forming highlighting a important 
aspects of the process has been presented. 
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1982 Bodig and Jayne Mechanics of Wood and 
Wood Composites 

An exhaustive collection of research work on wood based composites 
has been presented.  

Bonding selection 

1978 Gillespie, et al. Adhesives in Building 
Construction 

An exhaustive survey of all the adhesive system for building and 
construction industry has been provided. 

2001 Ageorges, et al. Advances in fusion bonding 
techniques for joining 
thermoplastic matrix 
composites: a review 

A review of fusion bonding has been presented. They conclude listing 
induction welding, ultrasonic welding and resistance welding are listed 
to be the three most promising fusion bonding techniques for 
thermoplastics. 

1998 Yarlagadda and Chai An introduction into welding 
of engineering thermoplastics 
using focused microwave 
energy 

They have studied the effects of a metal mesh implants and 
determined the heat distribution during the bonding process. They 
found that by removing some segments in the mesh, a uniform 
temperature distribution could be achieved, thus resulting in a better 
weld quality 

1986 Benatar and Gutowski Method for fusion bonding 
thermoplastic composites 

They have describe the ultrasonic welding process as a five steps 
process. The first part includes the vibration of the parts and the 
fixture, the second being the internal heating due to intermolecular 
friction, third as the heat transfer from the energy detectors to the 
composites, fourth as the wetting of the interface due to the polymer 
melt and finally the polymer chain entanglement across the interface.  

Honeycomb and sandwich panels 

2001 Gibson and Ashby Cellular solids: Structure and 
properties 

An elaborate book on cellular solids, including naturally occurring 
cellular materials such as wood, human bond and cork. They have 
derived the equations describing the properties of honeycomb 
materials in terms of the sheet they have been manufactured from. 
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1997 Bitzer  Honeycomb Technology: 
Materials, design, 
manufacturing, applications 
and testing 

A concise book informing the manufacturing of honeycomb cores and 
sandwich panels, highlighting the technical difficulties in 
manufacturing and testing of them. 

 Pflug, et al Continuously Produced 
Honeycomb Cores 

They have used stamp forming where the thermoplastic sheet material 
is thermo-stamped into cellular profiles which are then folded over 
each other to for a complete honeycomb core. 

1995 Zenkert An Introduction to Sandwich 
Construction 

A concise book of sandwich construction, including the mechanics of 
sandwich panels. 

2006 Staal Failure of Sandwich 
Honeycomb Panels in Bending

He has investigated the influence of fillet radii between the cell walls 
and glue lining and had developed empirical relationships based on the 
previously developed relations by several authors. He has used finite 
element methods to investigate the behaviour of honeycomb core 
sandwich panels which he verified using experimental methods 

2005 Southward Buckling and Growth of 
Disbonds in Honeycomb 
Sandwich Structure 

He has done an extensive study on the wrinkling instability and 
disbands in sandwich panels with honeycomb cores. He has developed 
empirical relationships to determine the occurrence of wrinkling when 
the sandwich panel is subjected to shear loading. Most of his 
calculations were based on linear Winkler beam model. 

1966 Plantema Sandwich Construction A book on sandwich construction describing the mechanics of 
sandwich panels, based mainly on Timoshenko’s principles 

1963 McFarland Hexagonal cell structures 
under post-buckling axial load 

He has set up the analytical framework of large plastic deformations of 
honeycomb structures. 

1983 Wierzbicki Crushing analysis of metal 
honeycombs 

He has modified the framework of Mc Farland and has identified that 
the folding of the element is accomplished by the rolling type of 
mechanism and not due to shear type of deformation. 
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1988 Klintworth and Stronge Elasto-Plastic Yield Limits 
and Deformation Laws for 
Transversely Crushed 
Honeycombs 

They have modified the equations of Gibson and Ashby by including 
the effect of double cell wall thickness. They have developed 
constitutive equations for large deformations of transversely crushed 
elasto-plastic honeycomb materials. 

1992 Zhang and Ashby Buckling of honeycombs 
under in-plane biaxial stresses. 

They have studied the failure mechanisms of different kinds of 
honeycombs under compression. They have stated that in low density 
flexible honeycomb cores, the non linear behaviour of the honeycombs 
is due to the elastic buckling of the cell walls 
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Chapter 3  

Sisal-PP composites: Manufacturing and testing 

“A person who never made a mistake, never tried anything new”    

Albert Einstein. 

 

A simple layout of this chapter is shown in Figure 3. 1. In this chapter, the physical 

properties of the fibres, matrix and their composites have been investigated. Firstly, the tensile 

properties of sisal fibres and PP matrix have been determined using standard tests, after which 

the thermal properties of the matrix have been determined using DSC technique. After 

determining the mechanical and thermal properties of the composite constituents, the sisal 

fibres were consolidated with PP matrix using compression moulding and extrusion to 

manufacture composites.  

Figure 3.1 Flow chart depicting the layout of chapter 3 
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 The influence of process parameters, such as temperature and consolidation time, on the 

mechanical properties of the compression moulded composites has been examined. A full 

factorial design of experiments has been used to maximise the mechanical properties of the 

composites manufactured through continuous extrusion. The influence of material properties, 

such as fibre mass and copolymer content, on the mechanical properties of the composites has 

been examined with the aid of statistical method, e.g. Taguchi method. Finally the effect of 

recycling on the mechanical and thermal properties of the composites have been investigated 

and reported.  

3.1 Fibre reinforcement 

 Sisal fibres are commonly used as yarns, ropes, twines, cords, rugs, mats and in 

handcrafted articles, but in the recent past, their application has been extended to being used 

as reinforcements in cement and polymer based composites as long oriented fibres, short 

randomly distributed or woven/knitted fabrics (Lu et al. 2004; Luyt and Malunka 2005; Zhang 

et al. 2005). 

3.1.1 Physical properties of sisal fibres used in this research 

 Bleached sisal packaging twine obtained from local sources was used as raw material 

for reinforcement. The cross section of the fibres was assumed to be circular for reasons of 

simplicity and the assumption would in any case be the lower bound of the strength and 

modulus. The diameters of the fibres were measured using an optical microscope by laying 

Figure 3.2 Optical images of two different regions of a single sisal fibre used in image 
analysis to measure fibre diameters  
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the fibres side on (Figure 3.2) and taking an average of the measurements at five different 

locations along the fibre length. The diameters were measured across the lengths of 300 fibres 

and the average diameter was 0.17 ±0.02mm. 

  The density of the fibres were measured using conventional techniques; mass of each 

fibre was measured by weighing it on a scale to the nearest milligram, which was divided by 

its volume ( ld 2

4
π ). The diameters and the length of the fibres were estimated using an image 

analysis program (Dove 2002). The density was taken as an average of 300 fibres, and was 

found to be in the range of 1300 ±200 kg/m3. 

3.1.2 Mechanical properties of sisal fibres  

 The mechanical performance of the sisal fibres has been estimated by performing static 

tensile tests as per standard ASTM D 3822. Sisal fibres at gauge lengths 5mm, 15mm, 45mm, 

70mm and 90mm in a 30kN have been tested in a universal testing machine, Instron 5567, 

using flat grips with sand paper inserts for smaller lengths of 5mm and 15mm, and circular 

grips for the rest of the fibre lengths. All the fibres were conditioned at the laboratory 

temperature, ~21°C and humidity ~55% for 24 hours before testing.  

 All the fibres were tested in a 200N load cell (serial number C 74513) at a constant 

crosshead speed of 0.05mm/min. The ultimate tensile stress of the fibre was taken to be the 

strength of the fibre, Young’s modulus was calculated as a slope between 50MPa and 

180MPa tensile stress after applying the machine compliance correction; the total crosshead 

displacement δ during testing is given by  

cl
EAF

+⎥⎦
⎤

⎢⎣
⎡=

1δ  (3.1) 

where c is the machine compliance, F is the load applied, l is the gauge length, E is the 

Young’s modulus of the fibre and A is the cross-sectional area of the fibre. The plot of δ/F v/s 

gauge length l will yield a slope of 1/EA and intercept c, the compliance of the crosshead. The 

results of the test are shown in Table 3.1. 
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 Considerable scatter in tensile strength and modulus data can be seen in Table 3.1, 

between specimens tested at different gauge lengths and even between specimens tested at 

similar gauge lengths. This is because of the external and internal flaws in the fibres where the 

former refers to the varying cross-sectional area along the tested length which may occur 

during the extraction process and the latter relating to the changes in the sequence of cell 

growth since the orientation of each cell varies with the fibre axis during the growth phase of 

the plant. The strength in natural fibres is due to the resistance offered by the cellulose 

molecules to slip past one another to the applied load. This resistance is dependent on the 

intermolecular forces present between the cellulose molecules in the form of hydrogen bonds 

and van der Waal’s forces. Therefore, in a nutshell, the number of cells, the cellulose content, 

the microfibrillar angle and the molecular structure would determine the strength of the fibre, 

and as all these properties vary between plants and between leaves of the same plant, the 

presence of variability in natural fibres without modification is inevitable. In the research 

conducted by Mukherjee and Satyanarayana (1984), they have reported the scatter in the 

property to be a function of fibre length, reporting a decrease in the tensile strength with the 

increase in the tested gauge length, in this study, the scatter in the property of the bleached 

(a) (b) 

Figure 3.3 Test set-up for ASTM D 3822 (a) Flat grips (b) Circular grips 



Chapter 3 Sisal-PP composites: Manufacturing and testing 

  64

sisal fibres that were tested at different gauge lengths have not significantly exhibited length 

dependency, which may be because the fibres that were commercially obtained may have 

been obtained from different leaves and plants. 

Table 3.1 Results of single fibre tensile test of sisal fibres at different gauge lengths 

Number 
of fibres 

tested 

Fibre 
length 
tested 
(mm) 

Average 
diameter 

(mm) 

Average 
cross 

sectional 
area 

(mm2) 

Average 
tensile 

strength 
(MPa) 

Average 
tensile 

modulus 
(GPa) 

Average 
strain at 
break 
(%) 

20 5 0.16 
(±0.03) 

0.021 
(±0.007) 

578 (±184) 5.25 
(±1.4) 

16.2 
(±5.0) 

20 15 0.18 
(±0.04) 

0.027 
(±0.012) 

432 (±85) 7.35 
(±3.1) 

6.7 
(±1.9) 

20 45 0.17 
(±0.04) 

0.023 
(±0.012) 

387 (±136) 4.11 
(±1.3) 

9.6 
(±2.1) 

20 70 0.19 
(±0.05) 

0.029 
(±0.016) 

421 (±125) 4.98 
(±1.4) 

7.5 
(±2.5) 

20 90 0.17 
(±0.03) 

0.022 
(±0.012) 

531(±232) 8.45 
(±2.4) 

6.0 
(±1.3) 

 

 The increase in the Young’s modulus is due to the decrease in the strain values which 

can be correlated to the increase in the probability of occurrence of flaw/defect with the test 

length. Hence, at higher gauge lengths, the stress is distributed over a longer length of the 

fibre and the resistance offered by the fibre to the applied load is higher in a smaller strain 

region resulting in higher modulus values. 

3.2 Thermoplastic matrix 

 Thermoplastic polymers (TP) offer several advantages such as lower processing time, 

longer storage life, ability to be recycled and low cost compared to thermo-set polymers. 

However, it is important to select the right thermoplastic material suitable for natural fibre 

composites. As most natural fibres tend to start degrading at temperatures over 190°C, they 

have to be processed at lower temperatures. Hence, the polymer should be able to be 

processed at lower temperatures; meaning that the melting temperature of the polymer chosen 
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should be below 190°C. Common TPs having melting point below 180°C are Polypropylene 

(PP), Low density polyethylene (LDPE) and High density polyethylene (HDPE). 

Table 3.2 Properties of thermoplastics considered as matrix materials in this research  

Material Trade name Density 
(kg/m3) 

Flexural modulus 
(GPa) 

Tensile strength 
(MPa) 

Cost 
(NZ$/kg)

PP Moplen HP 
555J 

900 1.5 33 2.58 

HDPE Dowlex IP-
10262 

960 1.01 17 3.15 

LDPE Petlin LD 
N103X 

921 0.2 27  2.97 

 

 From the properties of the TP’s with their cost are shown in Table 3.2, PP appears to be 

the best in terms of cost, mechanical property and density. However, the fibre wetting 

property of PP is lower than that of the two polyethylenes, and in case of short fibre 

reinforced composites, as the stress transfer to the fibre is mainly due to the interfacial shear 

stresses, the fibre wetting property would become important to obtain high interfacial bonds. 

A simple and an easy way to select the matrix is by referring to Table 3.2 and choosing PP as 

it offers better properties at lower cost than the other polymers in the table. Another way in 

selection is by determining the desirability factors in terms of mechanical properties of the 

materials as explained in (Crawford 1998). The beauty of this process is that it brings out the 

effectiveness of the material in terms of cost, mechanical properties or as a combination of 

both. The calculations for obtaining the desirability factors and the selection criteria is shown 

in Appendix A-2, and the obtained desirability factors is shown in Table 3.3.  

Table 3.3 Desirability factors of the polymers considered for matrix material 

Material Dσ DE 

LDPE 1.9 x 10-3 2.1 x 10-4 

HDPE 1.4 x 10-3 3.3 x 10-4 

PP 2.5 x 10-3 4.9 x 10-4 
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 In Table 3.3, Dσ is the desirability factor in terms of maximum strength for minimum 

weight and DE is the desirability factor of maximum stiffness for minimum weight. All the 

mechanical properties of the polymers were based on the data, provided by the manufacturers. 

From Table 3.3, PP performs the best in terms of strength and stiffness for its cost as 

compared to HDPE and LDPE. Hence PP was chosen as the matrix system for the sisal fibre 

composites.  

3.2.1 Melting temperature and crystallinity of PP considered in this study 

 The thermal behaviour of the matrix is of considerable importance. The knowledge of 

thermal transitions helps in the selection of the processing and fabrication parameters. The 

performance of the polymers may be best understood by considering the thermal transitions 

between the phases. As thermoplastic polymers are semi crystalline in nature composed of 

crystalline and amorphous phases, such transformation occurs only in the amorphous regions. 

The primary transition, between a crystalline solid phase and an amorphous liquid, is defined 

by the melting point Tm, where the changes in the primary thermodynamic properties such as, 

enthalpy and specific volume occur (Ebewele 2000). In essence, Tm defines the disappearance 

of the crystalline phase, being the temperature at which the last crystallites melt. When the 

temperature is raised to Tm and above, the intermolecular bonds break transforming the solid 

polymer it into a viscous melt, and upon cooling from the molten state, the molecules are 

often attracted to each other and tend to aggregate as closely as possible into a solid.  

 From the composite manufacturing point of view, this cooling phase from Tm is 

important as it determines the fibre-matrix interfacial properties; higher the interfacial 

strength provides better mechanical properties of the composites. The melting temperature Tm 

depends on many factors, it increases with the molecular weight concentrations and the 

dimensions of the crystallites, the chemical structure of the chain core, the intermolecular 

bonds and the side groups. It determines the maximum operating temperature of the polymers, 

so for structural applications polymers with high Tm are preferred.  

 Another important property of the polymer is its degree of crystallinity. In general, the rise 

of crystallinity increases the modulus and yield strength of the polymer and increases its 

resistance to the attack of chemicals and solvents, but however, at the same time decreases 

elongation and impact strength (Daw-Ming et al. 1998). There are various methods of 

measuring the crystallinity of the polymer of which, wide angle X-ray diffraction (WAXD), 
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density, differential scanning calorimetry (DSC), infrared (IR) and nuclear magnetic 

resonance (NMR) spectroscopy are widely used (Runt and Martynowicz 1985). 

Experimental 

Compression moulding grade PP sheets obtained from Field International Ltd, Auckland and 

extrusion grade PP granules obtained from Hunt agencies, New Zealand have been considered 

in this study. The melting and crystallization behaviour of PP in this study was determined 

using DSC. Calorimetric data were obtained using DSC-Q1000 TA instrument to study the 

composite. All the specimens weighing ~9.0 mg were subjected to cyclic heating and cooling 

(0°C to 200°C) in the DSC chamber in an aluminium capsule at a scan rate of 20°C/min The 

temperature and heat of the phase transitions were determined, and the degree of crystallinity 

was estimated from  

%100H
Hm

c Δ
Δ

=χ  (3.2) 

where ΔH100% = 209 J/g (Brandrup and Immergut 1989) and ΔHm is the measured value. The 

DSC traces of the three forms of PP are shown in Figure 3.5 and the values are shown in 

Table 3.4. 

The Tm of PP sheets and the granules vary between 150°C and 178°C. As the Tm depends on 

the intermolecular bonding, the structure of the polymer, the chain flexibility and 

copolymerisation (Ebewele 2000), polymers with rigid chains tend to have higher melting 

points. In essence, the energy required to break the intermolecular bonding (thermal energy) is 

higher in the PP granules compared to the PP sheets, thus increasing the Tm of the granules. 

 From Figure 3.4, the Tm of both the PP granules appear to be in similar range but the Tm 

of the PP sheet appears to be 15°C lower than that of the PP granules. The decrease could be 

mainly due to the presence of a copolymer and/or due to the reasons discussed above. A tiny 

melting valley beside the Tm of the polymer can be seen in Figure 3.4 (a), which coincidently 

is the Tm of polyethylene (135°C). As the sheets were commercially obtained, the constituents 

remained unknown, but from the DSC results, it can be assumed that the tiny valley could be 

the Tm of that of the plasticizer which is commonly added during commercial manufacturing.  
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Table 3.4 Melting temperature Tm, crystallisation temperature Tm and percentage crystallinity 

w evaluated from the DSC traces 

Sample Melting 
temperature(°C) 

Tm 

Crystallisation 
temperature(°C) 

Tc 

Enthalpy of 
fusion (J/g)  

ΔH 

Crystallinity(%) 
χc 

PP sheets 150 120 57.5 28 

HP 555J  165 122 74.5 36 

HP 550 G  165 120 75.3 36 
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Figure 3.4 DSC traces depicting the melting temperature Tm and crystallization 
temperature Tc of (a) PP sheet (b) HP 555 J (c) HP 550 G 
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3.2.3 Mechanical properties of PP materials considered as matrix system in this study 

 The mechanical properties of both the materials were determined as per the standard 

ASTM D 638. Dumbbell shaped specimens were milled from the extruded sheets of the 

homopolymer and the PP sheets, and tested in a universal testing machine, Instron 5567 

between flat grips at a crosshead speed of 5mm/min. The tensile chord modulus of the tested 

specimens was measured as a slope of the chord between 0.05% and 0.25% strain, and the 

ultimate tensile stress was considered to be the tensile strength of the sheet. All specimens 

were conditioned at room temperature for 24h prior to tests.  

Table 3.5 Forms of PP used in this research and their respective tensile properties  

 

 From the tensile property values of the polymers tested, as shown in Table 3.5, the average 

moduli of the tested specimens appear to be within similar range. However, the average 

tensile strength of the PP sheet appears to be lower than that of the PP granules, which may be 

due to the decrease in the percentage crystallinity as seen in Table 3.4. Though a decrease is 

observed, it can be neglected because it is marginal. Therefore, from the experimental results, 

the mechanical properties of the PP sheets and PP granules are within similar range and the 

value quoted in the manufacturer’s data sheet was an overestimate.  

3.3 Manufacturing  

Most common methods of natural fibre thermoplastic composites manufacturing include 

compression moulding, injection moulding, continuous extrusion, pultrusion and rotational 

moulding. Compression moulding between parallel hot platens and extrusion were considered 

in this research to manufacture sisal fibre reinforced PP sheets. 

 

Material Trade name Manufacturer Tensile strength 
(MPa) 

Tensile 
Modulus (GPa) 

Polypropylene 
granules 

Moplen HP 550J LyondellBasell 
(MFI 3.0 g/10min) 

26±1.3 1.2±0.3 

Moplen HP 555G LyondellBasell 
(MFI 1.3 g/10min) 

26±1.2 1.2±0.2 

Polypropylene 
sheets 

- c/o Hunt agencies 
New Zealand 

24±4 1.2±0.09 
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3.3.1 Compression moulding 

Compression moulding was first developed to manufacture composite parts for metal 

replacement applications, typically for parts of a flat or moderately curved geometry. In 

compression moulding technique, generally a prepreg is laid in a mould and pressed for a 

certain time at elevated temperature and pressure, which is subsequently cooled. Hydraulic 

presses with heating and cooling options are usually used to accomplish this. The main 

advantage of compression moulding is that the process does not impose restrictions on the 

reinforcing fibre length, as opposed to injection moulding and extrusion processes. However, 

incorporation of long fibres in the form of tows or mats and restraining them from movement 

during consolidation process may prove to be a tedious task. Another advantage of 

compression moulding is that the cost of tooling involved in this process is relatively lower 

compared to that of extrusion and injection moulding processes.  

 Due to the limitation of tooling, the composites in this study were manufactured using short 

sisal fibres and PP sheets. Sisal rope in the form of packaging twine was locally obtained and 

chopped to short lengths using rotary blade pelletiser (assembled in-house) with the help of 

guide blocks. Polypropylene sheets of thickness 0.25mm and a melting temperature Tm of 

~150°C that were commercially obtained from local sources were cut to required sizes and 

were stacked between fibre mats as matrix material. 

 In short discontinuous fibre reinforced composites, the stress is transferred to the fibres by a 

shearing mechanism between the matrix and the fibres. Due to the difference in the moduli of 

the fibre and the matrix, during loading the matrix will strain more than the adjacent fibres, 

and if a perfect bond is assumed between the fibres and the matrix, the difference in the 

strains will create a shear stress distribution across the fibre-matrix interface. By considering 

the stress transfer at the fibre ends and fibre-fibre interaction to be negligible, it can be shown 

that the stress builds up linearly to a maximum value at the middle of the fibre length (Jones 

1999). Therefore, for a given uniform fibre diameter throughout the length of the fibre and 

fibre-matrix interfacial condition, there exists a critical fibre length at which the maximum 

fibre stress can be achieved, and for efficient fibre reinforcement, the fibre lengths must be at 

least equal to or greater than the critical fibre length. As natural fibres are obtained from 

sustainable natural resources, it is difficult to obtain a constant diameter throughout the fibre 

length, meaning that the stress exerted along the fibre length may not be uniform throughout 

the fibre length, rendering the value of critical fibre length plausible. However, a rough 
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approximation could be obtained by using the average diameter value obtained by measuring 

many fibres along different locations in a single fibre.  

 In a study by Yuan and co-workers (Yuan et al. 2002), they have shown that the critical 

length of the sisal fibre in PP matrix lies between 5mm and 6mm, after performing single 

fibre pull-out test. The critical length of the fibre was determined by equating it to the 

interfacial shear stress values they obtained during experimentation, in another experimental 

study conducted to determine mechanical properties of random fibre sisal-PP composites, 

Jayaraman (2002) has shown that the composites exhibit an increasing trend with an increase 

in the reinforcing fibre length and obtained maximum values at fibre lengths ~20mm at a fibre 

mass percentage of ~30%, which decreased with any further increase in the fibre length and 

mass percentage. The application of the critical length of the fibre is mainly pertained to 

aligned unidirectional short fibre reinforced composites; however, it has been extended to 

short random fibre reinforcements by incorporating statistical distribution of fibre lengths and 

orientations with respect to the critical length and external loading respectively (Andersons et 

al. 2005; Facca et al. 2007). The mechanical property of the composite material, assuming 

perfect fibre-matrix interfacial bonding, primarily depends on the fibre length and fibre 

alignment within the matrix with respect to the load being applied. Hence, with the 

knowledge of the fibre length and alignment, it will be easier to characterise the property of 

the material. Generally, if the composites are reinforced with randomly oriented fibres, the 

properties tend to be isotropic, and if all the fibres are aligned along a direction, the material 

exhibits orthotropic property.  

 Composite manufacturing 

Short sisal fibres were chopped from sisal fibre rope between guide blocks using a rotary 

blade pelletiser. The chopped fibres were dried overnight in a vacuum oven maintained at 

100°C before making the mats. The fibre mats were manufactured by the gravity feeding 

technique where the fibres were sprinkled through feeders from a certain distance such that 

they settled down randomly as mats. Any shape such as circular, rectangular or square can be 

obtained by using relevant shaped feeders. To account for the variability in fibre lengths and 

orientations, digital images of the fibre mats taken using a digital camera was processed in 

image analysis tool developed by Dove (2002).  

 The fibre length and orientation distribution are shown in Figure 3.5. The fibre angles 

were measures at several random locations in a fibre mat and the angles were measured 
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between 0° and 180° with respect to vertical fixed edge of the fibre mat. Several mats were 

used to determine the fibre length and orientation and at each time one hundred fibres from 

different locations on the mat were considered. By performing basic statistical calculations, 

the average fibre length is 4.6mm with a standard deviation of ~1.4mm and the coefficient of 

variation ~ 31% and from the histogram in Figure 3.5 the fibre length appears to be normally 

distributed and randomly oriented within the fibre mat.  

 It is obvious that the mean length of the fibres is under the critical length (5mm-6mm) as 

mentioned in (Yuan et al. 2002). However, from the distribution, lengths of ~18% of the 

fibres are within the range of critical fibre length, ~18% over the critical length (lc) and the 

rest 64% are under the critical length. By assuming similar fibre distribution throughout the 

composite material and a good fibre-matrix interfacial bonding, 36% of the fibres that are of 

the critical length would stress to their fullest potential (ultimate fibre strength) and over 

critical length over a distance of (lc/2) from its ends before failing and the rest may offer some 

strength but mainly stiffness to the material. This is based on the assumption of a good 

interfacial bonding, which in turn depends on the fibre-matrix compatibility, the void contents 

and consistency in the fibre property. With fibres oriented randomly in the fibre mat, it can be 

expected that the composite will exhibit isotropic properties.  

 A simple manufacturing set-up has been considered to manufacture sisal-PP composites 

sheet. It consisted of two Teflon™ coated aluminium plates, a steel/aluminium spacer of 

1.4mm thick, and a 10 ton hydraulic press of platens size (150mm x 150mm) with heating 
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options. The fibre mats of ≈30% of composite mass were interleaved between PP sheets 

which were laid on one of the aluminium plates within the spacers while the other was used to 

cover it and contain the material within the spacer. This set-up was transferred between the 

heated parallel platens and pressed for a certain period of time in the hydraulic press. The 

composites were extracted and cooled to room temperature under a load ≈50N.  

 During manufacturing, the properties of the composites depend on the processing 

variables, which in this study are fibre mass fraction, applied pressure, temperature and 

consolidation time. As the polymers provide dimensional stability to the composites, after a 

certain fibre mass fraction, the polymer in the composite system may not be adequate to 

provide a good fibre-matrix bonding. Therefore, an optimum fibre mass fraction of the 

composite must be chosen so as to obtain higher strength. Lower pressure leads to fibre 

displacement during consolidation process in the molten polymer, resulting in non uniform 

fibre dispersion throughout the composite and low fibre wetting which weakens the fibre-

matrix interfacial bonding and higher pressures leads to matrix bleed out, fibre damage, and 

can cause damage to the tooling. Therefore the pressure must be adequate enough to facilitate 

matrix percolation and not cause damage to the fibre or the tooling. In the case of temperature 

factor, it must be higher than the melting temperature of the matrix to help facilitate the 

consolidation process, but sufficiently lower than the fibre degradation temperature, which or 

else may cause damage to the fibres resulting in fibres not reaching their ultimate strength 

during use. Therefore, an optimum temperature between the Tm of the matrix and the fibre 

degradation temperature must be chosen. The consolidation time parameter determines the 

fibre wetting and the fibre matrix interfacial adhesion. However, higher consolidation time 

will lead to prolonged exposure of the sisal fibres at elevated temperatures, which may start to 

degrade the natural fibres, and lower consolidation time may lead to low fibre wetting (dry 

spots) affecting the interfacial bond between fibre and the matrix. Therefore a consolidation 

time, adequate to cause all the matrix material to melt and percolate through the fibre mat 

uniformly without any dry spots or degrading the fibres must be chosen.  

 It has been established in a previous study of Jayaraman (2001) that the composites exhibit 

high strength at a fibre mass fraction 0.3, after which the properties starts to drop down. In the 

work of Bowis (1997), he has reported that a pressure of over 1.4MPa had no effect on the 

woodfibre-PP composite properties and a platen temperature of 185°C to be adequate for the 

consolidation process. Therefore, the fibre mass, pressure and temperature parameters were 

fixed to 0.3, 1.4MPa and 185°C, respectively, and duration of consolidation parameter has 
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been varied between 5-20min and the properties of the composites have been compared. As 

the sisal fibres start to degrade ≈210°C (Yan Li et al., 2002), consolidation duration; 5min, 

10min, 15min and 20min have been tried and the tensile properties of the manufactured 

composites were compared with respect to it.  

 All the tensile tests were performed according to the standard ASTM-D638 in an Instron 

universal testing machine (Model 5567). The dumbbell shaped tensile specimens were milled 

from composite sheets of thickness 1.4 mm. The cut edges were made smooth with the help of 

sandpaper to have close control on specimen dimensions. All specimens were conditioned at 

room temperature for 24h prior to testing.  

Table 3.6 Tensile properties of compression moulded sisal-PP composites 

 

 

 

 

 From the results presented in Table 3.6, a decreasing trend in the tensile strength can be 

seen with respect to longer consolidation times, which is because at longer consolidation time, 

the fibres are exposed to high temperatures for a prolonged period of time that may degrade 

the fibre. When compared to the properties of the PP sheet used in this study, only ≈ 9% 

increase in tensile strength and over 100% in tensile modulus has been obtained, in essence 

the fibres in this case act more as fillers than reinforcements. However, considering for higher 

modulus, 10 minutes consolidation time can be chosen. 

 Compression moulding is a simple manufacturing process. Though the process has many 

advantages such as, low cost and tooling, it is limited to semi-continuous processes. This can 

be overcome by using processes such as continuous extrusion. Extrusion is the most common 

manufacturing method used for continuous manufacturing of sheets, tubes and cables. The 

raw material is fed from a hopper onto the screw, which is conveyed along the barrel where it 

is heated by conduction from the barrel heaters and shear due to its movement along the screw 

flights through to the die to obtain a desired shape. The extruder can consist of a single screw 

commonly known as the single-screw extruder or two screws commonly known as the twin-

Compaction time 
(min) 

Tensile strength (MPa) Tensile modulus (GPa) 

5 25.5 (±1.4) 2.7 (±0.4) 
10 24.9 (±1.4) 3.1 (±0.8) 
15 24.6 (±1.3) 3.0 (±0.2) 
20 23.1 (±2.0) 2.8 (±0.4) 
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screw extruder. The latter provides a wider range of possibilities in terms of output rates, 

mixing efficiency, heat generation, compared with a single screw extruder. 

3.3.2 Extrusion 

In this study, continuous sisal-PP sheets have been manufactured through continuous 

extrusion using an extruder of 35mm conical counter rotating screws. The details of the raw 

materials used in this research are listed in Table 3.7. Sisal ropes were locally obtained and 

chopped using rotary blade pelletiser, with the lengths of the fibres ranging from 1.5mm to 

7mm (average ≈4mm). In the previous study conducted by Wolcott and co-workers (Wolcott 

et al. 2001), they have reported a steady increase in the mechanical properties of  woodfibre 

plastic decking with the addition of 10% talc. As similar mass percentages of natural fibres 

and polymers in the composites were used in this study, talc of 10% by mass was used as a 

nucleating agent and filler in all the experiments and a maleated PP copolymer, Licocene PP 

MA 6452 TP has been used as lubricant. 

Table 3.7 Materials considered in this work 

 

The components have been dry blended and then extruded in a 35mm diameter (TC35 

Cincinnati Milacron) counter rotating conical twin screw extruder through a die with 300mm 

by 2.5mm rectangular cross-section. The extruder barrel and die temperatures were set to 

185°C and 182°C, respectively. The screw speed and torque have been maintained at 7rpm 

and ~18% (of the total screw torque), respectively. 

 Extrusion of natural fibre composites is not completely a new manufacturing method. 

Many studies regarding extrusion of natural fibres have been published in the recent years 

(Bledzki and Gassan 1999; Wolcott et al. 2001; Bourmaud and Baley 2007; Danyadi et al. 

2007), providing insight of manufacturing processes and its applications. However, most of 

Material Trade name Manufacturer 

Polypropylene Moplen HP 550 J 

Moplen HP 555 G 

LyondellBasell (MFI 1.3 g/10min) 

LyondellBasell (MFI 3.0 g/10min) 

Sisal fibre - - 

Lubricant/co-polymer Licocene PP MA 6452 Clariant 

Talc Talc HTP 30 Unimin NZ Ltd 
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the studies involve incorporation of fibres with very low aspect ratios. The difficulty 

encountered in using fibres with high aspect ratio is that the fibres are shortened during the 

process of extrusion due to shearing between the screw and the barrel. The fibre degradation 

occurs in two locations; the first occurs in the melting zone upon feeding a dry-blend of the 

components into the hopper and in the second is brought about by shear forces exerted by 

molten matrix material in the rest of the passage. Hence, the shape of the raw polymer 

material used plays an important part; if pellets are used instead of powder, the degradation is 

more severe (Bigg 1985). In the second location, it has been observed by Czarnecki and 

White (1980) that the fibre length is always reduced down to a limiting value, depending on 

melt viscosity, the intensity of the shear field, and the time of treatment. It has been reported 

in case of synthetic fibres that the length reduction can be as high as 50% of its original length 

in the melting zone and close to 15% in the remaining passage (Franzen et al. 1989). 

Therefore, to reduce the fibre degradation, it is preferred to feed the fibres onto the polymer 

melt rather than feeding them in the hopper as a dry blend with the polymer. 

Manufacturing of composites through a continuous extrusion process is influenced by 

many factors such as extrusion barrel temperature profile, screw rotation speed, screw torque, 

fibre weight fractions, additive levels, matrix types, etc. To study such a complex, 

multivariable system and its influence on the mechanical properties of the composites 

individually one at a time tends to become tedious, and hence is the difficulty in obtaining 

synergistic effects between the parameters. Many researchers have applied statistical 

approaches to overcome this difficulty, for example; Matuana and Li (2004) have applied a 

factorial design of experiments to optimize the relationships between the void fraction, 

formulation compositions and moisture content of foamed HDPE/wood-flour composites, 

Kim and co-workers (Kim et al. 1996) have studied the effect of the morphology and 

mechanical properties of injection moulded articles made of poly (butylene terephthalate) 

(PBT) and glass fibre reinforced composites, Velasco and co-workers (Velasco et al. 2003) in 

their experimental design have varied mould temperature, holding pressure time and closed 

mould time to evaluate mechanical properties and processing conditions of short glass fibre 

reinforced PET composites. In this study, the mechanical properties of the extruded 

composites are affected by two categories of factors namely, processing factors such as screw 

speed, feed rate, barrel temperature profile, die temperature of the extruder and material 

factors such as fibre mass, polymer melt flow index (MFI) and lubricant content of the 

material formulation. Considering both the categories at a time in itself leads to complexity as 
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they are interdependent; hence, only the material formulation category has been considered in 

the maximisation of the mechanical property. A statistical design of experiments based on 

Taguchi method has been considered in this study.  

Taguchi method is popular in engineering circles and can detect the most significant 

factors in maximising the mechanical properties of sisal-PP composites by working out their 

best formulations in a limited number of trials. Taguchi’s orthogonal array design is a 

methodology for finding the optimum settings of the control factors to make the product or 

process insensitive to noise factors, which cannot be controlled by the designer.  

Design of experiment layout 

Three factors, fibre mass fraction, coupling agent mass fraction and polymer MFI, with two 

levels of low and high settings were considered for this work. The factors and their levels 

chosen for this study are listed in Table 3.8. This set-up leads to a typical two-level, three 

factor L3 Taguchi layout with 8 trials to complete the entire experimental work. Orthogonal 

arrays have been considered for estimating the best material formulation needed to obtain 

maximum mechanical properties. Tensile modulus, tensile strength and impact strength have 

been considered for maximisation. The advantage of using orthogonal arrays is that it exhibits 

the property of orthogonality; allowing the estimation of average effects without the results 

being distorted by other factor effects, meaning that all the trials are unique and do not repeat. 

A coded design matrix has been set up with factors at their respective levels such that they are 

orthogonal at all times (Table 3.9). However, sometimes the factors influence each other and 

this is termed as an ‘interaction effect’ between the two factors and can be easily determined 

by plotting each factor against the others with respect to their levels. The nomenclature of all 

the abbreviations used in the experiments is listed in Table 3.10. More about interaction 

effects has been explained in the subsequent sections. 

Table 3.8 Three factors and two levels used in L3 DoE 

 

 

 

 

 

Factors Level 

 1 2 

Fibre mass percentage F (%) 15 30 

Polymer MFI P (g/10min) 1.3 3.0 

Coupling agent L (%) 1 3.5 
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Table 3.9 Coded design matrix used in L3 DoE 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.10 Nomenclature for the acronyms used in the L3 DoE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Trial 

 

Response 
(y) 

Formulation 

F P L 

1 y1 1 1 1 

2 y2 1 1 2 

3 y3 1 2 1 

4 y4 1 2 2 

5 y5 2 1 1 

6 y6 2 1 2 

7 y7 2 2 1 

8 y8 2 2 2 

Acronym Representation 

F Fibre mass percentage (%) 

P Polymer Melt Flow Index (MFI) g/10min 

L Coupling agent/Copolymer (%) 

FP F and P interaction  

FL F and L interaction 

PL P and L interaction 

y1-8 Response value  

y  Average response value (grand average) 

FP , FL , PL  Average response of the factor interactions 

maxy  Maximum average response value 
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The Taguchi approach requires each factor to be varied between levels (low and high) in 

a systematic way, usually represented numerically as 1 and 2 respectively. The designation of 

high and low is arbitrary and does not necessarily imply that the low level has a numerically 

lower value than the high level. However, for the sake of convenience, low and high will be 

designated as numerical values 1 and 2 respectively. 

The tensile and Charpy impact tests were conducted according to the standards ASTM 

D638 and ASTM D6110 (0.5J hammer), respectively. The tensile tests were carried out in an 

Instron universal testing machine (Model 5567) and the Charpy tests were carried out in a 

Ceast impact tester (Resil 25). The dumbbell shaped tensile specimens were milled and the 

impact specimens were cut on a table saw from composite sheets of thickness ranging from 

2.5mm to 3.1mm. The cut edges were made smooth with the help of sandpaper to have close 

control on specimen dimensions. All specimens were cut from composite sheets along the 

extrusion direction and were conditioned at room temperature for 24h prior to tests.  

Tensile modulus 

Table 3.11 Response values of the tensile modului of extruded sisal-PP composites at 

different material combinations 

 

 

 

 

 

 

 

 

 

The tensile chord modulus of the composites was measured as a slope of the chord 

between 0.05% and 0.25% strain. The average modulus values of all the eight experiments as 

 

Trial

Factor 

F P L y (GPa) 

y1 1 1 1 2.69 

y2 1 1 2 2.31 

y3 1 2 1 2.54 

y4 1 2 2 2.02 

y5 2 1 1 3.63 

y6 2 1 2 4.41 

y7 2 2 1 3.78 

y8 2 2 2 4.07 
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a result of material formulation are graphically shown in Figure 3.6 and the values are 

reported in Table 3.11. The graphical representation of the Taguchi method of individual 

factor contribution towards the overall tensile modulus is represented in Figure 3.7. In 

Taguchi method, the contribution of each factor towards the overall tensile modulus is 

calculated as the average of all the modulus values when the factor is set at its particular level 

(high or low), this gives an advantage in evaluating as to how much each factor contributes 

towards the overall property of the material. 

The graphical representation of the averages is shown in Figure 3.7, the grand average 

of all the trials y1 – y8 is represented as a horizontal line and then the average of all the 

individual factors set at their particular levels are plotted on either side of the average line. For 

example, the average tensile modulus of the composites when the fibre mass percentages are 

set at 30%, which appears in trials y5 -y8 is 3.9MPa; similarly the average tensile modulus of 

the composites when the fibre mass percentages are set at 15% is 2.4MPa. This gives the 

maximum and minimum tensile modulus achieved by varying the fibre mass from 15% to 

30%. In a similar way, the averages for all the other factors are calculated. It has to be noted 

that this calculation is possible only if all the factors are independent of each other.  

 

 

 

 

 

 

 

 

 

 

To examine the contribution of each factor towards the composite modulus, each factor is 

plotted on either side of the grand average, which is the average value of all the trials, as 

Figure 3.6 Average tensile moduli of sisal-PP composites at different 
material combinations 
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shown in Figure 3.8. The size of the connecting line between the two levels represents the 

amount that factor contributes to the overall average when it is changed from low level to 

high level. In the same way, all the other factors are plotted. 

The main factors are represented as F, P and L, and their interactions are represented as 

FP, FL and PL (refer Table 3.10 for acronym nomenclature). If the tensile modulus is only a 

function the main factors, then the maximum attainable value would be the sum of the grand 

average and the positive contributions of the main factors, which can be expressed as  

maxy = y + (F contribution) + (P contribution) + (L contribution) (3.3) 

where maxy is the maximum attainable tensile modulus value and y is the grand average and 

the others are as described in the Equation (3.3). Therefore the maximum obtainable value by 

considering just the individual factor contribution by setting F, P and L to 2, 1, 2, respectively 

results in 4.07GPa, but the same value in Table 3.11 corresponds to the tensile modulus when 

all the factors F, P and L are set at 2, meaning that the tensile modulus is not a function of just 

the main factors but there is a presence of another factor. As there are only three factors, the 

other factor influencing the tensile modulus could be due to the interaction between these 

variables, and is termed as ‘interaction factor’. This factor can be estimated by examining the 

variation of each factor with respect to their levels. For example, to examine the interaction 

effect of the factors F and P, the trials consisting of both these variables at both their levels are 
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Figure 3.7 Taguchi representations of all contributing factors towards tensile modulus of 
sisal-PP composites in the L3 DoE 
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isolated, as shown in Table 3.12. As this method consists of two levels, the values of F and P 

will occur in two trials. Hence, the factors, F and P, when set at level 1, occur in trials y1 and 

y2. The average response of the two factors, when set at level 1, is the average of the response 

values in y1 and y2. Similarly, the averages of these factors at other levels are calculated, 

shown in Table 3.12. For a graphical representation, these obtained average values are then 

plotted against their respective levels, as shown in Figure 3.9. 

Table 3.12 Observed averages of the factors at their respective levels 

 

 

 

 

 

 

The line depicted as ‘P1’ represents the factor P at level 1 and ‘P2’ represents the factor P 

at level 2. If the factors do not interact, the line segments will appear almost parallel but if 

they interact with each other, the line segments will intersect. 

 

In Figure 3.8, it can be seen that the factors F and L strongly interact with each other and P 

and L interact marginally with each other. The contributions are plotted in Figure 3.8 to view 

F P Observed 
trials 

Observed 
averages 

Average 

1 1 y1, y2 2.69, 2.31 2.5 

1 2 y3, y4 2.54, 2.02 2.28 

2 1 y5, y6 3.63, 4.41 4.02 

2 2 y7, y8 3.78, 4.07 3.93 
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Figure 3.8 Factor interaction effects for tensile modulus of sisal-PP composites in the L3 
DoE (a) FP interaction (b) FL interaction (c) PL interaction 
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the amount it contributes to the modulus of the composite, where it can be seen that the 

contribution of FL and PL interaction factors are considerable. Therefore by considering the 

averages of the interaction factors, the grand average results in 4.42GPa which corresponds to 

y6 in Table 3.11 where the main factors at their levels considered in the calculation 

corresponds to those in the table.  

 Therefore, higher tensile modulus can be obtained with high fibre mass, polymer of low 

viscosity and low copolymer content. Another interesting observation from the interaction 

factor results is that the modulus of the composite can be increased by increasing the 

copolymer content as from the Figure 3.8 higher values are obtained when the copolymer 

content is increased to 3.5%. To determine such trends by varying one factor at a time would 

become tedious and to obtain their synergistic effects may not be straightforward as shown 

here. Therefore, in this experiment with the levels chosen the optimum values to obtain high 

modulus, a polymer of lower MFI, high fibre content and higher copolymer content has to be 

considered. However, all these values are pertinent to this experiment for the chosen factors 

and their levels and are not the global optimum. However, the trends depicted by the method 

may be considered universal for all the sisal-PP composites manufactured as above. 

Tensile strength  

Figure 3.9 Average tensile strengths of sisal-PP composites at different material 
combinations 
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The ultimate tensile stress of the composite material tested was considered to evaluate the 

strength of the sisal-PP composites. The experimental tensile modulus is shown in Figure 3.10 

and the values are reported in Table 3.13.  

Table 3.13 Response values of the tensile strengths  

 

 

 

 

 

 

 

 

 

 

Trial 

Factor 

F P L y (MPa) 

y1 1 1 1 28.80 

y2 1 1 2 26.60 

y3 1 2 1 26.00 

y4 1 2 2 24.60 

y5 2 1 1 34.80 

y6 2 1 2 31.90 

y7 2 2 1 29.66 

y8 2 2 2 21.98 
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Figure 3.10 Taguchi representations of all contributing factors towards tensile strength of 
sisal-PP composites in the L3 DoE 
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From Figure 3.9, it is evident that the maximum tensile strength is obtained at trial y5 

where the factors F, P and L are set at 2, 1 and 1 respectively. However, it is unclear as to 

what the individual factor and the factor interactions contributions towards the overall 

strength are. Hence, to provide a better idea of individual factor contributions, they have been 

plotted. Similar to the calculations performed for the evaluation of the tensile modulus, the 

grand average and the factor averages are graphically represented in Figure 3.10. 

Higher tensile strength is obtained when the factors F is set at high and the factors P and 

L are set at low. It can be seen from Figure 3.10 that the contribution of polymer MFI factor 

‘P’ towards the tensile strength of the composites is much higher compared to the other 

factors. Hence, considering the tensile strength to be a function of just the main factors, the 

maximum attainable tensile strength is the sum of all the factor contributions and the grand 

average, which results in 33.48MPa. However, the factor levels for the value in Table 3.13 do 

not correspond to the levels considered in the calculation, suggesting a presence of factor 

interaction. Therefore the factor interactions between these variables are determined and 

plotted against their respective levels, as shown in Figure 3.11.  

The discrepancy in the calculated and experimental strength values is due to the 

contribution of the factor interaction. In Figure 3.11, it can be seen that the factors F, P and F, 

L exhibit positive interaction with their line segments being distinctly non-parallel to each 

other and negligible interaction between P, L factors. Therefore, considering both the effects 

of FP and FL interaction factors to interpret the maximum attainable strength yields in 

37.54MPa, which is higher than the response value in Table 3.13, but if the interaction effects 

are considered individually rather than coupled, with only FP interaction the strength value 
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Figure 3.11 Factor interaction effects for tensile strengths of sisal-PP composites in the 
L3 DoE (a) FP interaction (b) FL interaction (c) PL interaction 
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yields 35.1MPa and with FL interaction factor, the strength results in 34.7MPa which are 

closer to the value (34.80MPa) in Table 3.13. In the previous estimation of the tensile 

modulus, the contribution FL interaction appears more dominant than that of PL interaction, 

meaning that higher modulus was obtained at higher copolymer content; however, in the 

estimation of tensile strength lower copolymer content favours the tensile strength. Therefore, 

to obtain high tensile strength, a combination of higher fibre content, polymer of lower MFI 

and low content of copolymer are preferred.  

Impact strength 

Charpy pendulum tests were performed to determine the impact strength of the sisal-

PP specimens according to the standards ASTM D6110 (0.5J hammer) using Ceast impact 

tester (Resil 25). The impact specimens were cut on a table saw from composite sheets of 

thickness ranging from 2.5mm to 3.1mm. All the specimens were tested with the direction of 

impact transverse to the extrusion direction, and the results of the impact test is shown in 

Figure 3.12. 

 

 

Figure 3.12 Average impact strengths of sisal-PP composites at different material 
combinations 
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Table 3.14 Response values of the impact strengths of extruded sisal-PP composites at 

different material combinations 

 

 

 

 

 

 

 

 

 The results of the impact tests of specimens of different combinations of fibre content, 

polymer MFI and copolymer content is shown in Figure 3.12 and Table 3.14. The Taguchi 

graphical representation of all the factors with respect to the grand average of all the trials is 

shown in Figure 3.13. If the impact strength of the composite is considered to be dependent 

on just the main factors, then from the calculations as described for modulus and strength in 

 

Trial 

Factor 

F P L y (kJ/m2) 

y1 1 1 1 5.50 

y2 1 1 2 5.40 

y3 1 2 1 4.70 

y4 1 2 2 4.90 

y5 2 1 1 7.20 

y6 2 1 2 6.40 

y7 2 2 1 6.70 

y8 2 2 2 6.50 
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Figure 3.13 Taguchi representations of all contributing factors towards tensile strength of 
sisal-PP composites in the L3 DoE 
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previous sections, yield a result of 7.04kJ/ m2, by comparing with the response table in Table 

3.14, the impact strength does not appear to be dependent on just the interaction factors, 

which is an indication of a presence of an interacting constant.  

Hence, the factor interactions have been graphically plotted to check for interactions as 

shown in Figure 3.14. The FP interaction appears almost negligible with their line segments 

being almost parallel to each other, but the factors FL and PL seem to interact with each other 

and by considering both the interaction factors, impact strength results in 7.39kJ/ m2 which is 

higher than the experimental value in Table 3.14 for factor levels considered in the 

calculation. By considering just FL interaction factor, the value has been estimated to be 

7.17kJ/ m2 and by considering just PL interaction factor, it has been estimated as 7.14kJ/ m2, 

meaning that the presence of the interaction factors have reduced the impact strength of the 

composite. In the previous estimations, FL interaction factor appear to have more influence on 

the modulus and strength of the composite compared to PL interaction factor, and in Figure 

3.14, FL factor shows a positive interaction, and the corresponding impact strength value 

relates well with the experimental results in Table 3.14, meaning that the impact strength is 

influenced more due to FL interaction. 

Therefore, by selecting fibre content of 30%, polymer MFI of 1.3g/10min and copolymer 

content of 1%, ≈12%, ≈20% and >100% increase in tensile strength; impact strength and 

tensile modulus respectively have been attained. The analysis predicts a strong FL and PL 

interactions contributing towards the tensile modulus of the composites; meaning that, though 

the tensile modulus primarily depends on the aforementioned main factors, within this the 

interaction of the fibre and copolymer, and polymer and copolymer affect the modulus too. 
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Figure 3.14 Factor interaction effects for impact strengths of sisal-PP composites in the L3 
DoE (a) FP interaction (b) FL interaction (c) PL interaction 
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Hence, by controlling these interactions, maximum value can be obtained. In the case of 

tensile strength and impact strength, the FL interaction has an influence on the property. 

Therefore, depending on the end application, appropriate selection of the constituents and 

their levels respectively can be chosen. In this study, higher tensile modulus has been 

obtained by changing the lubricant content from 1% to 3.5% but at the same time, tensile 

strength values have dropped down by 14%. All these results are based on the conformation 

tests setting the constituents to their respective levels, as predicted by the analysis. 

 Setting fibre mass content to 30%, polymer MFI to 1.3g/10min and lubricant/copolymer 

content to 1%, composites were extruded and calendered to obtain continuous composite 

rolls. The extruded composites exhibited better mechanical properties compared to 

compression moulded ones; tensile modulus of 4.01GPa which is ≈22% higher and a tensile 

strength of 41MPa which is ≈40% higher than the compression moulded composites. This is 

because, during extrusion the fibres are subjected to such high shear forces, and they tend to 

align themselves strongly along the flow direction, resulting in a composite containing good 

amount of well aligned and packed short fibres which effectively results in better strengths. 

As the extrusion process yields continuous rolls of composites sheets of higher strength 

compared to the compression moulded composites, further study in this research was done 

using extruded sheets. 

3.4 Other mechanical properties of extruded sisal-PP composites 

 As the manufactured sheets will be used to manufacture components, all mechanical 

properties of the sheet material would become necessary for the designer during selection 

process. Therefore, all the mechanical properties of the extruded sisal-PP composites have 

been experimentally determined as per ASTM standards, as shown in Table 3.15. 

 Tensile tests have been performed according to the standards ASTM-D638 in an Instron 

universal testing machine (Model 5567). The dumbbell shaped tensile specimens were milled 

from composite sheets along and transverse to the machine direction. The cut edges were 

made smooth with the help of sandpaper to have close control on specimen dimensions. All 

specimens were conditioned at room temperature for 24h prior to testing. The ultimate tensile 

stress was the tensile strength of the composite material. The tensile modulus was measured 

as the slope of the chord between 0.05% and 0.25% strain. The modulus was estimated from 

specimens cut along and transverse-to the machine direction to check for the change in the 

property with respect to the extruded sisal-PP composites.  
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The Poisson’s ratio of the composite specimen has been determined as per standards 

ASTM D 638. Laser extensometer has been used to determine axial and transverse strains 

simultaneously. The gauge length to determine axial and transverse strain was set to 50mm 

and 20mm, respectively. The specimens tested were of width 50mm and length 200mm, the 

distance between the jaws was set to 115mm and the crosshead displacement was set to 

5mm/min such that the specimen failed within 5 minutes from the beginning of load 

application. 

Compressive strength and modulus were determined as per standard modified ASTM D 

695. This method ASTM D 695 was originally intended for un-reinforced plastics, but as 

composite materials has gained importance, the method has been extended to cater to their 

need. This testing method has been modified by Boeing Corporation and is widely included 

and circulated in their specification support standard BSS 7260. As specified in the standards, 

two specimens have been tested; un-tabbed specimen for determining the compressive 

modulus of the test material and a tabbed specimen to measure the compressive strength of 

the test material. The gauge length was set to be 5mm and the crosshead speed was set to 

1.3mm/min for both the tests and an extensometer has been employed to measure strains. The 

modulus was calculated by drawing a tangent to the initial linear portion of the stress-strain 

and the compressive strength was calculated by dividing the maximum load carried by the 

specimen during the test by original minimum cross-sectional area.  

Table 3.15 Mechanical properties of sisal-PP composites  

 

 

 

 

 

 

 

 

Material property  Sisal-PP Test standard 
Tensile strength 
(MPa) 

Longitudinal σ11 41 ASTM D 638 
Transverse σ22 19.2 ASTM D 638 

Tensile modulus 
(GPa) 

Longitudinal E11 4.01 ASTM D 638 
Transverse E22 2.07 ASTM D 638 

Poisson’s ratio  Along υ12 0.54 ASTM D 638 
Transverse υ21 0.15 ASTM D 638 

Shear strength τ12 (MPa) 19.5 ASTM D 4255 
Shear modulus G12 (GPa) 2.0 ASTM D 4255 
Shear strength τ13 =  τ23 (MPa) 45.2  ASTM D 732 
Shear modulus G13 = G23 (GPa) 150.4 ASTM D 732 
Sheet compressive strength (Mpa) 73.3 Modified ASTM D 695 
Sheet compressive modulus (GPa) 3.3 Modified ASTM D 695 
Sheet density ( kg/m3) 919 Conventional method 
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In-plane shear properties were determined using two-rail shear test as per standard ASTM 

D 4255. Constantan alloy strain gauge rosette, EA-06-060RZ-120 of resistance 120 (±0.4%) 

and a gauge factor 2.06 at 24ºC was used to record strain. 

Out-of-plane shear test was performed on the composite sheets to determine the shear 

properties in the 1-3 (x-z) and 2-3 (y-z) directions. The tests were performed as per standard 

ASTM D 732 – 02 which is a test method for determining shear strength of plastics using a 

punch tool.  

From the results obtained the sisal-PP composite sheets appear to be orthotropic; 

exhibiting better properties along the machine direction compared to that in the transverse 

direction. This could be because the fibres and the polymer chains tend to align themselves 

along the machine direction during extrusion process similar to the observations reported by 

(Joseph et al. 1995). Hence to check the fibres orientation in the composite along the machine 

direction, the fibre angles with respect to the machine direction was determined.  

 

Fibre orientation analysis along the machine direction 

Composites sheets of 50mm x 50mm have been cut from various random locations from 

the extruded sheet and were mounted on a microscope. Digital photographs of the top and 

bottom surfaces that were taken as shown in Figure 3.15 have been used to determine the fibre 

orientation with the help of image analysis program (Dove 2002). 

The thickness of the sheet was ~1.5mm and as the fibres were of an average diameter of 

180 ±10μm, it was assumed that the fibres between the top and bottom surfaces would more 

Figure 3.15 Digital photographs of extruded sisal fibre-PP composites used for image 
analysis, white arrow depicting the machine direction 
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or less be oriented similarly. From the histogram shown in Figure 3.16, 65% of the fibres lie 

between 0°- ±15°, 25% between ±15°- ±30°and the rest 10% between ±30°- ±60°, hence, it 

can seen that the maximum number fibres in the specimens observed in this study are more or 

less aligned in the machine direction and the close packing of the fibres allow adequate stress 

transfer between fibres, thus attributing towards the strength of the sheet along the machine 

direction. Therefore, from the mechanical properties and the observations of image analysis, 

the composite sheet exhibits mild orthotropy (E1/E2 ≈2) because of the alignment and close 

packing of the short sisal fibres along the machine direction.  

Fibre length analysis after extrusion 

The common methods used to measure synthetic fibres is through direct measurement of fibre 

lengths after polymer burning or solvent dissolution (Zak et al. 2000; Fu et al. 2005; Fakirov 

2006). The process of burning off the polymer method may not suitable in this study because 

the natural fibres start to degrade at the burning temperature of the polymer, solvent 

dissolution using Xylene solvent in a soxhlet apparatus has been tried, but due to the presence 

of talc, the fibres could not be extracted even after dissolving the matrix completely. 

Therefore, a simple method of hot pressing has been considered as an alternate option. The 

process is very similar to compression moulding between parallel hot platens, but here 

minimum pressure is applied such that the fibre flows with the matrix and no damage is done 

to the fibres. Five different regions on the composite sheet were chosen for the fibre length 

analysis. 

Figure 3.16 Histogram of the fibre orientation with respect to the machine direction 
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A square piece of area 50mm2 was carefully cut form each of those regions and hot 

pressed to thin translucent films. The digital images of these films were used with the image 

tool for length analysis and the histogram of the fibre lengths before extrusion and after 

extrusion are shown in Figure 3.17. 

 In the fibre length histogram in Figure 3.17, the fibre lengths over 7mm have dropped 

to 6mm and under after extrusion. This damage is mainly brought about by use of polymer as 

pellets and due to the shear forces exerted by molten matrix material on the fibres. Similar 

observations have been reported by Bigg (1985) in the case of glass fibres, (Joseph et al. 

2002) in case of sisal fibres and (Czarnecki and White 1980) in case of synthetic and 

cellulosic fibres. In another study, Yam et al. (1990) observed that the fibre attrition in twin 

screw extruders depends on the screw configuration and the temperature profile. As in this 

study, PP as pellets were dry blended with sisal fibres and fed through the hopper together, 

the pellets would have damaged some of the fibres in the feeding zone while the others may 

have suffered some loss due to the shear forces exerted by the polymer melt in the melting 

zone, hence, the decrease in the fibre length can be considered to be a combination of both. 

To reduce the fibre breakage, powdered pre-heated polymer, with fibres fed downstream into 

the polymer melt, as suggested by Bigg (1985) may be considered. 

3.5 Recycling 

In this study, the composite sheets obtained by setting the factors predicted by the 

Taguchi analysis were pelletised in a rotary blade pelletiser with screens of 5mm diameter. 
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Figure 3.17 Histogram of sisal fibre lengths (a) before extrusion (b) after extrusion  
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The obtained pellets were extruded through the 300mm by 2.5mm rectangular die and 

calendered to 1.5mm thickness to obtain recycled sisal-PP sheets.  

3.5.1 Mechanical properties of recycled sisal-PP composites 

The mechanical properties of the recycled composites have been determined as per 

ASTM standards explained in the previous section, and as comparison with the sisal-PP 

composites, they are shown in Table 3.16  

 In sisal-PP composites a fibre reinforcement of 30% in mass percentage has increased the 

modulus values over three times to that of the matrix material, along the machine direction 

and over twice in the transverse direction. The recycled composites exhibit a slight decrease 

in modulus along the machine direction and a slight increase in the transverse direction. 

Similar trend is seen in the strength properties as well.  

 Compressive strength and modulus values of the sisal-PP from the results in Table 3.15 

indicate that they do not vary much after recycling. However, a negligible increase of ~2% in 

tensile modulus a decrease of ~4% in tensile strength can be seen in the recycled composites. 

The shear strength of the sisal-PP composite dropped 19.49 MPa to 17.67MPa (~10%) and 

the shear modulus increased from 2.04GPa to 2.87GPa (~28%) after recycling. 

Table 3.16 Mechanical properties of sisal-PP composites and recycled sisal-PP composites 

 

Material property  Sisal-PP Recycled  Test standard 
Tensile strength 
(MPa) 

Longitudinal σ11 41 36.40  ASTM D 638 
Transverse σ22 19.2 21.40  ASTM D 638 

Tensile modulus 
(GPa) 

Longitudinal E11 4.01 3.87  ASTM D 638 
Transverse E22 2.07 2.17  ASTM D 638 

Poisson’s ratio  Along υ12 0.54 0.40 ASTM D 638 
Transverse υ21 0.15 0.20 ASTM D 638 

Shear strength τ12 19.49 17.67 ASTM D 4255 
Shear modulus G12  (GPa) 2.04 2.87  ASTM D 4255 
Shear strength  τ13 =  τ23(MPa) 45.2  41.59 ASTM D 732 
Shear modulus G13 = G23(GPa) 150.4 157.48 ASTM D 732 
Sheet compressive strength (MPa) 73.30 71.20 Modified ASTM D 695
Sheet compressive modulus (GPa) 3.30 3.50 Modified ASTM D 695
Sheet density ( kg/m3) 919  960  Conventional method 
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 This marginal increase and decrease in the moduli could be due to the decrease in fibre 

lengths after recycling or due to decrease in the molecular weight of the polymer after 

recycling, or as a combined effect. Similar effecr was observed by Bourmaud and Baley 

(2007) in their study, after recycling the composites seven times.  

 In the recycled sisal-PP composites, the marginal increase in the strength in the transverse 

direction and decrease along the extrusion direction could be due to the decrease in fibre 

lengths and the change in the fibre alignment. Another possibility is that the decrease may be 

polymer driven, meaning that the recycling may have decreased the crystallinity of the 

polymer which may have affected the properties of the recycled composite (Daw-Ming et al. 

1998). Hence, digital micrographs of the recycled composites have been examined using 

image analysis program and the fibre lengths and orientations have been compared with the 

sisal-PP composites, and to check for the change in crystallinity, DSC calorimetric data of the 

recycled composites have been compared with that of the sisal-PP composites.  

3.5.2 Fibre length analysis after recycling 

A square piece of area 50mm2 was carefully cut form each of those regions and hot 

pressed to thin translucent films. The digital images of these films were used with the image 

tool for length analysis and the histogram of the fibre lengths after extrusion and after 

recycling are shown in Figure 3.18. 

After recycling, the fibre lengths have dropped down further, to less than 5mm, as the 

fibres between 5mm-6mm are absent in the histogram of recycled composite, and at the same 

time the percentage of fibres between 1mm-2mm has increased from ~25% to ~65%, which 

Figure 3.18 Histogram of sisal fibre lengths of (a) sisal-PP composite (b) recycled sisal-PP 
composites 
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indicates that all the fibres over 4mm must have been cut down during the process of 

pelletising or during extrusion. Therefore, the pellets after the mechanical regrinding process 

were hot-pressed between parallel platens and their digital images were processed. Their 

analysis revealed similar distribution as in Figure 3.18 (b), confirming that the decrease of 

fibre length in the recycled composites has not occurred during extrusion, but during 

pelletising the sisal-PP sheets. However, this is relative to the experimental variables such as 

extruder screw size, barrel temperature, polymer used, type of fibres etc., but in this study 

with the experimental parameters listed in previous sections, the sisal fibres length remained 

unaltered during extrusion process of the recycled pellets. 

3.5.3 Fibre orientation analysis of recycled sisal-PP composites 

Composites sheets of 50mm x 50mm have been cut from various random locations from 

the extruded sheet and were mounted on a microscope. Digital photographs of the top and 

bottom surfaces that were taken as shown in Figure 3.19 have been used to determine the fibre 

orientation with the help of image analysis program (Dove 2002). 

In Figure 3.19, the fibres do not appear to be closely packed as compared to sisal-PP 

composites extruded with virgin materials (Figure 3.15), which may be because of the 

decrease in the fibre length, explained in the previous section. This packing arrangement of 

the fibres would reduce the stress transfer between the fibres, decreasing the load carrying 

capacity of the composite. This can be seen in Table 3.15 where the strength of the 

composites has dropped down to 36MPa from 41MPa after recycling. 

Figure 3.19 Digital images of recycled sisal-PP composite sheets used for measuring fibre 
lengths and angles 
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 However, the transverse properties of the composites appeared to increase after 

recycling, which may be because of the change in fibre alignment. Therefore, the fibre 

orientation of the recycled composites has been compared with the sisal-PP composites, and 

the histogram of the fibre lengths are shown in Figure 3.20. All the fibre angles were measure 

along the machine direction, and from Figure 3.20 most of the fibres appear to have aligned 

along the machine direction, but ≈5% of the fibres are aligned between 60-75° and ≈5% are 

aligned between 75-90° which may have contributed towards the increase of the mechanical 

properties in the transverse direction.  

3.5.4 Change in crystallinity of the polymer after recycling 

To check for any change in crystallinity after recycling, DSC calorimetric data were 

used to study the crystallization behaviour of the composites. All the specimens weighing 

~9.0mg were subjected to cyclic heating and cooling in the DSC chamber in an aluminium 

capsule (0°C to 200°C) at a scan rate of 20°C/min. The temperature and heat of the phase 

transitions have been determined respectively from the maxima and the areas of 

crystallisation and melting peaks. The degree of crystallinity ( cχ ) has been estimated using 

equation (3.2) where ΔH100% crystalline = 209J/g (Brandrup and Immergut 1989) and ΔHm is the 

measured value. 

 

 

Figure 3.20 Histogram of fibre orientation of sisal-PP composites extruded with (a) 
virgin raw materials (b) recycled sisal-PP pellets 
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Table 3.17 Melting temperature Tm and crystallinity w evaluated from the DSC traces 

Sample Melting 
temperature 

(°C) Tm 

Crystallisation 
temperature 

(°C) Tc 

Enthalpy of 
fusion (J/g) ΔH 

Crystallinity 
(%) χc 

Polypropylene 164.9 113.9 74.57 35.6 

Sisal-PP 
extruded 

163.2 126 50.16 24.0 

Sisal-PP 
recycled 

162.9 124.6 57.23 27.3 

 

The change in the melting temperature of the recycled composites from Figure 3.21 and 

the crystallinity in Table 3.17 appear very marginal in the order of 1-2°C and ≈3% 

respectively. Hence the recycling has very little effect on the melting temperature of the 

composites.  

However, the crystallinity of the polymer has reduced from ~36% to 24% after the 

addition of the fibres. This decrease in crystallinity percentage may be due to the presence of 

the maleated copolymer, inhibiting the induced crystallisation around the fibre and talc by 

encapsulating it thus making it loose its ability to create nucleating sites for the polymer 

(Danyadi et al. 2007), decreasing the transcrystallisation effect. This decrease can induce a 

low crystallisation of PP in the composite by creating amorphous phases around the fibres. 
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Figure 3.21 DSC traces of the second heating cycle depicting melting temperature 
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Hence, the 10% addition of talc has no increasing effect on the crystallinity of the composite 

material and could be replaced by fibres instead, which in turn would increase the specific 

mechanical properties of the composite. 

Therefore, from the above experiments, sisal fibre-PP composites can be successfully 

recycled, retaining most of its mechanical properties. The marginal decrease in the 

mechanical properties along the extrusion direction after recycling is due to the decrease in 

fibre length, which occurs mainly during pelletising of the composite sheets using 5mm 

screens and due to the change in the fibre orientation and packing arrangement. 

3.5 Summary 

 In this chapter, two methods of manufacturing sisal fibre-PP composites have been 

discussed. Sisal fibres were chosen because of its availability, low cost and excellent 

mechanical properties. The mechanical properties of the sisal fibres were evaluated by 

performing single fibre tensile tests at different gauge lengths.  

 With natural fibres as reinforcement and recycling as one of the objectives, thermoplastic 

polymers with relatively low melting point have been considered. Due to the temperature 

constraints, three thermoplastic polymers with low melting points were initially selected as 

matrix materials. Final selection was based on the mechanical performance of the polymer 

with respect to the cost of it in terms of desirability factors. The desirability factor of 

polypropylene weighed the highest among all. Hence, polypropylene in the form of sheets and 

granules were considered as matrix materials. 

 The melting and crystallization behaviour of PP in this study was determined using 

Differential Scanning Calorimetry (DSC). The PP sheet exhibited low melting point and 

crystallinity compared to the PP homopolymer, which was due to the presence of a copolymer 

or plastisizer in the PP sheet. 

 Two manufacturing methods; compression moulding and continuous extrusion were 

considered to manufacture sisal-PP composites. The influence of consolidation time on the 

tensile property of the compression moulded composites has been examined. The composites 

exhibited almost similar tensile strengths and moduli for consolidation time of 10min and 

15min, which dropped down at consolidation time of 15min and 20min. The extrusion 

process has been optimised statistically with respect to material parameters using Taguchi 

method, based on central limit theorem. By selecting fibre mass of 30%, polymer MFI of 
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1.3g/10min and 1% of lubricant, ~12%, ~20% and >100% increase in tensile strength, impact 

strength and tensile modulus respectively were observed in this study.  

 The extruded sisal-PP sheets were recycled and their mechanical and thermal 

properties have been examined and compared to check for any change due to recycling. The 

mechanical properties of the recycled composites decreased marginally along the machine 

direction and interestingly showed an increasing trend in the transverse direction. Image 

analysis revealed shortening of fibre lengths after extruding and recycling, and most of the 

fibres seemed to have aligned along the machine direction, thus exhibiting mild orthotropy 

(E1/E2 ≈2). However, the changes after first recycling are negligible. 

 In comparison, pertaining to this research work, both the processes had their advantages 

and disadvantages, some of the salient ones are summarised in Table 19. Comparatively, in 

terms of manufacturing and mechanical properties, extrusion proves to be a better process 

compared to compression moulding.  

Table 3.17 Manufacturing process comparison  

 

 

 

 

 Compression moulding Continuous extrusion 

Advantages 1. less tooling 

2. lower material requirements 

3. longer fibres can be used 

4. no fibre shortening during 
manufacturing 

1. continuous manufacturing 

2. comparatively better interfacial 
bonding 

3. good mechanical properties 

Disadvantages 1. non-continuous process 

2. poor fibre-matrix adhesion 

3. poor mechanical properties 

4. relatively high tooling 

5. higher material requirements 

6. short fibres have to be used 

7. fibre shortening occurs after 
each cycle 
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Chapter 4  

Sandwich panels: Manufacturing and Analysis 

“No great discovery was ever made without a bold guess”    

Isaac Newton. 

In this chapter, two methods for manufacturing honeycomb core sandwich panels from 

compression moulded and extruded sisal-PP composites are discussed. The composites were 

thermoformed into half hexagonal and sinusoidal corrugations using matched-dies between 

platens of a hydraulic press and matching rolls in a roll former. The corrugated sheets were 

cut to required sizes and bonded to each other after stacking them sequentially to form 

honeycomb cores. The cores were then sandwiched between wood veneer facings to form 

sandwich panels. 

Sisal-PP composite sheet

Matched-die forming Roll forming

Corrugations

Honeycomb cores

Sandwich panels

Mechanical testing

Figure 4.1 Block diagram indicating the flow of research in this chapter 
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 The mechanical properties of the sisal-PP honeycomb core sandwich panels were 

determined by subjecting the panels to compressive and flexural loads. A simple block 

diagram describing the structure of this chapter is shown in Figure 4.1. 

4.1 Thermoforming of sisal-PP composites 

 Thermoforming is a secondary process of converting flat two-dimensional sheets into 

three-dimensional components using proper tooling and temperature. Depending on the 

complexity of the forming tool or mould, quite intricate parts can be formed with care. A few 

examples of forming methods are, matched-die forming, diaphragm forming, rubber pad 

forming and roll forming. The first three forming methods are batch manufacturing processes 

whereas roll forming can be a continuous or semi-continuous process. 

 Cold forming and thermoforming are the two common forming operations; the former 

requires no heat and the latter requires either heating the die or the material. Thermoplastics 

and their associated fibre reinforced composites are commonly thermoformed whereas 

metallic sheets are commonly cold formed. During thermoforming of composite sheets, the 

deformations are mainly constrained by the fibre reinforcement, but are facilitated by the 

matrix, and at high temperatures the thermoplastic may act as a form of lubricant in between 

individual fibres, decreasing the internal friction during their motion against each other, in 

effect lowering the forming forces. This cannot be possible by cold forming because the 

thermoplastic matrix behaves as a brittle material at temperatures closer to room temperature 

(Bersee and Robroek 1991; Cogswell 1991; ÓBrádaigh et al. 1993; Bhattacharyya et al. 

2003). 

 Matched-die thermoforming and roll forming with heating/cooling options were used in 

this study to manufacture half hexagonal and sinusoidal corrugations from extruded sisal-PP 

composite sheets. Due to high tooling costs involved, the half hexagonal profiles were formed 

only through the matched-die forming process, and it was assumed that the process of roll 

forming half hexagonal profile would be similar to those of the sinusoidal profiles as similar 

process of forming top-hat sections has been successfully used by Dykes (2000). The sheet 

forming process in general involves many large deformations, especially when the flat sheets 

of fibres are pressed and stretch to conform to the tool surface. The deformation involved in 

such processes can be categorised with respect to the strain path taken during the deformation. 

In sheet metal forming operations, grids are printed or etched on the surface of the specimen 

being formed and the strains are categorised by comparing the deformed grid with the un-
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deformed ones. Similar approach has been adopted in this research to categorise the strains; a 

software developed by Christie (1997) has been used for the grid strain analysis. 

4.1.1 Forming parameters selection 

 Formability may be loosely described as the ‘ease of forming’ and be defined as the 

limiting response of a material to a particular forming operation. It is dependent both on 

material characteristics and the process variables (Embury and Duncan 1981). The forming 

characteristics of the material depends on its size, shape and ductility, and the process 

parameters mainly include, forming temperature, speed and the forming angle (Bhattacharyya 

et al. 2003). 

 It has been shown in the work of Mander (1997) that the PP-based composites are 

capable of being formed at temperatures well below the melting point of the matrix, provided 

the specimens are heated above the melting point and formed before the polymer matrix is 

able to reach its maximum degree of crystallinity. The formable temperature range below the 

melting temperature of the matrix can be determined using differential scanning calorimetry 

(DSC). Therefore to determine the forming temperature window, tests were performed on 

DSC-Q1000 TA instrument; specimens weighing ~9.0 mg were subjected to cyclic heating 

and cooling in the DSC chamber in an aluminium capsule (0°C to 200°C) at a scan rate of 

10°C/min. In the DSC traces, shown in Figure 4.2, upon cooling from melt, re-crystallisation 

begins at T1 and ends at T2, and during this stage, the polypropylene matrix is in a super-

cooled liquid phase, thus allowing a window below the melting temperature (Tm) for the 

polymer reinforced composite to be formed (Friedrich et al. 1997). A similar approach has 

been used by Bowis (1997), Dykes (2000) and Srinivasan (2008) to determine the forming 

window of the thermoplastic composites in their research.  

 Bhattacharyya and co-workers (Bhattacharyya et al. 2000), and Srinivasan (2008) have 

established the forming window for woodfibre-PP composites using DSC technique. They 

have used single curvature Vee-bending tests, previously designed by (Dykes 2000) to obtain 

optimum forming conditions. After thermoforming the composites at different temperatures 

within the forming window at different forming rates, they have concluded that the best 

forming (in terms of shape conformance to the die) can be achieved at higher forming speeds 

and temperatures closer to the melting temperature of the thermoplastic matrix. 
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 The DSC traces of the sisal-PP composites, shown in Figure 4.2 indicate a presence of a 

wide forming window of around 35°C below the melting point Tm. of the matrix. Hence, to 

determine the best forming temperature within that window and other associated process 

parameters, single curvature vee-bending formability tests have been done. The temperature 

-3

-2

-1

0

1

2

3

4

0 20 40 60 80 100 120 140 160 180

Temperature (°C)

H
ea

t f
lo

w
 (W

/g
)

122 °C

Tm 165 °C

Forming window

Beginning of recrystallisation (T1) = 131°C
End of recrystallisation (T2) = 103°C

Heating cycle

Cooling cycle

T2 T1 

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

10 30 50 70 90 110 130 150 170 190

Temperature (°C) 

H
ea

t f
lo

w
 (W

/g
)

Tm = 150.7°C

T1 

Heating cycle

Cooling cycle

T2 

Beginning of recrystallisation (T1) = 124.4°C
End of recrystallisation (T2) = 96.4°C

Forming window

118.4°C

(b) 

Figure 4.2 DSC traces of sisal-PP composite depicting melting and re-
crystallisation temperatures used to determine the forming window (a) 
Compression moulded composite (b) Extruded composite 
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and the forming parameter selection were made on the basis of geometric conformity and 

surface finish of the formed part. 

4.1.2 Vee-bending: Experiment 

 

 The single curvature vee-bending tests were done in a vee-bending jig on an Instron 

universal testing machine (Figure 4.3) at crosshead speeds of 250mm/min and 500mm/min 

using specimens of size 100mm x 15mm, along the extrusion direction and transverse. The 

specimens were heated to the required temperature by placing them between TeflonTM sheets 

on a hand held tray in an external convection oven and the sheet temperature was monitored 

using a k-type thermocouple. Once the sheet had reached the set temperature, it was 

transferred on to the vee-bending jig and the crosshead was set to motion. The geometric 

conformance of the formed part to the die profile was determined by measuring the internal 

angle of the formed part using a combination square, as shown in Figure 4.4. The increase in 

the internal angle was due to the material spring-back and the decrease in the internal angle 

was due to the spring-forward of the material (Figure 4.3 (b)). The experiment was conducted 

on three specimens; the details of the forming parameters are shown in Table 4.1. 

Figure 4.3 Vee-bending test (a) test rig on a universal testing machine, Instron 1185 with 
a punch of radius 18mm nose radius and a die with an included angle of 90° (b) 
schematic diagram of vee-bending sheet material depicting spring-back and 
spring forward 

(a) (b) 
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 In this study, a punch with a nose radius of 18mm, die of an internal angle of 90º, and a 

punch with nose radius 2mm, die of an internal angle 45º were used. The specimens were 

formed with the above punch and die set-up at two different temperatures and forming rate.  

Table 4.1 Parameters used for the vee-bending formability experiments 

Forming temperature 
(°C) 

Forming speed 
(mm/min) 

Punch nose radius 
(mm) 

Die angle            
(°) 

135 250 18 90 

155 500 2 45 

 

 

Table 4.2 Spring-back and spring-forward values of sisal-PP composites formed with punch 

radius = 18mm, die angle = 90º, and punch radius of 2mm, die angle = 45º 

 

Forming speed 
(mm/min) 

Internal angle 90º and punch radius 
18mm 

Internal angle 45º and 
punch radius 2mm 

135°C 155°C 135°C 155°C 

Ext Tr Ext Tr Ext Tr Ext Tr 

250 +15° +12° +4° +2° +4° +2° -2° -4° 

500 +10° +8° +2° +1° +2° -1° -2° -4° 

 

Figure 4.4 Internal angles of the specimens formed using (a) 90º internal die angle and 
18mm punch radius (b) 45º internal die angle and 2mm punch radius 

(a) (b) 
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 The deviation in the measured angle from the die radii are shown in Table. 4.2, where the 

‘+’ represents spring-back, ‘-’ represents spring-forward, ‘Ext’ represents the extrusion 

direction and “Tr’ represents transverse to the extrusion direction. All the formed specimens 

exhibited some spring-back or spring-forward after thermoforming, and the spring-back was 

more pronounced when the material was formed at lower temperatures and lower forming 

speeds. 

 Influence of temperature on the spring-back/forward of sisal-PP composites 

A forming window of ~35ºC can be observed in the DSC traces as shown Figure 4.3 (b), 

allowing the composite material to be formed well below the melting temperature. However, 

the geometric conformance of the formed specimens (Figure 4.5) appeared better when they 

were formed at temperatures closer to the melting temperatures (155ºC), which may be 

because; during the cooling phase of the polymers, it starts to crystallise and the rise in 

crystallinity increases the yield strength of the polymer and at the same time decreases its 

elongation (Daw-Ming et al. 1998); in essence, the resistance to the deformation would be 

higher at lower temperatures (closer to crystallisation temperature) compared to higher 

temperatures (closer to the melting temperature) of the polymer.  

 In addition, as the composites are reinforced with fibres, and during forming, the fibres 

need to slip past each other (intraply slip) to conform to the mould geometry; higher 

(a) (b) 

Figure 4.5 Thermoformed sisal-PP (along extrusion direction) specimens in a vee-bending 
jig using a punch of radius 18mm in a die of 90º internal angle at forming rate 
of 500mm/min at temperatures (a) 135º (b) 155º 

>>90º ~90º 
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temperatures would facilitate this by reducing the fibre-matrix interfacial stresses, due to the 

fact that elevated temperatures weaken the intermolecular bonding of the polymer matrix, 

effectively reducing the fibre-matrix interfacial bonding. Hence, better forming characteristics 

can be obtained at higher temperatures, which can be seen in Figure 4.5, where a considerable 

spring-back can be observed in specimens that were formed at lower temperatures. Though 

temperature may not be the only factor contributing to the geometric instability, it can be 

considered as a prime factor contributing to the geometric instability of the material after 

thermoforming.  

 Influence of the extrusion direction on the spring-back/forward of sisal-PP composites 

 During static testing, the extruded composites exhibited slight orthotropy (E1/E2 ≈2; E11> 

E22 and σ11>σ22), which was due to the alignment of the fibres in the extrusion direction 

(Table. 3.16). Hence, the resistance to deformation will be much higher if the bending axis 

was perpendicular to the extrusion direction (against the extrusion direction) rather than being 

parallel to it.  

This is evident in Figure 4.6 (a), where crazing can be seen at the bend region (indicated 

by the arrows) when the composites were formed using a punch of radius 2mm in a die with 

internal angle of 45°. As the punch radius and the die angle were relatively small, the 

specimens formed with this setting has to stretch in a very small area (punch nose radius of 

2mm), and in addition if the fibres were aligned against the bending axis (increased stiffness), 

(a) (b) 

Figure 4.6 Surface imperfection of the sisal-PP composite after forming at 
temperature 155ºC and forming rate of 250mm/min with the bending axis 
(a) perpendicular to the extrusion direction (b) parallel to the extrusion 
direction 
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they will have to bend and slip within that small area, which at lower temperatures would 

stretch the matrix beyond its yield point, resulting in crazing. Higher temperatures in such 

cases would be advantageous because the fibre-matrix interfacial bonds will be weak which is 

facilitated by the low viscosity of the polymer, and the fibres can slide past each other within 

the molten matrix easily, thus reducing the surface imperfections in the formed parts.  

 When the material was formed with the bending axis parallel to the extrusion direction, 

less crazing, but more fibre dislodging was observed, which was because matrix bends along 

the fibre diameter and generally the stresses in the transverse direction were lower compared 

to the longitudinal direction. The transverse strength of the composite during tensile testing 

resulted in much lower values compared to the longitudinal strength (refer to Figure 3.31). 

Influence of forming rate on the spring-back/forward of sisal-PP composites 

 

 The rate of forming or the forming speed has comparative effect on the spring-back and 

spring-forward of the formed specimen. The specimens’ exhibit comparatively lower spring-

back at higher forming speeds even at lower temperatures and higher forming rates (Table 

4.2). However, at 155ºC, when the specimen was formed in a die of internal angle 45° using a 

punch of radius 2mm, the specimens exhibited similar spring-forward at both the forming 

(a) (b) 

Figure 4.7 Sisal-PP specimen formed at 155ºC in a die of internal angle 45º with a punch 
of radius 2mm and forming rate of 500mm/min (a) Along extrusion (b) 
Transverse to extrusion 
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rates, but after inspecting the surface of the formed part, materials formed at 500mm/min 

exhibited less surface imperfections compared to the ones formed at 250mm/min. This was 

more evident in the specimens whose bending axis was aligned along the extrusion direction, 

Figure 4.7. 

 During forming, the cold punch comes in contact with the hot composite material and 

instantly cools down the material to a temperature closer to the crystallisation temperature; the 

longer the cold punch is in contact with the material, colder the material gets by loosing heat 

to punch and some the outside environment. As the vee-bending experiments were not 

performed in a controlled environment (in an environment chamber) and the material was 

heated in an external oven, which was then transferred on to the jig, at lower speeds, the 

composite sheet falls below the temperature necessary to allow polymer chain to slip and 

flow, in which case the shear stress on the composite sheet does not exceed the yield shear 

stress of the polymer, resulting geometric instability (Velayudhan et al. 2007). Therefore, 

higher forming rates are preferred as the time the punch is in contact with the material is less. 

 Influence of punch nose radius and the die angle on the spring-back/forward of sisal-PP 

composites 

 The surface imperfections increased with a decrease in the punch radius and the die 

internal angle because at lower punch radii, the specimen is subjected to higher bending 

strains. This is proportional to the thickness of the material and can be related to the ‘R/t’ ratio 

where t is the thickness of the material and R is the punch nose radius. Srinivasan (2008) has 

reported a minimum R/t ratio of 3 to achieve good forming in case of woodfibre-PP 

composites of thickness 5mm. However, in this research, as the specimen thickness was 

<2mm, good forming with minimum surface imperfections was achieved at R/t ratio of ~1.4.  

 The spring-back of the formed specimens appear to be proportional to the punch radius; 

larger spring-back values were observed with larger punch radius because, as the radius 

increases, the specimen is subjected to lower bending strains which is ~ t/2R. Thus, at lower 

bending strains, the material will still be in its elastic limit and the strain recovery is much 

higher compared to specimens stretched beyond its elastic limit, which was more prominent at 

lower temperatures in this experiment. At higher temperatures, as the polymer matrix is in a 

molten state, the polymer chains slip and flow easily, and as the material cools down, the 

chains freeze in the deformed shape, thus attaining permanent deformation. The minimum 
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spring-back or spring-forward in the material is due to the residual stress build-up during its 

cooling phase.  

 Therefore, from the above vee-bending experiment, good forming was obtained at higher 

temperatures (155ºC), higher forming speeds (500mm/min). The extrusion direction 

influenced the formability of the composites at lower temperatures irrespective of the punch 

radius and the internal die angle, however, at higher temperatures this influence decreased and 

the geometric conformance to the die was better.  

 After processing and subsequent cooling of composites from a relatively high processing 

temperature to the service temperature, residual stresses arise due to the mismatch of 

shrinkage of the matrix and the fibres of the composite. Residual stress can be defined as ‘a 

stress that persists in a material that is free of external forces or temperature gradients’ 

(Parlevliet et al. 2006). For semi-crystalline thermoplastic composites, the magnitude of these 

residual stresses mainly depend on the crystallization kinetics, fibre volume fraction, fibre-

matrix adhesion, processing conditions, thermal gradients set up during cooling and the mould 

material.  

 The residual stresses affect the matrix dominated properties such as moisture absorption 

and the fibre-matrix adhesion. High residual stresses may accelerate the moisture absorption 

causing the matrix to swell and changing the stress state in the composite, this in turn affects 

the fibre-matrix interfacial bonding (Barnes and Byerly 1994). The most common effect of 

residual stresses in composite products is the dimensional instability of angled and curved 

parts. While the sheet is constrained in the mould, residual stresses begin to build up during 

the cooling phase, and when the formed sheet is de-moulded, it instantaneously deforms 

because the residual stresses resulting in a spring-back or spring-forward. 

 At a given forming temperature, when the material is formed in the die, it stretches and 

bends to conform to the shape and dimensions of the die, inducing a stress field (residual 

stresses) in the material, which upon extraction in that state, would result in either spring-

forward or spring-back of the material causing dimensional instability, but by holding the part 

in that deformed state for a period of time will allow the stresses in the materials to relax. This 

time-stress information (stress relaxation behaviour) of the specimen would be helpful in 

determining the duration the material has to be in that stressed state to attain permanent 

deformation. In practical applications such as matched-die thermoforming and roll forming 
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processes, this information could be applied to reduce dimensional instability of the formed 

part.  

4.1.3 Stress relaxation of composite materials 

 To examine the stress relaxation behaviour of the composites, tensile stress relaxation tests 

were performed at 25, 50 and 80°C inside an Instron environmental chamber (model 3119-

006) mounted on Instron 5567 universal testing machine. All the specimens were milled on a 

CNC milling machine conforming to the specifications of standard ASTM D 638. The 

specimens were conditioned at their respective temperatures before testing. A stress that was 

30% of the tensile strength of each specimen at room temperature was applied and the strain 

was held constant for a period of 60 minutes. The decay in stress and the normalized stress 

under constant strain were plotted against time to study the relaxation behaviour of the 

composites 

 The stress relaxation behaviour of sisal fibre-PP composites is shown in Figure 4.8. 

Though the strain applied to the specimens at different temperatures was of the same 

magnitude, due to the inherent viscoelastic nature of the polymeric matrix, the relaxation rate 

of the composites appear different at different temperatures. At temperatures closer to room 

temperatures, the composites from both the manufacturing processes (compression moulding 

and extrusion) exhibit similar relaxation behaviour, but at higher room temperatures, the 

extruded composites exhibit greater relaxation than the compression moulded specimens, and 

this may be due to the effect of fibre shortening during the extrusion process.  

 During tensile relaxation process, the material undergoes deformation and it is 

controlled by the reinforcing fibres. At higher temperatures, the polymer matrix is at a 

softened state (low viscosity) and the bonding between the fibre and matrix is expected to be 

weaker and the short fibres behave like polymer rich areas and fail to share the imposed load, 

thus exhibiting greater relaxation at elevated temperatures (Bhattacharyya et al. 2006).  
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Figure 4.8 Stress relaxation curves of (a), (b) and (c) sisal-PP compression moulded composites 
at 25, 50 and 80° C, respectively (d), (e) and (f) extruded sisal-PP composites at 25, 
50 and 80° C, respectively 
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 The process of relaxation can be best explained in terms of a spring and a dashpot 

arranged in series. When the load is applied, the initial elastic response can be thought as the 

expansion of the spring, and the drop in the stress can be thought as the expansion of the 

dashpot because of the fluid in the dashpot passing slowly through an orifice in the piston. 

This results in the extension of the overall length of the dashpot and the spring returns to its 

unexpanded state. The rate of expansion of the dashpot is dependent on the viscosity of the 

fluid in the dashpot. As the viscosity of a polymer is temperature dependent, the relaxation 

process becomes temperature dependent too, meaning that at higher temperatures, the 

viscosity of the polymer is low and the relaxation is higher. 

 From thermoforming point of view, stress relaxation experiments give information as to 

how long it takes for the formed specimen to become stress free at a given forming strain. In 

essence, the relaxation time data obtained from the test can be accounted towards the duration 

the specimen has to be in the mould at that load and temperature to attain permanent 

deformation. In this study, from Figure 4.8 the stresses are almost relaxed at 80°C after ≈60 

minutes, meaning that the material has to be in the die for at least 60 minutes to attain 

permanent deformation.  

4.2 Matched-die forming 

 In matched-die thermoforming process two matching dies or moulds; male and female die 

are used. These dies are usually used between the platens of a hydraulic press which is 

equipped with heating and cooling facilities. In this research, the matched-dies of two profiles 

(half-hexagonal and sinusoidal) were manufactured from 40mm aluminium plates on a CNC 

milling machine. They were bolted onto the platens of a 100 ton hydraulic press equipped 

with heating facility. 

 This process is very similar to the single curvature vee-bending experiments but multiple 

corrugations were being formed in this case. In thermoforming operations, to decrease the 

cycle time heated sheets and cold dies are often used, but in doing so, a temperature 

difference in the sheet is setup which may result in the build up of residual stresses, causing 

warping in the formed part. To reduce the temperature difference, Conchur and co-workers 

(Conchur et al. 1991) suggested heating of the forming dies to an equilibrium temperature; 

however, this would substantially increase the process time, in another alternative method 

provided by Miller et al. (1990), they suggested an incremental forming by localised heating 

of the material at selected points to induce bending in the composite material; though this 
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process seems to be attractive, it is mainly applicable to the forming of continuous fibre 

reinforced composite materials.  

 It is evident from the vee-bending tests that the specimens exhibit spring-back at lower 

forming speeds even at higher temperatures, indicating that the temperature difference 

between the cold die and the hot material could potentially create geometric instability in the 

formed parts. Therefore, to maintain uniform temperature between the forming tool and the 

material, and minimise the residual stresses, the matched dies were heated to the forming 

temperature and then cooled to ~50°C before extracting the formed specimens. The reason it 

can be extracted from within the die at temperatures above room temperature is because the 

material would have attained a state of constant relaxation at 50°C, as indicated by the stress 

relaxation experiments.  

 During sheet forming operations, the material is stretched and bent to conform to the shape 

of the die and the associated strains may vary from drawing strains; where one of the principal 

strains in the plane of the sheet is positive and the other is negative, with the thickness change 

being small, to biaxial stretching of the sheet; where the two principal strains are positive and 

thinning of the material occurs. During forming parts, stretching may occur at one region and 

drawing may occur in another; usually most of the forming operations fall somewhere in 

between these two extremes.  

 The failure of the material during sheet metal forming may be due to tensile yielding 

(localised necking) of the material or fracture, and seldom has the latter preceded the former 

(Hosford and Caddell 1993). In the work of (Hill 1952), he associated localized necking with 

a discontinuity in the strain velocity field and identified certain mathematical conditions 

required for such a discontinuity, with this, one could construct a curve (strain path) for the 

onset of local necking in a forming limit diagram (FLD), providing limits for safe forming. 

The strain path is typically a straight line radiating from the origin having a slope of -1 (pure 

drawing) to +1 (biaxially stretching), which can be useful in determining the deformation 

mode during forming. As sheet metal forming analysis is well understood and the 

thermoplastic composite materials behave like viscous fluids during thermoforming, it is 

practical to apply similar knowledge to understand the subject.  

 In the previous research work of Bowis (1997) and Srinivasan (2008), they have studied 

formability of woodfibre-PP composites by thermoforming single-curvature vee, double-

curvature dome and deep-drawn cup products from woodfibre composite sheets and have 
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quantified the associated strains using grid strain analysis (GSA). The thermoforming of the 

sisal-PP composites into half hexagonal profiles in this research is similar to the single 

curvature vee-bending, with the difference of multiple corrugations being formed at the same 

time.  

 Sisal-PP composite sheets of ~1.5mm thickness were thermoformed into half-hexagonal 

and sinusoidal profiles between matched-dies maintained at a temperature of ~155°C at a 

forming rate of 500mm/min. The strains involved during the deformation process were 

investigated using GSA. The strains were visualised and quantified using a software 

developed by Christie (1997). The software uses the grid data to fit continuous parametric 

representations of the un-deformed and deformed surfaces. Strains are then calculated at any 

point on the surface by finding the displacement gradient and mapping the un-deformed 

geometry to the deformed. The principal strains are displayed as arrows (orthogonal pairs of 

arrows in principal directions), the thickness strains are displayed as arrows (pointing inwards 

for thinning and outwards for thickening) or as contour maps. This information can be used to 

highlight various strain patterns, such as biaxial stretching strains, drawing strains 

(tensile/compressive combination) or plane strain, identifying the regions of possible 

problems.  

 The strains of single cell corrugation were compared with multiple cell corrugations to 

check if the strain paths involved during deformation in both cases differed. The single cell 

and multiple cell corrugations were thermoformed from extruded sisal-PP composites of 

similar thicknesses with the bending axis parallel to the extrusion direction. Specimens of 

100mm x 50mm and 100mm x 150mm were used to for single and triple corrugations, 

respectively. Square Grids of 2mm were printed on the sheets before forming  

4.2.1 Forming of single and multiple cells forming 

 The process of forming single half hexagonal cells is similar to single curvature vee-

bending operation, except that the material is bent at two different regions. The schematic of 

the process of forming a single half cell is shown in Figure 4.9. The specimens were heated in 

an external oven to 155°C and transferred between matched dies maintained at the same 

temperature.  
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 During single cell forming, when the male die comes in contact with the material, the 

extreme ends that are free of support are loaded causing the material to bend, as seen in 

Figure 4.9 (b), with the further movement of the male die into the female die, the flat surface 

of the male die comes in contact with the material and pushes it into the female mould along 

the inclined walls, and during this time, the material slips along the inclined surface of the 

female die without getting stretched; this can be seen as zero thickening in Figure 4.10. The 

thinning on the top surface as depicted by the GSA is due to the transverse flow of the 

Figure 4.10 Thickness contours of a formed single cell as depicted by GSA  

flange 

inclined wall 

Male die

Female die

Die travel direction

Figure 4.9 Schematic of a single cell forming using matched-dies (a) initial stage (b) 
intermediate stage (c) final stage 

(a) (b) (c) 

Composite sheet 
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material which is due to the combination of the pressures exerted by the male die and the 

friction against the tooling as the sheet stretches to form the part.  

 

 During forming of multiple cells, as the sheet is supported by the female die unlike in the 

case of single cell forming, the stretching of the material is more uniform and continuous all 

along the top and inclined surfaces; this is depicted as thinning in thickness contours, shown 

in Figure 4.11 (blue zone indicate thickening and red zone indicate thinning of the material). 

 

 To check the shape conformity, the digitised coordinates of the formed profile were 

overlaid on the coordinates of the matched die profile. It is quite evident from Figure 4.12 that 

the multiple-cell specimen conforms to the die geometry well. However, the corner radii of 

Figure 4.12 Shape conformance of the formed half-hexagonal profile  

Die profile Formed profile

Figure 4.11 Thickness contours of triple corrugations as depicted by GSA 
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the formed specimen appears to be higher than that of the die, which may be due to the 

shrinkage caused by the residual stresses developed in the material during its cooling phase.  

 In addition to the shape conformity of the formed part, the part thickness is of importance 

too. When the flat sheets are pressed and stretched to conform to the tool surface, the 

differences in the strains may induce thickness variations along the formed part which can be 

associated with the direction of strains paths during the forming operations. The strain paths 

can be identified using strain space diagram, which is a graphical representation of the 

principal strains on an x-y coordinate system. The strains can be categorised as drawing 

strains and biaxial strains (Hosford and Caddell 1993) and can be represented in a ε1-ε2 strain 

space, where the line radiating from the origin having a slope of -1 represents pure drawing 

and a the of slope of +1 represents biaxial stretching (Hill 1952).  

 In thermoforming half-hexagonal profiles, two important regions can be identified; the 

flange where most of the deformation occurs and the inclined wall which must support the 

force to cause deformation in the flange. Hence the strains were categorised along the flange 

and the inclined wall. A narrow repeatable section as indicated in Figure 4.10 and Figure 4.11 

was considered for this analysis, assuming symmetry in part geometry. The strain data was 

extracted from the GSA and plotted on an x-y coordinate system. 

 The two principal strains (ε1 and ε2) of the two specimens are shown in Figure 4.13. The 

third principal strain in the thickness direction (ε3) can be calculated by considering constant 

volume (condition of incompressibility). The arrow diagram depicting the direction of the 

principal strains (ε1 and ε2) are overlaid on the thickness contour diagram to give an estimate 

of the thinning/thickening occurring at that surface. It has to be noted that the GSA provides 

information of the deformed surface only; however, with the material being considerably thin, 

the through thickness deformation could be assumed to be similar to that of the surface grids 

(Christie 1997). 
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 The deformations at the flange and inclined walls as depicted in the ε1-ε2 strain space 

diagram (Figure 4.13), where ε1 and ε2 represent percentage strains, appear to be almost under 

plane strain with ε1 being the dominant strain. If the strain path taken during deformation were 

that of biaxial stretching (ε1 and ε2 positive) condition, the thinning of the material would take 

place rapidly; however, if the path is that of drawing, i.e. tensile/compressive (ε1 positive and 

ε2 negative) combination, then in certain cases the thickness might not change much but local 

buckling might take place. If the strain path is that of plane strain condition (ε1 positive and ε2 

zero), the material is in the most vulnerable position from the localised necking point of view 

and with the continuation in this strain path, the part will more likely fail by splitting. Hence, 

to defer the local instability, a stress in the transverse direction of the sheet could be imposed, 

thus moving the strain path away, towards either drawing or biaxial stretching.  

Figure 4.13 Arrow diagram overlaid on thickness contours and their respective strain space 
diagram (a) section of a single cell (b) section of triple cells  
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 The thinning in the inclined region is mainly due to plane strains and the thickening at the 

flange regions is due to uniaxial compression where the minor strains ε2 are compressive, and 

in this zone wrinkling due to thickening is likely. Though the strain path in this experiment is 

that of the plane strain, no failure or noticeable surface imperfections have been found. 

However, when the specimens were checked for shape conformance, the multiple 

corrugations conformed better to the die geometry compared to the match of the single 

corrugation; this is because, as the number of cells increased (>1), the edge constraints of 

each cell changes accordingly, in effect reducing the spring-back or spring-forward in the 

formed specimens. The strains, from this experiment demonstrate that the specimen can 

sustain large deformations while maintaining their structural integrity. The sheet thickening 

signifies that material can undergo significant amount of compressive strain without buckling. 

The maximum and minimum principal strains with the error in the surface fit are shown in 

Table 4.3. Following the grid strain analysis, multiple corrugations of two different 

geometries; half-hexagonal and sinusoidal were produced (Figure 4.14). As half hexagonal 

cells of complex geometry could be successfully formed using matched-die forming, the 

forming of sinusoidal cells of simple geometry was relatively easy. 

Table 4.3 GSA predicted principal strain magnitudes  

Specimen Principal strain (%) Error (mm) 

max min Average 

Single corrugation 55 32 0.283 

Multiple corrugation 34 25 0.222 

 

(a) (b) 

Figure 4.14 Matched-die formed sisal-PP composites (a) Half hexagonal profile         
(b) Sinusoidal profile 
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4.3 Roll forming 

 The basic forming parameters that were established using DSC and vee-bending 

experiments were applied to thermoform sisal-PP composites using matched-dies into two 

different profiles. Though successful forming was obtained using the matched-die technique, 

the process is restricted to the size of the die, thus limiting the process to semi-continuous 

manufacturing system. This could be overcome by using the roll forming technique where 

sheets from rolls are continuously fed through pairs of profiled rolls, normally arranged in 

tandem. The process of roll forming is a common sheet metal forming operation, but in recent 

times its application has been extended to form continuous fibre reinforced thermoplastic 

composites (Friedrich et al. 1997; Dykes et al. 2000) and to even wood veneers (Srinivasan 

2008) with slight modifications.  

4.3.1 Experimental equipment and procedure 

 The roll forming of sinusoidal profiles were undertaken using a modified horizontal 

rafter type roll forming machine. The schematic diagram of the modified roll former, shown 

in Figure 4.15 had five individual roll stations at 275mm apart, powered by an infinitely 

variable speed controller, and the gear reduction provided the linear speeds to be varied 

between 0.1 – 10 m/min. In the initial arrangement, only the bottom shafts were driven and 

the top shafts were free to rotate, but Mander (1997) determined the set-up to be unsuitable 

for forming laminated glass fibre reinforced PP prepregs as the through thickness shear under 

Figure 4.15 Schematic diagram of a five station raft type roll former  

Forming direction 
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such conditions limited the process reliability and modified the top shaft drive to match the 

angular speeds of the bottom shafts using a sprocket and chain arrangement. In this research, 

the bottom shafts of the roll former were driven by a 21 tooth sprocket and chain arrangement, 

and the top shafts were driven through intermeshed gears between the bottom and the top 

shafts.  

Table 4.4 Roll former specifications 

Type: Horizontal beam raft (light-medium gauge) 

Number of roll stands: 5 

Roll stand pitch: 275mm 

Roll stand width: 350mm 

Shaft diameter: 40mm 

Drive: Bottom: chain and sprocket drive 

Top: intermeshed gear 

Speed control: Infinitely variable; 0.1 – 10m/min 

Roll height adjustment: Manual; screw with thread pitch – 75mm 

Roll material: Stainless steel 

 

 The specification of the roll former is provided in Table 4.4. A limited number of 

modifications were done to the roll former from its original configuration. Apart from the 

heating jacket and other minor ancillary additions, it remained capable to roll form sections of 

medium gauge aluminium sheet.  

 Forming Rolls 

 The matched forming rolls were manufactured from stainless steel; the dimensions of the 

rolls are shown in Figure 4.16. The material deformation during roll forming to achieve 

certain geometry has to be gradual as sudden large deformations may rupture the material. In 

the previous study (Dykes 2000), a roll schedule to form top hat sections of continuous fibre 

reinforced composites in the form of a flower diagram with a gradual increment of bend angle 

was considered. Srinivasan (2008) has used similar incremental deformation to form channels 

using wood veneers, and for multiple corrugations of sinusoidal profiles, he used incremental 

deformation in regard to the number of corrugations being formed.  
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 In this research as multiple corrugations of similar profile were being formed, a similar 

set-up was used. The roll former had five roll stations having matching rolls at each station. 

The forming operation was divided into two sections; the forming rolls section and the setting 

rolls section. The forming roll section consisted of three roll stations having matching rolls 

that could form single, triple and five corrugations arranged incrementally from the first roll 

station to the third roll station. The setting rolls section, placed after the forming roll section 

consisted of two roll stations with matching rolls and its main function was to retain the 

formed shape after the third roll station. The roll station arrangement is shown in Figure 4.17; 

the first roll station has the matching rolls with a single corrugation in the centre, the second 

has three corrugations such that the extra two corrugations formed were beside the first and 

the third roll station has matching rolls to form five corrugations in a similar arrangement as 

above. This incremental forming allowed the sheet to deform gradually as it passes from the 

first roll to the third. The final two roll stations had matching rolls similar to the third roll 

station, and its application was to allow the deformed material to set to its shape. 

Figure 4.16 Dimensions of the rollers used for roll forming multiple corrugations of 
sinusoidal profile (a) Male roller (b) Female roller 

(a) 

(b) 
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 In the roll forming operation, when the heated composite sheet comes in contact with the 

cold rolls, it will loose heat to the cold rolls and the sheet temperature may fall below the 

forming temperature. It was established from the vee-bending experiments, that the deformed 

material tends to relax to it original shape at lower forming temperatures and lower forming 

speeds, mainly due to the residual stresses that are set up because of the temperature 

difference within the sheet. In the vee-bending tests, it was established that temperature 

difference between the composite sheet and the die causes spring back and material 

imperfection such as crazing on the formed surface. 

 Hence, to avoid the temperature differences being set up within the sheet, the forming rolls 

(first three roll stations) were heated to the forming temperature, similar to that of the matched 

die forming. The roll stations were enclosed in a heating chamber as shown in Figure 4.18; 

ceramic heating elements of 500W and 220V were mounted on either side of the rolls which 

were used to heat the rolls to the forming temperature of 155°C. Aluminium-oxide fibre 

boards were used to insulate the chamber from the outside environment and the temperature 

inside the chamber was monitored using a k-type thermocouple.  

Figure 4.17 Incremental deformation arrangement of matching rolls to roll form multiple 
corrugations of sisal-PP composite sheets 
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 The duration for the formed specimen to become stress free at a given forming load was 

established from the tensile stress relaxation experiments, which can be used to estimate the 

duration the specimen has to be in the mould at that load and temperature to attain permanent 

deformation. It was seen in specimens tested at 80°C that the stresses relax immediately after 

the application of strain indicating that the resistance offered by the material to deformation 

decreases with the increase in temperature. Therefore, the material can be deformed to the 

required shape at higher temperatures and cooled down to retain its shape. In essence, the 

spring-back or spring-forward after the deformation could be limited by cooling it down to 

Figure 4.18 Heat jacket around the forming rolls (a) First roll station (b) Third roll station 

(a) (b) 

Compressed air 

To compressed air 
source 

Figure 4.19 Compressed air cooling arrangement around the setting rolls 
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50°C and under. Therefore, to accommodate cooling of the material from 155°C at the 

forming rolls to 50°C, the setting rolls were cooled using compressed air, as shown in Figure 

5.8. It was possible to cool the material at the setting rolls to 50°C using compressed air only 

if the line speeds were between 0.1-0.5m/min; at higher speeds, compressed air was 

insufficient to cool it to 50°C or below.  

 Preheating oven and feeding device 

 The roll forming of thermoplastic composite sections is similar to the roll forming of 

traditional sheet metals except that the sheets require preheating to a formable temperature. 

The forming temperatures of thermoplastic composites lie very close to the melting 

temperatures of the thermoplastic matrix, and at such elevated temperatures, the transportation 

of the material becomes difficult as the material starts to sag due to its own weight. In 

previous studies (Mander et al. 1995), used a roll away/drawer mechanism to heat, which was 

modified by Dykes (2000) to accommodate longer strips of pre-consolidated composite 

sheets; the transportation of these strips through the oven was facilitated by means of a 

conveyer belt mechanism. A similar heating arrangement, consisting of a modified shrink-

wrapping assembly unit was used in this research (Figure 4.20). The retained heating tunnel 

and the conveying mechanism from the unit were bolted on to the roll former frame. The 

heating system consisted of an insulated rectangular box with heating elements and blower 

fan. The conveyer mechanism, mounted within the box consisted of rollers driven by a chain 

and sprocket arrangement, whose speed was controlled using an infinitely variable speed 

controller.  

Figure 4.20 Preheating oven and feeding device 
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Materials  

 The roll forming experiments were performed on recycled sisal-PP composites. The 

composites were cut to a width of ~ 250mm to accommodate it between the roll stands and 

lengths of ~ 1.5m were fed through the heating oven maintained at 200°C on conveyer rolls at 

a speed of 0.1m/min. The rolls were set to a speed 0.1m/min to match that of the conveyer 

rollers and once the material was picked up by the rolls the conveyer rolls could be turned off 

as the motion of the rolls would be sufficient to pull the material through the heating chamber.  

After the material was roll formed, to check for its shape conformance, the formed profile 

was digitised using MicroscribeTM and the coordinates were overlaid on the roll’s coordinates, 

shown in Figure 4.21. It is clear that the formed geometry conforms well to the roll geometry 

at most of the locations except at places as indicated in Figure 4.21, which may be because of 

the residual stresses arising from the temperature difference set up in the sheet material during 

forming.  

 Residual stresses are internal stresses that remain in a material following final cooling to 

ambient conditions; the differences in the thermal expansion of the fibres and the polymer 

matrix give rise to internal stresses. During extrusion of the short sisal fibre composites, the 

distribution of the fibres throughout the composite sheet may not be uniform, leading to fibre 

agglomeration at certain locations. The thermal gradient at fibre rich areas would be different 

than the polymer rich areas of the sheet giving rise to higher residual stresses. Though all the 

sheets were roll formed with the bending axis parallel to the extrusion direction, expecting 

uniform relaxation pattern throughout the formed parts, the recovery was higher at the 

bending regions. Hence this partial non-conformance of the profile can be attributed to the 

temperature difference and different amount of elastic recovery across the specimen. 

 

Figure 4.21 Digitised profile of the roll-formed sheet overlaid on the coordinates of 
the roller; arrows indicating the regions of mismatch 

Formed profile Roller profile
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4.4 Selection of bonding technique 

 Two bonding systems; adhesive and ultrasonic welding were used to bond the cores. 

The efficiency of bonding was determined by estimating the maximum shear strength in the 

lapped area. Single lap shear tests as per standard ASTM D-1002-01 were performed to 

determine the maximum shear strength in the single lap joint. 

4.4.1 Experimental equipment and procedure 

Two different types of adhesives for thermoplastics: Scotch-weldTM DP 8005 from 3M 

and Loctite® 401 from Henkel Corporation were tried. The bonding area was limited to 8mm 

x 25mm, to keep it as close as possible to the honeycomb node dimensions. Scotch-weldTM DP 

8005 is a two part acrylic based adhesive (10:1 ratio by volume) and Loctite® 401 is a one 

part cyanoacrylate based adhesive; both requiring surface preparation prior to application. 

Surfaces roughening using sandpaper was recommended for Scotch-weldTM DP 8005 by the 

manufacturer and in case of Loctite® 401, the surfaces were cleaned with isopropyl alcohol 

and were treated with Loctite® 770; a Heptane base primer. All the specimens were 

conditioned at laboratory temperature and humidity for a minimum of 24 hours prior to 

testing. The specimens were gripped between flat jaws in a 30 kN universal testing machine, 

Instron 5567 and the crosshead speed set to 5mm/min.  

 It can be seen in Figure 4.22 that Loctite® 401 performs better than Scotch-weldTM DP 

8005 during the test performed as per standard ASTM D-1002-01, as the shear strength 

exhibited by the specimen is ~100% higher, in addition to that, Loctite® 401 is a one part 

adhesive which eliminates the need for any mixing. 
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Figure 4.22 Lap-shear strength test results of sisal-PP composites bonded using adhesives 
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4.4.2 Experimental: Ultrasonic bonding 

 Ultrasonic welding machine (MP 2022, serial number: 1164) with a generator (SL20, 20 

kHz, serial number: 1738) obtained from local sources was used for ultrasonic bonding. A 

constant frequency of 20kHz and pressure of 2bar at different rates of ~25µm amplitude (60, 

65, 70 and 100%) and weld times (0.35, 0.70 and 1s) were used to determine the bond 

strength. The bonding area was limited to 8mm x 25mm, to keep it as close as possible to the 

honeycomb node dimensions. All the samples were of thickness 1.5mm (±0.05mm) and the 

horn was maintained at a distance of 1.25 mm from the joint interface, to avoid cracks and 

splits in the specimens at high pressures. All the specimens were conditioned at laboratory 

temperature and humidity for a minimum of 24 hours prior to testing. The specimens were 

gripped between flat jaws in a 30kN universal testing machine, Instron 5567 and a crosshead 

speed of 5mm/min was used. 

 

 It can be seen in Figure 4.23, that the maximum shear strength was achieved at higher 

amplitudes. Shear strength of ~6MPa was obtained when the machine parameters were set at 

65% and 1s, 70% and 1s, and 100% and 0.7s (as the welding at 100% amplitude for a period 

Figure 4.23 Shear strength of sisal-PP composites welded at amplitudes: (a) 60% 
(b) 65% (c) 70% (d) 100% 
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of 1s led to undesirable dot-burns in specimens, they were excluded in the results). During 

ultrasonic welding, the bonding occurs due to melting of the polymer at the interface (Benatar 

et al. 1989); therefore, to obtain good bond strength, a temperature adequate to mate the 

surfaces at the interface has to be generated. Therefore, to record the temperature during the 

process, thermocouples were inserted between the interface and the temperature was recorded 

at a sample rate of 100 data points per second. From the temperature data, the maximum 

temperature recorded was 128.3°C with the machine parameters set at 100% amplitude, 

welded for a period of 0.7s, followed by ~127.3°C when the machine parameters set at 70% 

amplitude, welded for a period of 1s and 65% welded for a period of 1s. The temperatures 

recorded were below the melting temperature of the polymer but from the test results, this 

temperature was adequate to achieve good bond between the surfaces (as a cohesive failure 

was observed in all those specimens). From the DSC traces in Figure 4.2, the temperatures 

appear within the forming window; before the peak of crystallisation of the composite. 

Therefore, from the temperature data obtained, it is possible to mate surfaces using ultrasonic 

bonding methods by heating the material just above its crystallisation temperature and 

applying appropriate pressures.  

 From the lap shear test results, the machine parameters were narrowed down to welding 

amplitudes of 65% for 1s, 70% for 1s and 100% for 0.70s. Through visual inspection, 65% 

amplitude for a period of 1s welding time was chosen as the specimens welded at higher 

amplitude exhibited cracks at the free walls of the honeycomb cell in some specimens.  

 Due to shape disparity, single lap shear tests cannot be considered as an accurate test to 

determine shear strengths in the node region but the information gives a fair idea of the 

performance of the joint at different settings of machine parameters, and in view of the 

performance, the parameters could be set at appropriate levels to obtain best bonding.  

4.5 Sisal-PP honeycomb core sandwich panels 

 The thermoformed corrugated sheets were cut to required sizes (25mm core height) on a 

table saw. The half hexagonal profiled cores were welding using ultrasonic welding machine 

(MP 2022, serial number: 1164) with a generator (SL20, 20 kHz, serial number: 1738) and the 

sinusoidal corrugations were glued using Loctite® 401 (Figure 4.24). The cores can be used in 

sandwich panels between any facing materials; in this research work, 3-ply and 6-ply wood 

veneers were used as facings, and just for an example of other facing materials, honeycomb 

cores with unidirectional glass reinforced PP facings is shown in Figure 4.25. The wood 
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veneer and the glass reinforced-PP facings were bonded to the core using Loctite® 401 

adhesive. 

 The mechanical performance of the sandwich panels was evaluated by subjecting the 

panels to compressive and flexural loads. The test results were compared to the commercially 

available unreinforced PP cores. The compression tests were performed in-plane and out-of-

plane to the core direction, and flexural tests were performed to determine the shear properties 

of the honeycomb core in the out-of-plane direction.  

4.5.1 Mechanical performance of sisal-PP honeycomb cores 

 Honeycomb cores are widely used to dissipate energy in shock mitigation system 

because they can be compressed at almost constant load to a small fraction of their original 

(a) (b) 

Figure 4.24 Honeycomb cores assembled from the formed sisal-PP composites (a) 
hexagonal cores (b) sinusoidal cores 

Figure 4.25 Regular hexagonal honeycomb core sandwich panels with (a) glass fibre 
reinforced facings (b) 3-ply wood veneer facings  

(a) (b) 
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volume. The compressive behaviour of the honeycomb cores is complex; the cores deform by 

bending and buckling of the cell walls, which is highly dependent on the state of stress in the 

cell wall and its associated cells. Most packaging systems employing such materials are 

designed with the prior knowledge of their crushing behaviour and its available data. Hence, 

with the idea of characterising the mechanical performance of the sisal-PP honeycomb cores, 

compression tests were performed and the associated failure mechanisms have been 

investigated.  

 Compression test 

Flat-wise stabilised compression test of the cores were conducted as per standard ASTM C 

365 on universal testing machine, Instron 5567 at a crosshead speed of 0.5mm/min. The 

specimens were mounted on a circular self aligning block and a loading block of diameter 

100mm was used. The compressive modulus of the cores was measured as a slope of the 

chord between 0.05% and 0.25% strain after applying machine compliance correction, and 

maximum compressive stress was taken to be the compressive strength of the core.  

 All specimens were conditioned at room temperature for 24 h prior to testing and the tests 

were performed on honeycomb blocks at a temperature of ~20°C and humidity ~60%, with 

the crosshead speed set at 0.5mm/min. The compressive strength of the specimen was 

calculated using equation (4.1) where ‘Pmax’ is the maximum compressive load and ‘A’ is the 

effective area of cross section of the sandwich panel, and the strain was calculated using 

equation (4.2) where ‘h0’ is the original height of the core and ‘h’ is the height of the core 

after strain ‘ε’. The Young’s modulus of the core was determined as the slope between 

0.025% and 0.05% strain.  

X1 
X2 X3 

Figure 4.26 A hexagonal cell honeycomb core denoting the loading planes 
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The honeycomb properties are evaluated with respect to their loading direction and are 

commonly referred to as, in-plane and out-of-plane properties. The in-plane stiffness and 

strength of the honeycomb, referring to those in the X1-X2 plane are usually lower because the 

stresses in this plane make the cell wall to bend. The properties in the out-of-plane direction 

referring to those in the X3 plane are much higher as they require axial compression or tension 

of the cell walls. The in-plane and out-of-plane properties of the sisal-PP honeycomb cores 

were investigated in this research (refer to Figure 4.26 for the definition of the loading 

planes). 

In-plane compressive behaviour of sisal-PP honeycombs 

The in-plane properties of the sisal-PP honeycomb cores were evaluated by subjecting the 

core of area 2500mm2 and height 50mm to compressive loads in the X1 direction. The average 

compressive strength and compressive modulus of the cores were 0.2 (±0.04)MPa and 2 

(±0.3)MPa, respectively.  

The properties of the honeycomb cores are closely related to the material properties; 

Gibson and Ashby (2001) give the relation of the modulus of the core to that of the sheet, in 

case of regular hexagonal core of constant cell wall thickness by  

3

1 3.2 ⎟
⎠
⎞

⎜
⎝
⎛=

l
tEE s

*  (4.3) 

where E*
1 is the elastic modulus of the core, Es is the elastic modulus of the composite sheet, t 

is the cell wall thickness and l is the length of the cell wall. The presence of the double 

thickness cell wall in this case does not change the elastic properties when loaded in-plane but 

will have an effect on the in-plane shear modulus. From equation (4.3) it is clear that the 

modulus of the core is dependent on the modulus of the sheet it is made from. Hence, the 

reinforcement of natural fibres in this case does not only make the core environment friendly 

but also adds value to the core by improving its stiffness.  



Chapter 4 Sandwich panels: Manufacturing and Analysis 

  135

The compressive behaviour of the cores can be explained in terms of a series of sequential 

events by examining the stress-strain behaviour of the cores under compressive loading. 

Figure 4.27 shows the stress-strain of sisal-PP honeycomb core subjected to in-plane 

compressive loading. In the initial linear elastic range the cell walls bend, after which a 

plateau occurs due to plastic yielding of the cell walls and finally in the densification region, 

the collapsed ends of the cell walls come in contact with the opposing cell walls and start to 

close up, increasing the stiffness rapidly. 

Linear elastic deformation 

In the linear deformation region, the honeycomb deforms in a linear elastic way; the cell 

walls bend on the application of load and upon the removal of load, it regains its original 

shape. In Figure 4.28, it can be seen that the elastic range in the honeycomb specimens exist 

until it is strained to 14% of its original height. The stress-strain curve is linear until 0.12MPa, 

after which the load increases but the modulus starts to decrease. The loading condition at this 

stage is similar to the beam-column effect where the inclined cells are subjected to axial 

compression and lateral loads simultaneously. Hence, the additional moments generated 

would magnify the flexural deflections which can be seen as a non-linearity in the stress-

strain curve, which becomes significant as it reaches the critical load (Euler load), and the 

corresponding stress is designated as σ* in Figure 4.28. 

 

Figure 4.27 In-plane compressive stress-strain curves for hexagonal cell honeycomb  
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Plateau stress 

With the onset of σ*, the cells walls will buckle elastically followed by plastic collapse 

when the bending moments in cell walls reach the fully-plastic moment. This can be seen as a 

plateau in the stress-strain curve in Figure 4.27 where the plateau stresses σ*
pl were 

approximately equal to the compressive strength of the core. The theoretical plateau stresses 

(lower bound) in case of regular hexagonal core can be expressed in terms of material 

properties as (Gibson et al. 1982) 

2
*

3
2

⎟
⎠
⎞

⎜
⎝
⎛=

l
t

yspl σσ  (4.4) 

where σys is the yield stress of the material the core is made from, t and l are the thickness and 

length of the of the honeycomb cell wall. By using the Equation (4.4), the thickness of the cell 

wall t = 1.4mm and length of the cell wall l = 9.8mm and experimental plateau stress σ*
pl = 

0.19 MPa, the calculated material yield stress σys = 14MPa which is ~40% of the strength of 

the composite material (34.4MPa). The plastic deformation was initiated by the formation 

hinges at the nodes of the hexagon as indicated in the Figure 4.29 (b). With the increase in 

loading, a single cell in the first row collapsed due to fracture at the hinge region, which 

(a) 

(b) 

(c) 

Figure 4.28 Linear elastic deformations of sisal-PP honeycombs: (a) stress-strain curve 
(b) specimen at the beginning of the test (c) elastic deformation of the cell 
walls 
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progressed to the second row and the third row until the cell walls started to touch each other, 

indicating the end of the plateau region and the beginning of densification.  

 The cell wall rupture at the nodes can be related to the core manufacturing methods. As 

the cell wall material was made from recycled material which has been thermoformed using 

matched-dies, the material has been subjected to successive heating and cooling cycles ( 3 

cycles in this case) which makes the material brittle as shown in Table 3.17. Hence during 

testing, when the cores are subjected to in-plane compressive loads, the inclined wall 

compresses in the loading direction becoming almost parallel to the top faces, and during that 

stage due to the high bending moments, when the stresses in the material reach the fracture 

stresses of the cell wall material, it fractures but if the material is not brittle, it would yield 

and finally collapse.  

 

 The failure of the core in this case was due to a combination of elastic buckling, plastic 

buckling and fracture because the plateau stress and the compressive strength of the core are 

in close range (σ*~0.16; σ*
pl ~0.19). The fracture occurred mainly at the junction of the 

(a) (b) (c) 

(d) (e) (f) 

Figure 4.29 Sisal-PP honeycomb core failures in sequence (a) beginning of the test (b) 
plastic hinge formation (c) plastic collapse of the cell wall in the first row (d) 
and (e) plastic collapse of the successive rows (f) densification 
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inclined walls and the horizontal walls, as indicated in Figure 4.29 which may be due to stress 

concentrations at the sharp corners. The failure due to elastic deformation is shown in Figure 

4.30, which can be observed as a strain recovery where the honeycombs have recovered to 

~60% of its original height, immediate to the release of loading after densification.  

 

 

 Densification 

Densification begins when the pores in the cores start to close up as the cell walls begin to 

make contact with each other, which in effect can be seen as a steep rise in the stress-strain 

curve as shown in Figure 4.27. After the plateau region, densification of the cell walls 

initiates. For a material to be an efficient energy absorber, it is essential that the materials 

have a long plateau in its stress-strain curve; collapsing at a nominal plateau stress up to a 

nominal densification strain. In packaging materials, longer plateaus are preferred as the 

material will be able to absorb most of the energy before reaching densification. 

Out-of-plane compressive behaviour of sisal-PP honeycomb cores 

The compressive properties of the sisal-PP honeycomb cores were determined by 

subjecting the cores to loading in the X3 direction and the deformations of the cores under 

such loading were investigated on specimens of size ~55mm x 55mm x 25mm. As the 

composite sheets exhibited slight orthotropy, the principal material direction (stiffer direction) 

Figure 4.30 Elastic recovery of the sisal-PP honeycomb core subjected to in-plane 
compressive loading (a) immediate to the release of load (b) honeycomb 
recovery (initial height 50mm; recovered height 35mm 

(a) (b) 
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was oriented in the depth direction of the honeycomb. The average compressive strength of 

the core was 8.7(±0.9)MPa and the average compressive modulus was 269(±24.6)MPa.  

 

The possible failure mechanisms for thermoplastic honeycombs subjected to out-of-plane 

compressive loads can be identified as elastic buckling of the cell walls, fracture of the cell 

wall material and de-bonding of the double thickness cell walls. This can be explained well 

with the aid of the stress-strain curve 

Elastic buckling 

In Figure 4.31, the steep initial rise in the stress-strain curve is due to the stiffness of the 

sandwich panel which includes the stiffness contribution of the three ply facings. As the load 

reaches the in-plane compressive strength of the ply wood facings, they start to dimple into 

the core. This can be seen as a small hump in the stress-strain curve in Figure 4.31 (a), and in 

Figure 4.31 (c) where the facings are bent at the edges due to the dimpling. After this point 

the compressive load is borne just by the core. As the load progresses, the cell walls shorten 

in the direction of the loading and at stress ~7MPa elastic buckling occurs, where the cell 

walls begin to bend and bulge as shown n Figure 4.32. However, the core does not fail until 

9.6MPa suggesting that the cell walls can support load even after buckling.  
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Figure 4.31 Out-of-plane compressive behaviour of sisal-PP honeycomb cores (a) Stress-
strain curve (b) Specimen at the beginning of the test (c) Facings dimpling into 
the cores 
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As the buckling of the cell wall is governed by the bending of the cell wall, the stress at 

which the cell walls buckle will be effectively proportional to the ratio of the thickness and 

the length of the cell wall. In this research, as the honeycombs were manufactured by bonding 

the half hexagonal cells, the thicknesses of the cell walls were not uniform; consisting cell 

walls of single and double thicknesses. Therefore the cell walls of double thickness can 

withstand higher bending stresses than the single thickness cell walls, in which case inclined 

cell walls buckle, followed eventually by the double thickness cell walls due to a loss of 

restraint at the edges. The buckling of the cell walls is indicated in Figure 4.32, where the 

double thickness cell walls are beginning to bend while the inclined members have already 

started developing buckles at the top and bottom of the core.  

Cell wall fracture 

  

As the loading progresses, the stresses in the cell walls build up, and when the 

compressive stress reaches the fracture stress of any cell wall material, that cell wall fractures 

causing the honeycomb core to failure. The failure of the cell walls can be seen as whitening 

of the material (crazing/stress patches) as indicated in the Figure 4.33. These patches usually 

Figure 4.33 Failure of cell walls as a result of the compressive stress of the honeycomb 
exceeding the yield stress of the sisal-PP composite; arrows indicating the cell 
wall failure

Figure 4.32 Elastic buckling of the cell walls seen as bending and bulging as indicated 
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occurs in thermoplastic materials when it is stretched or compressed beyond its yield point, 

and as the sisal-PP composites consisted of 0.7 weight fraction of PP in the composite 

material, this phenomenon will be quite evident in the material. Similar whitening was 

observed in the specimens during vee-bent specimens when they were bent along the axis 

perpendicular to the extrusion direction. This stage corresponds to the maximum compressive 

stress of the honeycomb material, which in this particular case is 9.6MPa as indicated on the 

stress-strain curve. Therefore, the failure of the honeycomb core can be considered as that of 

the cell wall fracture initiated by plastic buckling of the cell wall. 

De-bonding of the double thickness cell wall 

The de-bonding of the cell walls occurred immediately after the core had surpassed the 

maximum compressive load, meaning that the de-bonding of double thickness cell wall was 

not a cause for the honeycomb failure. The de-bonding occurs due to bonding imperfections 

between the cell walls, causing the cell walls to bend and buckle independently. As the 

loading progresses beyond the compressive strength of the core, the stress decreases and 

stabilises with any increase in the strain which is termed as the plateau stress, and as the cell 

walls begin to make contact with each other, the pores in the cores start to close up which can 

be seen as a steep rise in the stress-strain curve and is termed as densification. As the cores 

tested in this experiment had core heights of ~25mm, the densification of the material 

occurred before the plateau stress could fully develop. The aspect of densification of sisal-PP 

cores and its applications were evaluated with thicker cores and are presented in Chapter 6 as 

non-structural properties of the core. 

 To check the fibre reinforcing effect on the overall compressive performance of the 

honeycomb core under out-of-plane loading, the properties of the sisal fibre reinforced PP 

honeycomb cores were compared with that of the unreinforced PP honeycomb cores. As the 

densities of both the honeycombs were different, their specific properties were compared. The 

specific compressive modulus and the specific strength of the honeycombs were obtained by 

normalised the properties with respect to their densities, making direct comparison possible. 

From a design point of view, honeycomb cores are used in sandwich panels to reduce the 

weight of the structure, and by normalising the properties with their respective densities, the 

net or the effective properties of the materials could be compared with each other. The 

specific strength (σ*/ρ
*
) and modulus (E*/ρ*) of PP honeycomb, sisal-PP honeycombs; 

manufactured from compression moulded composites sheets and extruded sheets are shown in 
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Table 4.5. Commercial grade PP cores of size 60mm x 60mm x 20mm obtained from local 

sources were tested for out-of-plane properties, and the testing parameters remained similar to 

that of the sisal-PP cores. Additionally, sisal-PP cores with sinusoidal geometry were also 

tested under same conditions to check for any change in the properties due to the change in 

the geometrical parameters. 

Table 4.5 Specific properties of honeycomb cores subjected to out-of-plane loading 

 

The specific modulus and strength of the sisal-PP honeycomb cores which were fabricated 

from compression moulded composites and extruded sheets appear to be much higher (nearly 

twice) than that of the unreinforced honeycomb cores (Table 4.5). This can be explained as 

the effect of increased stiffness due to fibre reinforcement, and moreover with the principal 

direction of the fibre aligned in the loading direction, the additional stiffness in the material 

would resist the buckling load, thus increasing the honeycomb core’s load carrying capacity. 

The sinusoidal honeycomb cores exhibited similar failure, yielding similar compressive 

strengths and the moduli.  

All mechanical properties of the honeycombs can be derived in terms of the sheet 

properties and the geometry of the honeycomb cell, which can be helpful during the process 

of designing the honeycomb core for a particular application. One common use of 

honeycombs is in structural applications; where they are used as cores between two thin face 

sheets and in service, behave similar to that of an I-beam where the flanges sustain the 

bending stress and the core takes the shear stress. Hence, the shear properties of the core are 

important to determine the overall property of the sandwich panels. 

 Single rail shear tests were tried initially to determine the shear properties of the sisal-PP 

honeycomb cores, but due to the failure in the bond between the core and the loading blocks, 

this test was abandoned. Hence, four-point bending with two point loads equidistant from the 

supports was used to determine the shear strength of the core and other panel properties. 

Flexural test on flat sandwich construction was conducted according to ASTM C-393-00 to 

Material Density (kg/m
3
) E*/ρ*(Nm/kg) σ*/ρ*(Nm/kg)

Polypropylene core 49 (±12.0) 0.80 x 10
6
 25.27 x 10

3
 

Sisal-PP compression moulded 123 (±17.0) 1.36 x 10
6
 41.04 x 10

3
 

Sisal-PP extruded 151 (±7.6) 1.73 x 10
6
 56.04 x 10

3
 

Sisal-PP sinusoidal cores 145 (±3.2) 1.82 x 10
6
 52.56 x 10

3
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determine the flexural and shear stiffness of the construction and, shear modulus and shear 

strength of the core. The support span and the loading span were set to 180mm and 90mm 

respectively. Rubber pads were used under the loading points to avoid any local core 

crushing, a constant crosshead speed of 1mm/min was used in this experiment. The tests were 

monitored using the load-extension data and visual inspection. The sandwich stiffness and the 

core shear modulus were determined form the load-deflection curve. In this research, 

sandwich panels with hexagonal and sinusoidal cores between 3 ply wood veneers and 6 ply 

wood veneers as facings were tested. The properties of sandwich panels tested are shown in 

Table 25. The failure of one particular panel is explained with the help of its load-deflection 

curve.  

Failure of sisal-PP honeycomb core with 3 ply wood veneer facings under four-point 

loading 

A sandwich panel subjected to flexural loading may fail due to the failure in the face 

plates or intercellular buckling of the faceplates into the core, shear failure of the core, 

wrinkling of the faceplate into the core or outwards or due to local indentation at the loading 

points. The failure in the hexagonal core with 3-ply wood veneer facings can be explained 

with the aid of its stress-strain curve, shown in Figure 4.34. 

The first set of specimens were tested with rubber pads under the loading points to avoid 

local stress concentrations; however, it proved to be insufficient and intercellular buckling 

occurred due to localised stress concentrations under the loading point (Rao et al. 2008). 

Hence, to spread the load in a small area under the loading points, steel plates and rubber pads 

were used, and the panel deflection was recorded using a deflectometer. The failure of the 

sandwich panels in this case was due to buckling of the top faceplate in compression, 

commonly termed as face wrinkling which is a form of failure where the face plate buckles 

into the core (core crushing) or outwards (adhesive bond failure), and this depends on the 

stiffness of the core in compression and the adhesive strength. In this mode of failure, the 

buckling wavelength of the faceplate is usually larger than the cell size. In general, when a 

sandwich beam is bent and it is assumed that the bending moment is carried by the axial 

forces in the faces only, then the element in the beam under four point bending would develop 

compressive axial forces on the top face plate. In the case low stiffness cores, these 

compressive forces would compress the core in the vertical direction causing it to crush, but 

in the case of stiff cores, short waves of the facing under these forces develop and when it 
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reaches close to the adhesive strength they buckle outward causing de-lamination of the 

faceplate.  

Table 4.6 Flexural properties of sisal-PP honeycomb core sandwich panels  

 

The critical stress for the wrinkling phenomenon assuming the facings to be thin, under 

compressive end loads which is supported by continuous elastic medium which extends 

infinitely on one side is given by as 

3
cfc GEE C  (4.5) 

 

where the constant C = 0.85 (Plantema 1966; Zenkert et al. 2005) and a more conservative 

form as 0.50 (Hoff and Mautner 1945) and Ec is the core modulus, Ef is the facing modulus 

and Gc is the core shear modulus. In the current experiment, considering the modulus of the 

face sheet to be 4.78GPa (Srinivasan 2008), the core modulus was 269MPa (out-of-plane) and 

the shear modulus considering the core to be isotropic with a Poisson’s ratio of 0.4 is 96 MPa, 

the predicted wrinkling stress using C = 0.5 is 249MPa, which is much higher than the 

experimental buckling stress of faceplates (31MPa). This indicates that the buckling of the 

Property Hexagonal cores  Sinusoidal cores  

Cell diameter (mm) 12 14 

Core density (kg/m3) 160 160 

Core thickness (mm) 25 (±0.25) 25 (±0.25) 

Sandwich width (mm) 61 61 

Maximum deflection δ (mm) 4.90 (±1.04) 4.39 (±0.66) 

Panel shear rigidity U (N) 28.74 x 103 (±7 x 103) 42 x 103 (±7.4 x 103) 

Core shear strength τ (MPa) 1.31 (±0.17) 1.37 (±0.06) 

Panel bending stiffness D (N-mm2) 176.92 x 106 176.92 x 106 

Facing bending stress σf (MPa) 31.93 (±4.16) 35.83 (±1.04) 

Core shear modulus Gc (MPa) 16.40 (±4.16) 23.96 (±7.34) 
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faceplates in compression may be initiated due to the local stress concentrations created due 

to loss of restraint at places where de-bonding at the interface has occurred.  

The equation for predicting the wrinkling stress has been derived considering the core to 

be a continuum (continuous elastic medium) and the faceplates to be uniaxially end-loaded 

isotropic struts. As in this case, the cell diameter was ~12mm, there would be large portions 

of the faceplates which are unsupported, as seen in Figure 4.34 (b), which would create local 

stress concentrations, and depending on the stiffness of the facings, they may dimple into the 

core or crack, causing the sandwich panel to fail prematurely.  

The face dimpling or the intercellular buckling stress can be calculated using the plate 

buckling theory for the in-plane stresses in the facings at which the face plate buckles at 

regions that are unsupported by the cell walls. 
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where σfi is the in-plane buckling stress, Ef is the Young’s modulus of the facings, υfxy is the 

Poisson’s ratio of the facing in the loading direction and α is the cell diameter. The Poisson’s 

ratio and the modulus of the wood veneer faceplates used was ~0.45 and 4.78GPa, 

respectively (Srinivasan 2008), the thickness of the facings was 1.7mm and the cell diameter 

(a) (c) 

(b) 

Figure 4.34 Failure of sisal-PP honeycomb sandwich panels (a) Stress-strain curve (b) 
Faceplate failure in compression (c) Arrows indicating faceplate de-
lamination 
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was ~12mm. The σfi calculated using equation (4.6) yields 348.8MPa, which is much greater 

than the tensile strength of the facings used; meaning that the facings will fracture before 

intercellular buckling occurs. In the experiment, the core shear stresses evaluated is an 

underestimate as the cores failed with the facings yielding in compression rather than the core 

failing in shear. Hence, the 3-ply wood veneer was replaced with stiffer 6-ply wood veneer 

facings to withstand buckling due to compressive stresses.  

 

The testing conditions of the sandwich panels remained the same, except that the loading 

span was increased to 210mm. In the results shown in Table 26, the average shear strength of 

the hexagonal core sandwich panel appears to have increased from ~1.3MPa to ~1.5MPa. The 

compressive failure in the faceplates were eliminated by increasing their stiffness, but 

however, the failure in all the hexagonal core panels tested was initiated due to de-bonding at 

the interface (Figure 4.35).  

The sandwich panels with sinusoidal cores performed better when the facings were 

changed from single thickness to double thickness. The panels exhibited maximum core shear 

strength of ~2MPa, sustaining flexural loads up to 6.5kN as compared to 5.2kN of that of the 

hexagonal cores. This could be related to the manufacturing process of the cores; during 

matched-die forming, the sinusoidal cores undergo minimum deformation (stretching) 

conforming to the sinusoidal geometry, hence the thickness would more or less remain the 

same, but during hexagonal forming, the material is stretched at its inclined surface which 

may induce thinning in that section compared to the horizontal members (Figure 4.13), in 

addition the corners in the hexagonal cores may induce local stress concentrations leading to 

Figure 4.35 Failure of the faceplate at the interface during four-point flexural test with 
6-ply wood veneer facings; debonding as indicated by the arrows 
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de-bonding at the interface of the single thickness cell wall and the faceplate, which 

propagates to the neighbouring cells causing failure in the panel. 

Table 4.7 Flexural properties of sisal-PP honeycomb with 6-ply wood veneer facings 

 

4.6 Summary 

In this chapter, the manufacture of sisal-PP honeycomb cores using matched-die and roll 

forming processes have been investigated. The matched–die thermoforming operations were 

carried out between multiple corrugated matched-dies in a 10 ton hydraulic press with heating 

options, and a rafter type roll former with slight modifications to include heating and cooling 

was used to roll form the corrugations. 

 As the PP-based composites are capable of being formed at temperatures well below the 

melting point of the matrix, the formable temperature range below the melting temperature of 

the matrix was determined using DSC, where the specimens weighing ~9.0mg were subjected 

to cyclic heating and cooling in the DSC chamber in an aluminium capsule (0°C to 200°C) at 

a scan rate of 10°C/min. The DSC traces of the composites showed a presence of a wide 

forming window (33°C - 35°C) below the melting point of the matrix.  

 To determine the best forming temperature within the forming window and other forming 

parameters, single curvature vee-bending tests were performed. From the vee-bending 

Property Hexagonal core  Sinusoidal core  

Cell diameter (mm) 12 14 

Core density (kg/m3) 160 160 

Core thickness (mm) 30 (±0.15) 30 (±0.15) 

Sandwich width (mm) 60 60 

Maximum deflection δ (mm) 3.45 (±0.5) 4.52 (±0.39) 

Panel shear rigidity U (N) 116.97 (±11.69) x 103 92.07 (±47.39) x 103 

Core shear strength τ (MPa) 1.45 (±0.10) 1.75 (±0.31) 

Panel bending stiffness D (N-mm2) 271.86 x 106 271.86 x 106 

Facing bending stress σf (MPa) 30.42 (±2.16) 36.64 (±6.55) 

Core shear modulus Gc (MPa) 64.2 (±21.52) 50.72 (±6.55) 
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experiment, good forming was obtained at higher temperatures (155ºC) and higher forming 

speeds (500mm/min). The direction of extrusion influenced the formability of the composites 

at lower temperatures irrespective of the punch radius and the internal die angle, but however 

at higher temperatures this influence decreased and the geometric conformance to the die was 

better. 

 Two different matched-dies; one capable of producing fourteen corrugations and the other 

capable of six sinusoidal corrugations were used between heated platens of a hydraulic press 

to thermoform sisal-PP sheets into corrugated profiles. The behaviour of the sheet during 

forming a single and multiple corrugations was investigated using GSA. In both cases, 

thinning was observed at the inclined regions which were mainly due to plane strains. 

However, the multiple corrugations conformed better to the die geometry compared to the 

match of the single corrugation because of the increase in the edge constraints, thus reducing 

the spring-back or spring-forward.  

 Sinusoidal profiles were manufactured through roll forming. To maintain uniform 

temperature during the forming operations, the forming rolls were heated to the forming 

temperature and to cool the formed part, the setting rolls were cooled using compressed air. 

The shape of the formed profile conformed well to the roll geometry, except at the bends 

exhibiting slight spring-back which was due to the build up of residual stresses during the 

cooling phase. 

 The corrugated sheets were cut to certain heights and bonded using adhesives and 

ultrasonic methods. The ultrasonic bonding parameters were determined using single-lap 

shear tests, the results revealed excellent bonding at amplitude of ~1.7μm and welding time of 

1s. The test results also revealed that the bonding strengths closer to that of the ultrasonic 

bonding can be achieved by using cyanoacrylate based adhesive after appropriate surface 

treatment.  

 The sandwich panels were manufactured by gluing the honeycomb cores to wood veneer 

facings. The mechanical performance of these panels was determined by subjecting the panels 

to compressive and flexural loading. The compression test reveals the failure of the core to be 

due to the fracture of cell walls, initiated by the buckling. The failure of the panels in flexural 

loading was mainly due de-bonding of the faceplates from the core at the interface. The 

specific properties of the sisal-PP honeycomb cores are superior to the un-reinforced PP 

honeycombs.  
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Chapter 5  

Theoretical evaluation 

“If I have seen further it is by standing on the shoulders of giants”    

Isaac Newton. 

In addition to the experimental techniques of processing and measuring the effective 

mechanical properties of composites, their theoretical predictions starting from the intrinsic 

properties of the constituents and the composite’s morphology have been investigated in this 

chapter.  

 In literature, short synthetic fibre reinforced polymers have been extensively researched 

and several mathematical models predicting their properties are available. These models not 

only help in predicting the overall properties of the material, but also shed light on the 

mechanics of the constituents at its microstructure level contributing towards the overall 

property of the material. Such modelling is commonly referred to as micromechanics 

modelling. Several authors (Bowis 1997; Kalaprasad et al. 1997; Andersons et al. 2005; Facca 

et al. 2006; Facca et al. 2007) have tried to extend the application of models that were 

originally developed for synthetic fibre composites, to natural fibre composites by modifying 

them slightly. However, due to the high variability in the properties of the fibres (diameter, 

strength, modulus etc.), the models can provide only a rough approximation of the overall 

properties of the composites. In this study, several pre-existing micromechanical models with 

slight variations have been used to estimate the properties of the sisal-PP composites. The 

processing of the composites from relatively high temperatures and subsequent cooling to the 

service temperature may result in residual stresses due to the mismatch of shrinkage of the 

matrix and the fibres of the composite.                                             . 

 In the previous chapter, the residual stresses were investigated experimentally using stress 

relaxation techniques in an environment chamber, and in this chapter, the process of 

relaxation process can has been modelled as springs and dashpots arranged in parallel or 

series. Master curves of relaxation modulus have been constructed using the time-temperature 

superposition theory. After the stress relaxation modelling, the compressive behaviour of the 

honeycombs has been modelled considering the cell wall material as a linear elastic, 
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orthotropic plate/lamina and as a linear elastic, quasi-isotropic material. The flexural 

properties of the beam have been analysed using Finite element in ANSYS environment. 

5.1 Elastic properties of sisal fibre reinforced polypropylene 

 The properties of short fibre reinforced polymer composites are strongly dependent on 

the fibre length distribution, fibre volume fraction, fibre orientation distribution, fibre 

geometry and the degree of interfacial adhesion between the fibre and the matrix. The 

properties of the composites can be determined experimentally or can be estimated using 

mathematical models based on the properties of the individual components of the composite 

and their arrangement. The advantage of mathematical modelling is it reduces the cost and 

time consumed in experimentation by providing approximate solutions in terms of best 

possible combination of the materials to meet the design criteria. The mathematical models 

predict the properties of the composite material using the fundamental properties such as the 

elastic modulus, Poisson’s ratio and volume fractions of the constituents (fibre, filler, and 

matrix). Models such as rule of mixtures to determine the upper and lower bound, most 

widely used Halpin-Tsai, Nielsen modified Halpin-Tsai that includes the packing factor, 

Hirsch’s model which is a combination of Voigt’s and Reuss’s models including the 

interfacial bonding parameter, Cox’s shear-lag, Nayfeh modified shear-lag which considered 

periodic arrays of unidirectional elastic cylindrical fibres were reinforced in an elastic matrix 

material and Nairn modified shear-lag model which includes shear stresses as shape functions 

and the interfacial adhesion parameter have been considered to predict tensile modulus and 

strength of sisal-PP composites. 

5.1.1 Material considerations 

The micromechanics models described above were used to predict the elastic properties 

of sisal-PP composites. The sisal fibres of average length and diameter 4mm and 0.17mm 

respectively at weight fractions (wf) 0.15 and 0.30 in a PP thermoplastic matrix of MFI 1.3 

g/10min were considered in this study. The properties of the fibre and the matrix are 

described in Table 5.1. 

The Poisson’s ratio of the sisal fibre has been adopted from literature (Ntenga et al. 

2008) and the shear modulus of the sisal fibre and PP was calculated considering it to be 

isotropic. The fibre strength and modulus were experimentally determined in chapter 3, 

section 3.1, which revealed the strength/modulus dependence on the gauge length of the fibres 
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tested. As all the fibres in the composites were below the minimum fibre gauge length tested, 

an average strength of the fibres tested at 5mm gauge length has been considered. The 

micromechanics models discussed in literature review, chapter 2 have been used in the 

prediction of tensile strength of the composites. The predicted properties with the 

experimental results are shown in Figures 5.1 and 5.2. 

Table 5.1 Properties of sisal fibres and PP matrix used for this study 

Fibre property Sisal Fibre PP Matrix property 

ρf (kg/m3) 1300 900 ρm(kg/m3) 

Vf 0.13 0.87 Vm 

0.23 0.77 

Ef (GPa) 5.25  2.6 Em(GPa) 

σf (MPa) 578 30 σm(MPa) 

υf 0.17 0.42 υm 

Gf (MPa) 2.4 0.41 Gm(MPa) 

 

 The theoretical values calculated using the above described models exhibit a steady 

increase in the tensile modulus with the increase in fibre volume fraction. At lower fibre 

volume fractions, it can be seen from Figure 5.1 that the experimental tensile modulus values 

appear to be within the upper bound (Voigt’s model) and lower bound (Reuss’s model) 

equations. This is due to the fact that, at lower fibre volume fractions, the fibres and the 

matrix are uniformly stressed or strained as a result of better distribution of load through the 

well dispersed fibres in the matrix. As most of the models are based on the Voigt’s model and 

Reuss’s model equation, they all seem to predict well at lower fibre volume fractions, but at 

higher volume fractions, most of the models under predict the tensile modulus of the 

composites. However, Hirsch’s model which is a combination of the Voigt’s model and 

Reuss’s model equations coupled with the factor x agrees well with the experimental tensile 

modulus. The agreement between the theoretical and experimental values at higher volume 

fractions has been found when the parameter x is 3 for the longitudinal direction, and on 

changing the constant x to 0.5, the model agrees well at lower volume fractions. Hirsch’s 

model reduces to Reuss’s model when the parameter x is 0, indicating poor bonding between 

the fibre and the matrix and to Voigt’s model when the parameter is 1, indicating a perfect 
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bond between the fibre and the matrix, therefore, considering x = 3 would be unreasonable. 

Therefore, the factor x = 0.5 indicates low fibre-matrix adhesion at lower fibre volume 

fraction. 

The Voigt’s model and the Reuss’s models are usually used to describe the strength and 

modulus of continuous and long fibre composites with high aspect ratio. Hence, the stress 

transfer in case of short fibre composites is dissimilar to those of long fibres. In long fibres 

Figure 5.1 Micromechanics models for modulus of sisal-PP composites compared with 
experimental values 
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with high aspect ratio, there will be a long uniformly stressed region in the middle of the fibre 

and most of the fibre will experience uniform strain, but in case of short fibres, only a small 

section will experience uniform strain, therefore the assumption of uniform stress or uniform 

strain in this case may be an oversimplification. The inability of a short fibre composite to 

reinforce as well as continuous fibres lies in the smaller length of the constant load region in 

the middle of the fibres and more regions of load transfer near the fibre ends. In addition to 

this, the fibre-matrix interfacial strength will determine the stress-transfer length. Higher 

interfacial strengths will lead to a shorter stress-transfer-length , meaning that more of the 

fibre will carry the applied load, resulting in higher modulus and strength at a given volume 

fraction, and a weak interface will have a longer stress-transfer-length, meaning that less of 

the fibre will carry the applied load, resulting in lower modulus and strength. Therefore, the 

controlling parameter x in Hirsch’s equation can be assumed to be dependent on the fibre 

orientation, fibre length and the fibre-matrix interfacial stresses.  

The average modulus of the composite at lower fibre volume fractions were in close range 

with that of the matrix, meaning that as the fibres fail to provide effective reinforcement at 
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lower fibre volume fractions, the property of the composite becomes more and more matrix 

dominated. It has to be noted that, Hirsch’s model reduces to Reuss’s model when the 

parameter x is 0, indicating poor bonding between the fibre and the matrix and to Voigt’s 

model when the parameter is 1, indicating a perfect bond between the fibre and the matrix. 

The parameter x at lower fibre volume fractions was estimated to be 0.5, and as in short fibre 

composites, the stress transfer from the matrix to the fibre is mainly through the fibre-matrix 

interfacial stresses, it can be assumed that the lower modulus is due to poor fibre-matrix 

interfacial strength.  

 The experimental and theoretical tensile strength data are shown in Figure 5.2. The 

Reuss’s model, Hirsch’s and Nairn-modified shear lag models seem to agree well with the 

experimental strength of the composites. The Reuss’s model defines the lower bound of the 

tensile strength, and the best fit using Hirsh’s model was obtained when the parameter x was 

0, which again reduces to the Reuss’s model equation, thus indicating a poor fibre-matrix 

interfacial adhesion.  

 The Halpin-Tsai equation when used with computed value ξ = 48, overestimated the 

tensile strength of the composite (Figure 5.2 (a)). However, the values ξ for the best fit was 

obtained by using the least squares method reveals ξ = 0.25 to be adequate. Nielsen-modified 

Halpin-Tsai equation yielded similar results as the Halpin-Tsai equation at the values of ξ = 

48 and 0.25, meaning that the packing fraction introduced in the Equation (2.4) had no effect 

on the tensile strength of the composite (Figure 5.2 (b)). These discrepancies occur because 

the value of ξ in Equation (2.6), which originally had been determined empirically for 

synthetic fibres with uniform well defined circular or rectangular cross-sections (Halpin and 

Kardos 1976). In contrast, the sisal fibres used in this research had inconsistent geometry in 

terms of diameter; which is not of a circular cross-section in reality, and may not be uniform 

among all the fibres and even throughout the length of a single fibre. 

 The shear-lag equation by Cox in Equation (2.10) consistently over predicted the tensile 

strength of the composite. The discrepancy between the experimental and results predicted by 

the shear-lag theory is due to the flaws in the assumptions; firstly the original shear-lag 

models are based on the fibre-matrix arrangement as concentric cylinders, which may not be 

true in this case because all the fibres appear to be dispersed within the matrix in a staggered 

manner, secondly, the shear-lag model assumes perfect fibre-matrix interfacial adhesion 

which may not be true in this case as the polarity differences between the fibres and the 
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matrix may bring about compatibility issues, resulting in improper fibre-matrix adhesion. 

Hence, the over prediction by the models can be attributed mainly towards the poor fibre-

matrix interfacial adhesion.  

 Nayfeh (1977) modified the original shear-lag equation developed by Cox by introducing 

the shear factors of the fibre and the matrix, shown in Equation (2.12). In the initial analysis, 

the shear components considered in this study resulted in over prediction of the tensile 

strength of the composite as shown in Figure 5.2 (a). However, by using least squares method, 

a good fit was obtained, resulting in the matrix shear component to be 0.018MPa. It was also 

found that the contribution of the fibre shear component in Equation (2.12) towards the tensile 

strength of the composite was marginal.  

 Nairn (1997) modified the shear lag factor that was suggested by Nayfeh by introducing 

the interfacial strength factor Ds and adding the correction factor χ to the shape factor term in 

the denominator such that; as Vf →0, the term ln(1/Vf) ≠ ∞, and obtained excellent agreement 

with the shear-lag predictions at various Ef/Em ratios at a universal value of χ = 0.009. For the 

analysis of sisal-PP composites, the value of χ = 0.009 was used but the term Ds was varied to 

fit the experimental results. It was seen that the predicted tensile strength values agreed well 

when the factor Ds = 1.1; recalling that the Ds = ∞ implies a perfect fibre-matrix interfacial 

adhesion, it suggests that the low tensile strengths in the composites is due to poor fibre-

matrix interfacial adhesion.  

 In Figure 5.2(b) it can be clearly seen that the Halpin-Tsai and Nielsen-modified Halpin-

Tsai equations agree with the experimental results only when the shape factor ξ assumes the 

value of 0.25, the aspect ratio from equation (2.6) which in this case is 24, reduces to that of a 

particulate (0.125). In essence, the fibres fail to provide reinforcement to the composite 

system, thus making the composites property more of matrix dominated. From the modified 

shear-lag models, it is evident that the interfacial adhesion parameter introduced by Nairn into 

the original shear-lag model has played a very important role in predicting the tensile strength 

of the composite, and the tensile strength predicted using Nayfeh-modified shear-lag model 

agrees well with the experimental results when the matrix shear factor is very low. As the 

stress transfer from the matrix to the fibre in shear-lag models is assumed to be due to 

interfacial shear stresses, from the observations of modified shear-lag models it is evident that 

the poor tensile strength exhibited by the sisal-PP composites is due to poor fibre-matrix 

interfacial adhesion.  
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 As the tensile load applied to the composites is transferred to the fibres by the shearing 

mechanism between the fibres and the matrix, it is important to have good fibre-matrix 

bonding. The difference in the longitudinal strains between the two constituents creates a 

stress distribution across the fibre-matrix interface. In a composite material of discontinuous 

fibres where the fibre stress is not uniform, the stress is zero at its ends and builds up linearly 

to a maximum value at the middle of the fibre length. Assuming no stress transfer at the fibre 

ends and constant interfacial stress, the maximum fibre stress at a given load is (4τx/df), where 

x = l/2; l being the minimum fibre length in which the maximum fibre stress is achieved. 

Hence, for a given fibre diameter and fibre-matrix interfacial condition, a critical fibre length 

can be calculated as lc = (σfud/2τ ); where σfu is the ultimate fibre strength, d is the fibre 

diameter, τ is the interfacial shear strength or shear strength of the matrix adjacent to the 

interface, whichever is less (Mallick 1993). For the fibre strength and diameter considered in 

this study and an interfacial shear strength 2.5MPa (Yuan et al. 2002), the critical fibre length 

lc = 19.7mm. Therefore, for the fibres of tensile strength used in this study, to experience a 

maximum stress, they will have to be ≈5 times more than the length of the fibres used in the 

composites in this study. As the average fibre lengths are much lower than the critical fibre 

length, the fibre stress may have never reached the ultimate fibre strength, failing prematurely 

either in matrix or the interfacial bond. The average fibre strength considered in this analysis 

is 578MPa which may not be true for all the reinforcing fibres, as in literature the values vary 

from 300-700MPa (Li et al. 2000; Yuan et al. 2002). Therefore, the maximum fibre stress that 

can be achieved for the length of 4mm considered in this study will be (σ = 2τl/d) ≈118MPa, 

which is again ≈5 lesser than the ultimate fibre strength. However, to achieve the ultimate 

fibre strength for a length of 4mm, the fibre-matrix interfacial strength should be 12.3MPa. 

 The micromechanical models indicate that the fibre strength is not being completely 

utilised, which is due to the poor fibre-matrix interfacial adhesion and the short length of the 

fibre. As fibre shortening is inherent to the process of extrusion, it would be more practical to 

increase the fibre-matrix adhesion. Noting that the experimental results of sisal-PP composites 

that were used for micromechanics models contained Licocene PP MA 6452 (a copolymer 

added to improve the fibre-matrix interfacial adhesion), and considering the results in chapter 

3, section 3.3.2 (increase in the copolymer content from 1% to 3%, leading to decrease in the 

tensile strength (≈10%) of the composite material), indicates a failure of the copolymer to 

improve the interfacial strength in the composite material. Therefore, as the matrix 

modification method has failed to improve the interfacial adhesion, other fibre modification 
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methods such as acetylation and plasma treatment may be tried (Bledzki and Gassan 1999). 

However, obtaining an interfacial strength close to the yield stress of the matrix in case of 

natural fibre composites may prove to be a difficult task, in which case it would be more 

prudent to use inexpensive fibres of lower strengths (e.g. woodfibres) in extrusion of 

composite sheets such that the current interfacial strength would be adequate to utilise the 

total fibre strength. 

Table 5.2 Percentage errors in the predicted and experimental strength and modulus values 

Models 

 

Predicted values Error (%) 

E1 (GPa) σ1 (MPa) E1 (GPa) σ1 (MPa) 

Weight fractions 0.15 0.30 0.15 0.30 0.15 0.30 0.15 0.30

Experimental values 2.9 4.1 30 41 - - - - 

Voigt’s model 2.9 3.3 93.2 161.7 0 -19.5 210 294 

Reuss’s model 2.7 3.0 33.7 38.9 -6.8 -26.8 12.3 -5 

Hirsch’s  3.3 4.0 33.7 38.9 13.8 -2.4 12.3 -5 

Halpin-Tsai 2.9 3.3 34.5 40.9 0 -19.5 15.0 -0.2 

Nielsen modified Halpin-Tsai 2.9 3.3 34.6 41.2 0 -19.5 15.3 0.4 

Cox’s shear-lag 2.8 3.1 56.8 92.9 -3.4 -24.4 89.3 127 

Nayfeh-modified shear-lag  2.8 3.2 29.4 41.0 -3.4 -21.9 -2 0 

Nairn-modified shear-lag 2.8 3.1 32.1 41.5 -3.4 -24.4 7 1.2 

 

  The elastic constants at 0.15 and 0.30 fibre weight fractions with the percentage of 

errors from the experimental and results predicted by the models are shown in Table 5.2. It is 

clear that most of the models considered predict modulus well at lower fibre volume fractions, 

but at higher volume fractions, most of them under predict the modulus except for Hirsch’s 

model when the interfacial parameter x is changed. For the strength of the composite, 

modified shear-lag models agree well with the experimental results at low and high volume 

fractions. 
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5.2 Stress relaxation models for sisal-PP composites 

When thermoplastic composites are processed, they are subjected to heating and cooling 

cycles, and after processing and subsequent cooling of composites from a relatively high 

processing temperature to the service temperature, residual stresses arise due to the mismatch 

of shrinkage of the matrix and the fibres of the composite.  

Due to the viscoelastic (time-dependent) nature of the polymer matrix, the resulting 

residual stresses become time dependent too, hence when a certain strain is applied and held 

constant; the composite material shows an increase in stress initially, but decreases with time.  

 In the chapter 4 section 4.1.3, the stress decay with respect to time was studied 

experimentally at different temperatures in a controlled environment chamber. A stress that 

was 30% of the maximum stress of each specimen at room was applied and the strain was 

held constant for a period of 60 minutes. The decay in stress and the normalized stress under 

constant strain were plotted against time to study the relaxation behaviour of the composites. 

The study was applied to matched-die, to determine the time the material had to remain in the 

die to attain permanent deformation with minimum spring-back or -forward after extraction 

from within the die and in roll forming processes where preheating and cooling of the material 

were incorporated in the processes.  

Figure 5.3 A schematic diagram of a Zener model in parallel with a Maxwell element 

E1 

E2 

η1 

E3 

η2 

Maxwell element Zener model 
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 To understand the process of relaxation, it has been modelled in terms of springs and 

dashpots. Any linear differential model for the viscoelastic behaviour of the material reflects 

some rheological model where springs and dashpots are connected in series or parallel. The 

experimental results were approximated with the results of a Zener model with a Maxwell 

element in parallel (Figure 5.3). 

( ) 32
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ττ σσσσ
tt
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−−

⋅+⋅+=  (5.1) 
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−−
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where E is the relaxation modulus, σ is the relaxation stress and τ is the relaxation time 

constant. A detailed explanation of these models is available in Appendix A-2. The 

parameters E, σ and τ were determined by the method of last squares, using MS Excel solver. 

The experimental stress relaxation data of the sisal-PP composites with the results predicted 

by the relaxation model is shown in Figure 5.4 and the values of the integration constants are 

shown in Table 5.3. The PP specimen tested at 25, 50 and 80°C was fitted with a Zener model 

and a Zener model connected in parallel with a Maxwell element. The constants for the best 

fit were obtained using solver function in MS Excel. It was observed that both the models 

provided average fit on to the experimental data. The relaxation in this model is a 

combination of the Hookean springs and Newtonian dashpots, meaning that the total stress is 

initially experienced by the elastic springs that relax with the extension of the dashpot which 

is dependent on the negative exponential time function. Hence, including another Maxwell 

element would increase the viscous damping of the whole system; however, as no significant 

change in the fit was observed by the addition of a Maxwell element to the Zener model, it 

suggests that the system is dominated by the elastic spring, meaning that the strain recovery in 

this material is high. This is true at lower temperatures where the σ0 values are high, but as the 

temperature increases, there is a significant decrease in σ0 and a simultaneous increase in the 

relaxation time constant τ (Table 5.3), meaning that the material loses its elasticity at higher 

temperature due to the translation of the polymer chain segments, leading to a permanent 

deformation. 

 The stress-time history of the sisal-PP composites have been superimposed with the 

results of a Zener model connected in parallel with a Maxwell element. Least squares method 

was used to obtain the best fit, and from the Table 5.3, the sum of the residual squares reveals 
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an excellent fit with the experimental data. It can be observed from Table 5.3, that the values 

of the constant σ0 monotonically decreases with the increase in temperature, it has to be noted 

that the value of σ0 is that of the spring alone and without it, the model would relax to the 

value of zero in due time.  

Interestingly, this decrease in σ0 is accompanied with a steady increase in the constants σ1, σ2, 

and τ2 of the Maxwell elements which indicates that the viscous damping of the material 

increases with the increase in temperature. This viscous damping will remain as a permanent 

deformation and the elastic deformation can be recovered after the release of the load. The 

addition of a Maxwell element to the original Zener model used for the PP indicates that the 

reinforcement of the fibres in the PP has increased the stress relaxation of the material. After 

the initial application of load, the model predicts an initial increase in stress, which gradually 

decreases and reaches a constant relaxation after 190 minutes at 25°C, after 225 minutes at 

50°C, and after 265 minutes at 80°C. 
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Table 5.3 Values of all the constants used in the stress relaxation experiment 

Material 
and Temp 

(°C) 

σ0 σ1 σ2 τ1 τ2 Sum of 
square 
errors  

PP 25 0.76 0.21 - 2.48 - 0.05 

PP 80 0.54 0.24 - 15.58 - 0.19 

Sisal-PP 25 0.64 0.20 0.14 0.70 15.44 0.01 

Sisal-PP 50 0.45 0.31 0.24 0.70 17.56 0.01 

Sisal-PP 80 0.33 0.52 0.36 0.35 19.02 0.01 

 

5.2.1 Time-temperature superposition 

Time-temperature superposition approach is usually used to determine the viscoelastic 

characteristics at unknown temperatures from the known experimentally determined data. As 

the relaxation modului at the relaxed and unrelaxed state are independent of temperature, the 

remainder of the moduli are essentially parallel to each other, thus by introducing a shift 

factor, aT, that can be applied to move one curve to another.  

 As sisal-PP composites consisted of PP ~0.7 weight fraction of the composite and that 

the relaxation behaviour of the composite appears similar to that of the PP matrix, the WLF 

equation can be applied to determine the modulus of the material at different temperatures. As 

the properties of the composites are known at a temperature of 25, 50 and 80°C it can be 

taken as a reference temperature such that the properties at all the other temperatures can be 

mapped onto the reference temperature curve. The glass transition temperature (Tg) of the 

composite was considered to be the Tg of the matrix (-5°C) as the thermal properties of the 

composites are usually matrix dominated (Mohanty et al. 2004), and moreover the melting 

temperature Tm of the composite was more or less similar to that of the PP matrix.  

 The variation of the modulus with respect to time at 25°C and 50°C was approximated 

using power law and the results are shown in Figure 5.2. As an excellent power law fit was 

obtained with the experimental data at 25°C and that the temperature is closer to the Tm of the 

composite, Tref was taken to be as T25, thus the relaxation modulus can be described by  

( ) 0637.04.1459)( −⋅= ttE  (5.3) 
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where E is the modulus in MPa and t is the time in minutes. 

 The shift factors using WLF equations uses Tg of the polymer as the reference 

temperature, however, if the properties of the material at another temperature are known, it 

can be interpolated with Tg to obtain a new Tref. In this study, the properties of the composites 

were known at 25, 50 and 80°C; Therefore, the new equation for the shift factor takes the 

form 

( ) ( )
( )
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gf
t TT

TT
TT

TT
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−+
−

−
−+
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6.51
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4.17

log
Re

Re  (5.4) 

where TRef is 25°C and i is the temperature at which the shift has to be calculated. The shift 

factors obtained using the WLF equation at different temperatures is shown in Table 5.4. 

 In Equation (5.3), the modulus of the composite appears to be a function of time, therefore 

by the use of the WLF equation can be extended to estimate the modulus of the composite at a 

certain period of time. However, to be realistic the model would tend to over predict as the 

degradation factors such as moisture and ultraviolet radiation are not taken into account. 
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Nevertheless, assuming the degradation factors to be minimal, the predicted modulus can be 

considered as a good approximate.  

Table 5.4 Shift factor (at) at different temperatures 

 

 

 

 

 

 

 

 In tensile stress relaxation experiments, the specimen is subjected to instantaneous tensile 

strain that is thereafter maintained constant. The tensile stress is monitored as a function of 

time to obtain the stress relaxation data, the same experiment can be carried out to yield 

tensile modulus and is commonly referred to as the ‘ten-second tensile relaxation modulus’ 

(Shaw and MacKnight 2005). In Figure 2.8, the viscoelastic behaviour of the polymer has 

been explained as the glassy, viscoelastic, rubbery and flow regions. In the glassy region, the 

thermal energy is insufficient to rotate and translate the polymer chains resulting in chain 

segments essentially frozen, and the corresponding modulus is the glassy modulus, with the 

increase in temperature, the thermal energy surpasses the potential energy barrier causing the 

chains to rotate and translate, resulting in a decrease in modulus. As temperature is further 

increased, the material reaches the rubbery region and the modulus reaches a plateau. In this 

temperature range, the motion of the polymer segments is rapid and precise modulus cannot 

be measured in 10 seconds. As the temperature is increased, the molecular motion of the chain 

segments also increases until all the molecules begin to translate. At constant high 

temperatures, the molecules will slip and slide by one another, and this translation would 

result in a considerable amount of flow in the material, that is non recoverable. Hence, by 

applying the 10 second test in this flow region, accurate results can be expected.  

 The modulus of the material can be measured using the above technique, but to obtain 

moduli of the same material at different temperatures would become a tedious task. As the 

Ti (°C) at 1 year Modulus 5 year Modulus  

30 0.26 578.3 MPa 522.4 MPa 

40 2.2 x 10-2 494.5 MPa 446.3 MPa 

50 2.6 x 10-3 431.6 MPa 389.6 MPa 

60 5.6 x 10-4 391.4 MPa 353.3 MPa 

70 1.4 x 10-4 358.3 MPa 323.4 MPa 

80 4.2 x 10-5 331.9 MPa 299.5 MPa 
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relaxation modulus is a function of time, and that the modulus at other temperatures can be 

predicted using a reference temperature, the moduli of all other temperatures can be shifted 

onto the reference curve to obtain a “master curve”. This empirical procedure, referred to as 

the time-temperature superposition procedure has been applied to the sisal-PP composites to 

obtain a master curve for modulus at different temperatures. 

 A common practice is to reduce the relaxation data to the temperature Tg of the composite 

considering the idea that all the amorphous polymer matrices will exhibit similar behaviour at 

their glass transition temperature. As the properties of the composite in this study is unknown 

at its glass transition temperature, by using Equation (5.18) the reference temperature can be 

taken as 25°C, at which the properties of the composites is known. The relaxation modulus of 

the composite was taken from the initial 10 seconds at the constant strain region as shown in 

Figure 5.6 (a).The moduli values of the specimens at temperatures 50 and 80°C were shifted 

onto the modulus curve at 25°C by applying shift factors aT on the horizontal axis.  
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 The constants suggested by Williams, Landel and Ferry (WLF) (Williams et al. 1955) for 

Tg reference temperature of the polymer resulted in erroneous results, severely under 

predicting the shift variable for both the temperatures. Hence, for this study, the optimum 

shift factors were obtained using the solver function in MS Excel, the shift factor aT obtained 

are 0.5 and 0.7 as compared to 2.6 x 10-3 and 4.2 x 10-5 for 50 and 80°C respectively. This 

inconsistency could be because the WLF equation has been originally derived to obtain the 

shift factors for a single phase system which is not true in this case where the composites 

consist of sisal fibres and talc having different coefficients of thermal expansion causing the 

relaxation process to be dependent on the fillers, this can be observed in Figure 5.4 where the 

sisal-PP composites exhibit higher relaxation than that of the neat PP at similar temperatures, 

additionally the molecular weight of the polymer reduces considerably with the inclusions, 

altering the thermal motions of the polymer segments. The thermal history of the polymer 

also plays a role; as the polymer has been exposed to high temperatures during extrusion the 
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Figure 5.7 The WLF equation using the constants for T25 of PP (a) Shift factor as a 
function of T (b) Master relaxation curves starting from 25°C from the top 
followed by 30°C, 40 - 80°C to the bottom 
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Tg of the polymer may have shifted away from that considered in this calculation resulting in 

a shift of aT.  

 This process of curve fitting is an empirical procedure and is relative to the specimen and 

testing situation, however, if the manufacturing parameters are monitored to obtain consistent 

material properties, the master curve as seen in Figure 5.6 can be used to read the 10 second 

modulus directly at different temperatures. By using the master curve, it is possible to view 

the dependence of the modulus-temperature plots on any arbitrary time in the plot. This can 

be done by picking points on the master curve with vertical lines drawn from that point onto 

the time scale. The master curves for temperatures ranging from 25 to 80°C using the 

universal WLF constants are shown in Figure 5.8, by picking the appropriate shift factor from 

Figure 5.7 (a) and applying the slight vertical shift, the moduli can be shifted to the reference 

curve at 25°C.  
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5.3 Compressive behaviour of sisal fibre-PP honeycombs 

Honeycomb cores exhibit excellent resistance when they are loaded in the out-of-plane 

direction rather than in-plane direction; this is because during out-of-plane loading, the cell 

walls are aligned with the load, expanding or compressing the cell walls rather than just 

bending in case of loading in the in-plane direction. Therefore, the performance due to 

compression depends on the out-of-plane properties of the honeycomb. 

Earlier research in this area has been primarily concentrated in developing the empirical 

and semi-empirical relationship between the material properties and the geometrical 

parameters of honeycombs. The fundamental work in developing out-of-plane expressions for 

the honeycomb core was developed by Kelsey and co-workers (Kelsey et al. 1958), where 

they derived expressions for the out-of-plane shear modulus (Gxz, Gyz) using the unit load 

approach by Argyris (October 1954- May 1955), which was based on energy principles. 

Based on this initial foundation, Gibson and Ashby (2001) derived all the nine material 

constants (Eij, Gij and υij) of the honeycomb including the axial and shear deformation effects 

for compressive loading of the honeycomb in respect with the material properties from which 

the honeycomb has been manufactured and the geometrical parameters of the honeycombs, 

for the sake of simplicity, their calculation was based on cell walls of equal thickness, which 

was modified later modified by Klintworth and Stronge (1988), including the effect of double 

cell wall thickness. The initial semi-empirical analytical framework of large plastic 

deformations of honeycomb structures was developed in 1960s’ McFarland (1963), which 

was modified by Wierzbicki (1983) who identified the collapse mode of the cell walls to be 

due to folding of the element which is accomplished by the rolling type of mechanism and not 

due to shear type of deformation as described by McFarland. Zhang and Ashby (1992) 

extended this approach to developed expressions for the failure loads of honeycombs under 

transverse compression and shear loading, which agree well with the experimental data for 

aramid paper honeycombs.  

A schematic of a unit cell is shown in Figure 5.8 (b). The hexagonal core consists of cell 

walls of length ‘l’, thickness ‘t’ and height ‘H’, and as two half hexagonal profiles were 

bonded to make a complete cell, two cell walls were of the thickness ‘2t’. Figure 5.8 (a) 

depicts two complete hexagonal cells from which the unit cell was derived. As the hexagonal 

cores consisted of symmetrical hexagonal cells that are periodic, it can be represented as a 
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single unit cell with cell wall length ‘l/2’, thicknesses ‘t’ and ‘2t’ of the single and double cell 

wall, respectively which can be translated to form a complete core. 

 

 Therefore, the effective area of a honeycomb unit cell can be expressed as the area of the 

triangle in Figure 5.8(b) or ¼th the area of the rectangle in Figure 5.8(a). 

( ) θθ cossin llhAeff +=   (5.5) 

and the effective area of the cell walls is  

122
ltth

+  (5.6) 

Let ρ* and ρs be the densities of the honeycomb core and the solid from which the 

honeycomb is made of, respectively. The equation for equating the mass per unit thickness of 

the unit cell and the cell walls is given as  

( )[ ] * ρ θl θlh cossin+  = s ρltth
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and can be expressed in the form  

t1 

t2 

30° 
ℓ 

Figure 5.8 Typical hexagonal cells showing (a) the associated geometrical parameters 
(b) unit cell 
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where, h/l, θ, t1/l and t2/t1 are the non-dimensional parameters that define the geometry of a 

hexagonal cell and φ  is the relative density of the honeycomb core (Gibson and Ashby 2001).  

As the sheet from which the honeycomb was manufactured exhibited mild orthotropy (≈ 

2), the principal material direction (stiffer direction) has been aligned along the depth 

direction of the honeycomb, i.e. 3 direction is perpendicular to this paper. Therefore, the cell 

wall material has been modelled as a linear elastic specially orthotropic plate/lamina under 

plane stress condition and also as a quasi-isotropic material by neglecting the mild orthotropy 

(as the degree of orthotropy ≈ 2).  

The failure loads in the honeycomb have been evaluated in the loading direction; for 

uniform compression of the cell walls, each wall carries an equal amount of compressive 

stress σ33, and by considering force equilibrium in the loading direction, the relationship 

between the external stress σ33
* in the honeycomb and σ33 in the cell walls can be expressed as  

( )[ ]
2

2
2

cossin 133233
*
33

lthtllh σσθθσ +=+  (5.9) 

and from equation (5.8)  

φ3333 σσ* =  (5.10) 

which implies that the compressive stress in the cell walls is inversely proportional to the 

relative density of the honeycomb core.  

 For a honeycomb core consisting of regular hexagonal cells with (h/l) = 1, θ = 30°, t2/t1 = 

2 and t2 = t, the relative density φ  = (
33

8 ) (t/l). 

 As the cell walls have been considered as plates subjected to compressive loads, the 

critical buckling load can be calculated by applying relevant boundary conditions; if all the 

edges are assumed to be simply supported, the predicted critical buckling load is of lower 

bound, and if the cell walls are assumed to be fixed at both the ends, the predicted critical 
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buckling load is of upper bound. In reality, the cell walls are restrained by their neighbours at 

the edges and by the facings at the top and bottom, so the edges between the core and facings 

may be considered fixed, but the fixity in the remaining edges is somewhere in between the 

simply supported and fixed boundary condition. Hence, all the edges can assumed to be 

simply supported to obtain the lower bound of the critical buckling load. 

The critical buckling load for a single layer specially orthotropic laminate based on the 

plate buckling theory (Timoshenko and Gere 1961) can be expressed as (Reddy 2004) 
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where a and b are the length and width if the rectangular plate and m and n are the number of 

half buckles in the lateral and longitudinal surfaces of the plate. As the condition of special 

orthotropy has been considered, the bending-stretching coefficients Bij and the bending-

twisting coefficients D16 and D26 will be zero, according to classical lamination theory, Then 

the lowest buckling load is obtained when the value of n = 1 (Reddy 2004). Therefore the 

Equation (5.5) can be written as, 
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Hence, for a honeycomb core, considering each cell wall to be a specially orthotropic 

plate of length l = h and width to be the height of the core H, and considering the number of 

half buckles m = 1 and n = 1, the elastic buckling load can be written as  
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where Dij are the bending stiffnesses of the cell wall, expressed in terms of the stiffnesses Qij, 

and the relation 
12

3tQ
D ij

ij =  for the values of i, j = 1, 2, and 6 in this case.  

The buckling of the cell walls depend on the bending of the cell walls, and from Equation 

(5.13), the buckling stress will be proportional to (t/l)3, hence the buckling stress of the double 

thickness cell wall (t2) will be eight times that of the single thickness cell wall (t1), meaning 
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that t1 would buckle first and then and eventually, the double thickness cell walls (t2) will 

buckle due to a loss of restraint at the edges.  

 The critical buckling stress of the honeycomb core, neglecting post buckling can be 

calculated from the buckling of the inclined members. Hence, from equation (5.13) equating 

the stresses in the core to the stresses in the cell walls,  
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where the first term is the stress in the honeycomb core and the second term is the stress in the 

individual cell walls.  

 If the cell walls are considered as quasi-isotropic, with E = E11 and υ = υ12, then by using 

Euler’s formula for elastic buckling load of a plate (per unit width) under compression 

(Timoshenko and Gere 1961), Pcr = Kπ2Et3/12l2(1-υ2), the critical buckling stress of the core 

and the cell wall can be expressed as  
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where the value K depends on the edge constraints of the cell walls and depends on the (H/l) 

ratio. 

 When the compressive stress in any cell wall reaches the fracture stress of the cell wall 

material σ33max, then the fracture of that cell wall causes the honeycomb failure. The 

corresponding external load is the critical fracture load for the honeycomb core and is given 

by 

φ3333 σσ* =  (5.16) 

Where the left hand term is the honeycomb critical fracture stress and the right term is the 

corresponding fracture stress in the cell walls. There by using the above equations, a failure 

criterion has been set up and the failure mode map has been generated. The maps have been 

plotted with maximum load carrying capacity of the honeycomb as a function of the relative 
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density (φ ) and (t/l) ratios for the orthotropic and quasi-isotropic condition considered. From 

Equations (5.14) and (5.16), it is obvious that the critical buckling load varies with the core 

depth and cell wall length ratio. In these failure mode maps, the buckling load has been 

plotted for a core depth of 25 mm because the laboratory experiments have been performed on 

cores of such depth. The experimental values of the mechanical properties of the composite 

sheet and the honeycomb considered in this analysis are shown in Table 5.5. 

Table 5.5 Mechanical properties of the composite sheet material and the honeycomb cores 

 

5.3.1 Failure maps of sisal-PP honeycomb cores subjected to compressive loading 

 The failure maps were constructed in the Matlab environment and the maps are shown 

in Figure 5.13 and 5.14. The plot shows the maximum load carrying capacity as a function of 

the relative density φ  and t/l ratio, based on orthotropic and quasi-orthotropic assumptions, 

the load index as shown on the y-axis in the maps is the normalised stress with respect to E11. 

The critical buckling loads from Equations (5.14 and 5.59) vary with the core depth and cell 

wall length ratio and for the failure maps in this study, a core depth of 25mm has been 

considered to maintain integrity between the experimental and analytical results, the buckling 

constant K has be taken as 4.02 considering the isotropic case (Timoshenko and Gere 1961).  

 

Material property Value Test standard  
Tensile strength (MPa) Longitudinal σ11 36.40  ASTM D 638 

Transverse σ22 21.40  ASTM D 638 
Tensile modulus (GPa) Longitudinal E11 3.87  ASTM D 638 

Transverse E22 2.17  ASTM D 638 
Poisson’s ratio  Major υ12 0.40 ASTM D 638 

Minor υ21 0.20 ASTM D 638 
Shear modulus G12  (GPa) 2.87  ASTM D 4255 
Shear modulus G13=G23 (GPa) 157.48  ASTM D 732 
Sheet compressive strength (MPa) 71.20  Modified ASTM D 695 
Sheet compressive modulus (GPa) 3.50  Modified ASTM D 695 
Core compressive strength (MPa) 8.73  ASTM C 365 
Core compressive modulus (GPa) 268.9  ASTM C 365 
Sheet density ( kg/m3) 960  Conventional method 
Core density( kg/m3) 156  Conventional method 
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 At lower relative densities with the loading in the 3 direction until point P, the failure of 

the honeycomb core is governed by the compressive buckling of the cell walls. The transition 

point P in Figure 5.9 is obtained by equating σ33 in Equations 5.14 and 5.15, eliminatingφ ; the 

density corresponding to the point P represents the balanced relative density and indicates the 

occurrence of both buckling and fracture of the cell walls. With any further increase in 

relative density beyond this point, the dominant failure mode changes from buckling to 

fracture of the cell walls. The load index in this study has been calculated as is 1.5 x 10-3 

which corresponds to 5.87MPa, and the associated relative density is about 0.08. 

 The honeycomb load capacities are plotted in Figure 5.10 for various t/l ratios, and for 

the critical load index of 7.78 x 10-4, the t/l ratio is 0.042 and the corresponding relative 

density is 0.065. The failure in this case is again governed by the buckling of the cell walls; 

this is because, from Equation (5.14) it can be seen that the buckling is proportional to (t/l)3 

and from the Equation (5.15) the fracture of the cell wall is proportional to t/l, meaning that 

with the increase in honeycomb density and t/l, the resistance to buckling increases 

exponentially as compared to fracture, hence the cell walls become prone to failure by 

fracture. This can be seen as a change in the failure mode from compressive buckling to 

compressive fracture when the relative density approaches the critical value (point P).  

Figure 5.9 Failure mode maps for the sisal-PP composite honeycomb, plotted with 
load index as a function of relative density φ  Legend: ― indicates 
orthotropic case and -·-·- indicates quasi-isotropic case, P is the point of 
at which all failures occur simultaneously
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 These maps can be used to assist the designer during the design process and their 

application is two fold; firstly if the maximum loading during its service is known, the load 

index can be obtained by normalising it with the sheet modulus which can then be used to 

obtain the relative density, and hence the thickness and length of the cell wall of the 

honeycomb. Secondly, by selecting the prescribed loading and material parameters, with the 

help of the failure maps, the designer will be able to view the dominant failure mode. Hence, 

it provides the flexibility to design honeycombs to fail in a particular mode.  

5.3.2 Compressive strength assessment of the sisal-PP cores  

 The reinforcement of short sisal fibres in the PP matrix has increased the modulus over 

100%, and from Equation (5.14) the buckling mode of failure for the same relative density the 

ratio of the load carrying capacity of the reinforced PP honeycomb to that of the PP 

honeycomb can be given by the ratio of the Young’s modulus of the respective cell wall 

material, Er/E, where superscript ‘r’ denotes the reinforced case, meaning that the buckling 

resistance of the honeycombs increase with the increase in the Young’s modulus of the cell 

wall material. However, the reinforcement in turn may increase or decrease the density of the 

cell wall depending on the density of the reinforcement used. Hence, by using a fibre of lower 

density, the density of the composite material can be considerably reduced, thus reducing the 

density of the honeycomb.  

Figure 5.10 Failure mode maps for the sisal-PP composite honeycomb, plotted with 
load index as a function of t/l ratio Legend: ― indicates orthotropic 
case and -·-·- indicates quasi-isotropic case, P is the point of at which all 
failures occur simultaneously 
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 By considering the reinforced and unreinforced honeycombs to be of the same density, 

from Equation (5.14), the load carrying capacity can be expressed as the ratio of its specific 

stiffnesses (E/ρ) of the respective cell wall materials, multiplied by (ρ/ρr)2. The ratio of the 

Young’s modulus of the composites and the PP (Er/E) in this study is 387% and the increase 

in the sheet density after reinforcement is ~6.67% (900 to 960 kg/m3). Thus the improvement 

in the load carrying capacity will be 3.87 x 0.82 = 3.17, i.e. 317%, meaning that the increase 

in specific stiffness of the cell wall has in turn enhanced the load carrying capacity of the 

honeycomb core.  

 By considering the reinforced and non-reinforced honeycombs to be subjected to similar 

loading, from Equation (5.14), the ratio of the relative density of the reinforced and 

unreinforced honeycomb can be expressed as 3 */ EE  = 0.64, meaning that the reduction in 

the relative density is ~36% and the overall reduction in the honeycomb density taking the 

effect of reinforcement (ρ/ρr)2 into account, the reduction of the density is 0.64 x 1.07 = 0.68, 

i.e. 32%. Hence to withstand similar loads, the sisal-PP honeycomb cores would offer a 

reduction of 32% compared to PP honeycombs.  

 By considering the failure of the honeycomb to be due to fracture of its cell walls, from 

Equation (5.15) the improvement in the load carrying capacity of the reinforced honeycomb 

compared to the unreinforced honeycomb having same relative density can be expressed as 

the ratio of their compressive strengths (σr
33max/σ33max), and if the increase in density of the cell 

wall material is taken into account (same for both failure mechanisms), the net improvement 

in strength for the honeycombs of same density can be expressed as the ratio of their specific 

strengths (σ33max/ρ). The ratio, σr
33max/σ33max = 2.16 in this study, and therefore there is an 

improvement of 216% in strength compared to the PP honeycombs, by taking the effect of 

density into account, load carrying capacity of the reinforced honeycomb improves by 

2.16x0.94= 2.02, i.e. 202%. 

5.3.3 Comparison of theory with experimental results 

 The average experimental compressive strength of the sisal-PP honeycomb core has 

been measured as 8.73MPa with the corresponding relative density of 0.16, on observing the 

failure mode during experimentation, the dominant mode of failure appeared to be due to 

buckling of the cell walls (Figure 5.11).  
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 The theoretical calculations indicate the maximum compressive stress *
33σ  as 11.39MPa 

and the failure of the honeycomb to be due to fracture of the cell walls. The buckling strength 

of the honeycomb based on orthotropic and quasi-isotropic assumption is 44.5 and 26.39MPa 

respectively, over predicting the experimental results. The discrepancy in the results may be 

because the shear deformation of the cell wall has been neglected in the theoretical 

calculations. As the t/l ratio of the cell wall is about 6, including the shear deformation of the 

cell wall would reduce the buckling load. In addition, the cell wall material can have elastic-

plastic buckling, that can cause buckling at a lower load. Any imperfection/damage in real 

honeycomb can also reduce the buckling load considerably. Hence, the elastic buckling load 

calculated here can be considered as the upper bound. With the reduction in buckling load, the 

intersection point (P) in Figure 5.10 would move further right and thus honeycombs with a 

wide range of densities would fail by buckling instead of fracture. Hence, the correlation with 

the experiments would improve, especially for higher densities. 

5.4 Finite Element Analysis of four-point bending 

 The finite element model was developed in ANSYS classic finite element environment 

using ANSYS Parametric Data Language (APDL), originally developed by (Staal 2006). The 

cell walls were modelled as a repetitive unit cell which could be translated in the x and y 

directions as shown in Figure 4.44 to form a complete core. The faceplates were assembled in 

the transverse direction (out-of-plane, along z axis) to form a honeycomb core sandwich 

panel, shown in Figure 5.12. As the core geometry was that of a regular hexagon, the length 

of the vertical and horizontal members were considered equal.  

 

Figure 5.11 Experimental failure of the honeycomb due to buckling of the cell walls 
initiated at the top and bottom faces as indicated  
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 In this model, SHELL181 elements were used to model individual cell walls and the 

faceplate. Shell elements are usually used to model structures where one of the dimensions of 

the structure is considerably smaller that the others, which in this study relate to the thickness 

dimension of the cell wall which is negligible compared to the length and width of it. The 

elements offer six degrees of freedom at each corner node, including rotation and 

displacement which is ideal for modelling three dimensional thin walled structures. The cell 

walls consisted of quadrilateral shell elements and the faceplate consisted of a combination of 

quads and triangle elements.  

 In the experimental four-point bending test, the beam consisting of a core of height 

~25mm and facings of thickness ~1.7mm was simply supported at a span length of 180mm, 

subjected to point loading at distance 45mm from the supports. To simulate the experimental 

four-point bending test, the supports were placed at a distance L of 180mm apart and equally 
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distributed point loads as force of P/2 were applied to nodes at a distance L/4 from the 

supports. As the beam was simply supported, the nodes at one of the support were constrained 

for translation in the x, y and z direction (Ux, Uy, Uz, constrained and free to rotate Rotx, Roty 

and Rotz) and the other end was constrained for translation in the z direction.  

 The length, thickness and the angle between the horizontal members and the inclined 

members of the cell wall were measured using image analysis as 9.8mm, the thickness 

varying between 1.3-1.5mm and the angle varying from 58-60° respectively. Therefore, an 

average constant thickness of 1.4mm for all the cell walls, an angle of 60°between the 

members and a cell wall length of 9.8mm have been considered in this study. Three-ply wood 

veneers with the grains arranged in 0/90/0 were considered as facing material for the 

sandwich material. The hexagonal cores were manufactured from recycled cores which 

exhibited mild orthotropy, hence in this study composite material from which the core was 

manufactured and the facings have been assumed to be isotropic. The other properties of the 

material used in this study are shown in Table 5.6.  

Table 5.6 Geometry and material properties used for the FE analysis 

 

 

 

 

 The thickness of the shell elements was equal to the thickness of the cell walls and, 

element type, cell size, fillet size, internal angles, material properties, cell wall and face sheet 

thickness, core depth, number of cells in the core, mesh density and adaptive mesh refinement 

at the junctions can be adjusted through APDL files in the model. As the experimental 

specimens consisted of ten hexagonal cells in the longitudinal direction and three cells in the 

transverse direction, the modelled specimen followed the same pattern. The convergence 

study in terms of solution and solving time for the element density with respect to the number 

of cells (10 x 3) in the core revealed the mesh density along the height = 15 and along the 

length of the cell wall = 10 to be the best combination.  

 A steady-state analysis in the elastic range with a constant distributed load of 4.4kN was 

used in all the analyses. The FE model has been validated with the experimental results of the 

Material E (GPa) Poisson’s ratio Thickness (mm) 

Recycled sisal-PP 2.0 0.4 1.4 

3-ply wood veneer 4.5 0.4 1.7 
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panels in two cases; single thickness facings where 3-ply wood veneers of thickness 1.7mm 

were used as facings and double thickness facings where 6-ply wood veneers of thickness 

2.5mm were used as facings and in both the cases, the core height was 25mm. 

Sandwich panel with 3-ply wood veneer facings 

The static FE model analysis predicts a maximum mid-span displacement of ≈3.1mm, shown 

in Figure 5.14 and facing bending stress (x-component of stress) which was measured on the 

top facing between the loading points as ≈44.5MPa in the middle of the panel and ≈45.3MPa 

closer to the loading zone, which is because of stress concentrations. The experimental results 

reveal a mid-span deflection of 3.8 ± 0.4mm, and the facing bending stress 44.1 ± 1.2MPa for 

the five specimens tested with the load being equal to 4.4 ±0.2kN. The experimental results in 

this study are slightly lower to the ones discussed in the previous chapter because the load 

considered here is within the Hookean region for the analysis. An excellent correlation of the 

predicted and the experimental facing bending stress and a slight variation (0.3-0.7mm) in 

deflection can be observed. The variation in the displacement is mainly because of the 

variations in the core modulus exhibited during experimental testing of the sisal-PP composite 

sheets (2.17 ±0.3GPa), which was considered as a constant value of 2.0GPa in this modelling. 

The stresses, deflection and other associated parameters of the experimental and FE predicted 

is shown in Table 5.7. 

 The deflections and the facing bending stresses and the core shear stress predicted by the 

FE model (Figure 5.14) agrees well with the experimental results, however, it over predicts 

the shear modulus of the core, which is because of the panel bending stiffness and predicted 

Figure 5.14 Deflection contours of sandwich panel consisting of 3-ply wood veneer 
facings and sisal-PP honeycomb core, under 4-point flexural loading  
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deflection which are lower than the experimental value. The shear stress in the core was 

estimated using the relation from (Banerjee et al. 2008) 

l
t

sxz ττ
3

1* =  (5.17) 

where *
xzτ  is the shear stress in the core, sτ is the shear stress in the cell wall material, t is the 

thickness of the cell wall and l is the length of the cell wall. The discrepancy in the shear 

values is due to the assumption of constant thickness and length of the honeycomb cell walls 

in the FE model and hence in the Equation (5.17).  

Table 5.7 Comparison of experimental and FE predicted results  

 

 The FE model assumes a perfect bond between the core and the faceplates. This may not 

be true in the real case, as it was observed during experimentation that the failure of the 

sandwich panel was mainly due to the failure of the adhesive between the core and the 

faceplates. Hence, the presence of flaws and the discrepancies in bond strength within the 

core and between the core and face plates (even before testing) may have contributed towards 

the increased mid-span deflections during experimentation.  

 The total deflection of the sandwich panel is due to the combination of bending of the 

panel and shear of the core, and when total deflection increases with the same span length, the 

shear contribution towards the total deflection will increase. In sandwich panels it is assumed 

that the facings carry all the bending stress and the core carry all the shear stresses. This 

increase will cause the decrease in the shear rigidity of the panel and hence the modulus. In 

the experimental values, the contribution from the bending of the panel towards total bending 

is 57% and the rest 43% is due to the shear of the core, in the FE model the contribution of 

bending towards total deflection is 80% and that of shear is 20%, meaning that cores being 

stiffer than the experimental cores may carry some of the bending load too. From simple 

beams theory, with larger loading span with high span length to sandwich depth ratio (>20), 

Material Δ (mm) σ (MPa) τ (MPa) G* (MPa) EI (N-mm2) U (kN) 

3-ply 
facings 

Exp 3.8 ±0.4 44.1 ± 1.2 1.5 36.20 166 x 106 62.97 

FE  3.1 44.5 1.0 152.86 150 x 106 155 
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the contribution of shear towards the total bending becomes minimum and is usually 

neglected. However, in this case, the span length to depth ratio is ≈8, meaning that the shear 

contribution towards total deflection will prevail.  

 The purpose of FE modelling is mainly reduce the cost and time involved in 

experimentation; though it is the intention to maintain integrity of the experimental 

conditions, some assumptions considered may not be completely true, for example in this 

study, the core material and the facings were assumed to be isotropic, the thickness of the 

facings and the cell walls were assumed to be constant. However, if the material and 

dimensional consistency of the core can be achieved during manufacturing, the rigorous, time 

consuming experimentation could be safely replaced by FE modelling. 

 In this study, due to the variability in the material parameters which were obtained from 

sustainable natural resources, an exact correlation to the experimental data may not be 

possible. However, the trend in the properties predicted by the FE can be used to identify the 

design parameters. Hence, in the view of examining the trend of the variation in the shear 

stiffness of the panels with respect to variable core heights and core material thicknesses, a 

simple parametric study has conducted in a systematic approach where each parameter has 

been considered separately, assuming that the effects of the parameters are independent of 

each other. The parameters used in this study is shown in Table 5.8 

Table 5.8 Variables in the parametric study 

 

 

 

5.4.1 Variation in cell wall thickness and core height 

 In this parametric study, all the geometrical parameters of the sandwich panel were fixed 

and the thickness of the cell wall was varied from 0.1-1.4mm and the core height was varied 

from 25-32.5mm. The core shear modulus with respect to the variation of cell wall thickness 

and core heights is shown in Figure 5.14.  

In Figure 5.14 (b), it can be seen that the core modulus increases with the increase in the cell 

wall thickness, however, with the increase in the thickness of cell wall material the density of 

Material E (GPa) Poisson’s ratio Thickness (mm) 

Recycled sisal-PP 2.0 0.4 0.1, 0.5, 1, 1.4 

Core height - 0.4 24.6, 27.5, 30, 32.5
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the core increases. At low cell wall thicknesses, considering similar cell wall lengths, the ratio 

of the cell wall thickness to cell wall lengths (t/l) is low and in (Banerjee et al. 2008), the 

authors have explained that at lower (t/l) ratios, the failure of the core would be dominated by 

shear buckling. Similarly, when the core height increases, the core modulus has reduced 

considerably, meaning that the core will be prone to cell wall fracture. Hence by setting 

design constraints, and referring to the trend of the sandwich panel behaviours, it is possible 

to design a honeycomb core sandwich panels to meet the designers requirements. 

 

5.5 Summary 

 In this chapter, properties of the sisal fibre, sisal-PP composites and honeycomb cores 

have been analysed using theoretical models. The properties of the sisal-PP composites were 

modelled using pre-existing micromechanical models starting with the rule of mixtures, 

followed by Hirsch’s modified ROM, Cox’s shear-lag theory and two variants of the shear-lag 

models. It was observed that most of the models agree well with the experimental results at 

lower fibre volume fractions, but at higher volume fractions, they do not agree with the 
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experimental values. This was mainly because of the low fibre-matrix interfacial stresses, as 

pointed out by the modified shear-lag model and the low fibre aspect ratio which was pointed 

by the modified Halpin-Tsai model. The micromechanical models indicate that the fibre 

strength is not being completely utilised, which is due to the poor fibre-matrix interfacial 

adhesion and the short length of the fibre. As the copolymer failed to provide any 

improvement in the interfacial adhesion, it would be wise to extrude composites using 

inexpensive fibres of lower strengths (e.g. woodfibres) such that the current interfacial 

strength would be adequate to utilise the total fibre strength. 

 The stress relaxation behaviour of the sisal-PP composites which were experimentally 

determined in the previous chapter have been analysed using models consisting of springs and 

dashpots arranged sequentially in parallel and series. The relaxation pattern of the PP used as 

matrix follows that of the Zener model which is a spring arranged in parallel with a Maxwell 

element and the relaxation pattern of sisal-PP composite followed that of a Zener model with 

a Maxwell element in parallel. The addition of a Maxwell element to the original Zener model 

used for the PP indicates that the reinforcement of the fibres in the PP has increased the stress 

relaxation of the material. The model predicts that the material at 25°C relaxes to a constant 

stress after 190 minutes, at 50°C after 225 minutes and at 80°C after 265 minutes. 

 Time-temperature superposition approach has been used to determine the viscoelastic 

characteristics at unknown temperatures from the known experimentally determined data. As 

the properties of the composite in this study is unknown at its glass transition temperature, by 

using WLF equation the reference temperature was shifted to that of the material at 25°C, at 

which the properties of the composites is known. The relaxation modulus of the composite 

was taken from the initial 10 seconds at the constant strain region and the moduli of the 

specimens at temperatures 50 and 80°C were shifted onto the modulus curve at 25°C by 

applying shift factors aT on the horizontal axis. As the universal constants suggested by 

Williams, Landel and Ferry resulted in low shift factors, a least squares method was used to 

obtain the optimum factors. The master curves were then constructed by shifting the curves 

horizontally onto the relaxation curve at 25°C.  

 After obtaining the master curves, the compressive behaviour of the sisal-PP 

honeycomb cores have the out-of-plane compressive behaviour of these cores is investigated. 

The cell wall material has been modelled as a linear elastic, orthotropic plate/lamina and also 

as a linear elastic, quasi-isotropic material. The failure criteria for the reinforced honeycombs 
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are theoretically developed. Failure maps that can be used for the optimal design of such 

honeycombs are constructed for a wide range of honeycomb densities. The results indicate a 

significant improvement in the load carrying capacity of the honeycomb cores after fibre 

reinforcement. 

 Lastly, flexural properties of the sandwich panels that were experimentally examined 

in the previous chapter have been modelled using finite element method in Ansys 

environment. The cell wall and the facings were modelled as isotropic materials. Though the 

deflections and the facing bending stresses predicted by the FE model agrees well with the 

experimental results, it over predicts the shear stress and shear modulus of the core, which 

was because of the influence of the loading.  
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Chapter 6  

Evaluation of non-structural properties 

“Discontent is the first necessity of progress”    

Thomas A Edison. 

 

 In the previous chapters, the manufacturing of the recyclable sisal-PP composite 

honeycomb cores has been discussed, the structural properties of the relatively novel 

honeycomb cores were determined and its performance was evaluated with respect to the 

unreinforced cores. It has been observed that the reinforcement of short sisal fibres in the PP 

matrix has improved the structural property of the composite material and the honeycomb 

cores, compared to the unreinforced case. However, in certain cases the honeycomb cores 

may not be applied as structural members only, but in addition may require good functional 

properties, for example: if the honeycomb cores are used as a packaging media, it should not 

only be strong and stiff to withstand the load, but also have the ability to absorb energy in 

case of an accident such that minimum impact transferred to the packaged material. In case of 

air conditioning vents, the function of the core is to mainly directionalise the air flow and 

reduce the noise by changing the air flow pattern from that of turbulent to laminar. Hence, in 

the view of examining the functional property while maintaining the structural integrity, the 

acoustic performance, vibration damping and energy absorption aspects of the functional 

properties of the sisal-PP honeycomb cores have been experimentally determined in this 

chapter.  

 

 

 

 

 



Chapter 6 Evaluation of non-structural properties 

  186

6.1 Acoustic performance of sisal-PP honeycomb core sandwich panels 

 The acoustic performance of the sandwich panels can be categorised by, sound 

transmission loss (TL) and sound absorption. The former relates to the application of the 

panel as a sound barrier, preventing the sound to pass through it and the latter relates to the 

ability of the panel to absorb the sound which is incident on it. In many cases, a panel 

exhibiting good sound absorbance will also be a good sound barrier; however, the panels can 

be manufactured to cater to the acoustic requirements. Some examples of the acoustic 

requirements in real cases are shown in Table 6.1. The TL and the absorption of the panels are 

generally categorised separately.  

 Sound is caused by the vibration in an elastic medium. The speed of sound at sea level, in 

air is 342m/s, but in solids, it is much higher. The velocity of the sound wave ν is related to 

the wavelength λ and frequency f by ν = λ f. The pressure of audible sound is about 106 Pa; 

hence the sound is usually measured in logarithmic scale with units of decibels (dB). There 

are two decibels scales in use viz. sound pressure level (SPL) and the sound power level 

(PWL) and both are closely related to each other and in practice, the SPL scale is used. 

Table 6.1 Specific acoustical requirements (Bitzer 1997) 

 

 

 

 

 

 

 

 The TL of a material is measured by mounting a sample of the material in an opening of 

a wall separating two reverberation test rooms. Broadband noise is played in the source room 

using a speaker assembly and the intensity of the sound signal is measured using a 

microphone in the receiver room. The difference between the sound levels in the source room 

and the receiving room is defined as Noise Reduction (NR). As the frequency and/or density 

increases the TL also increases. The density of the material is a key factor in determining the 

Medium Transmission loss 
requirements 

Absorption 
requirements 

Library High High 

Auditorium High Low 

Engine room High None 

Isolated factory None High 

Sounding board Low Low 
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transmission loss; for example, an improvement in the TL of the panel may not be observed if 

the core type and height are changed keeping the cell wall thickness and density same. The 

TL of a sandwich panel may be due to spreading of the sound waves and/or absorption of the 

sound waves, where the sound energy is absorbed in the material. The sound absorption in the 

material can be due to direct mechanical damping in the material, viscous damping, thermo-

elastic damping, and by vortex shedding at sharp corners. 

 The absorption of the sound is represented by the sound absorption coefficient, which is 

the fraction of the plane sound wave which is absorbed when it is incident on the material, 

meaning that, a material having an absorption coefficient of 0.9 would absorb 90% of the 

incident sound wave and this corresponds to the change of sound level of 10dB. The sound 

absorption coefficient of common building materials at indicated frequencies are shown in 

Table 6.2, and can be seen that the absorption coefficient increases with the increase in the 

porosity of the material, with glass wool exhibiting maximum absorption.  

Table 6.2 Sound-absorption coefficient of some building materials (Ashby et al. 2000) 

 

Medium 500 Hz 1000 Hz 2000 Hz 4000 Hz

Glazed tiles 0.01 0.01 0.02 0.02 

Roughened concrete surface 0.02 0.03 0.04 0.04 

Timber floor 0.15 0.10 0.10 0.08 

Cork tiles (solid backing) 0.20 0.5 0.60 0.55 

Drapes curtains with solid backing 0.40 0.50 0.60 0.50 

Carpet on felt underlay 0.30 0.60 0.75 0.80 

Expanded polystyrene  0.55 0.20 0.10 0.15 

Acoustic spray plaster (12 mm with solid 
backing) 

0.50 0.80 0.85 0.60 

Metal tiles with 25% perforations, with 
porous absorbent material laid on top 

0.80 0.80 0.90 0.80 

Glass wool (50 mm on rigid backing) 0.50 0.90 0.98 0.99 



Chapter 6 Evaluation of non-structural properties 

  188

 In this study, the sound absorption of the honeycomb core sandwich panels with three 

ply wood veneer facings was determined using a standing plane wave impedance tube, which 

was developed primarily to measure the sound absorbing properties of building materials. The 

schematic of the impedance tube, shown in Figure 6.1 consists of a loud speaker that produces 

an acoustic wave which travels down the pipe and reflects from the specimen. The phase 

interference between the waves in the pipe which are incident upon and reflected from the test 

sample will result in the formation of a standing wave pattern in the pipe. If all the sound 

waves are reflected (100%) then the amplitude of reflected wave pattern will be of the same 

of that of the incident wave, meaning that the nodes will have zero pressure and the antinodes 

will have double pressure. However, if the material absorbs sound, then the reflected wave 

will have different amplitude compared to that of the incident wave, this gives rise to a change 

in pressure at the nodes and the antinodes. In an impedance tube, the pressure is recorded 

using a microphone probe attached to a car which slides along a graduated ruler. The ratio of 

the maximum pressure at the antinode to the minimum pressure at the node is called the 

standing wave ratio (SWR) and is used to determine the specimen’s reflection coefficient 

amplitude R, its absorption coefficient α, and its impedance Z. 

 If the tube is of cross-sectional area S and length L, driven by a piston at x = 0, the 

maximum distance the probe could travel is x = L due to the presence of a mechanical 

impedance Zmax. The pressure wave in the tube due to harmonic vibration at a given frequency 

is given by  

( )[ ] ( )[ ]xLktixLkti BeAeP −−−+ += ωω  (6.1) 

where A and B are determined by the boundary conditions at x = 0 and x = L. The particle 

velocity in the tube may be expressed as  

Loud speaker 
Microphone probe 

Specimen 
Microphone car 

Graduated rule 

Figure 6.1 a schematic of an impedance tube that was used to measure sound absorption 

L 

x = L x = 0 



Chapter 6 Evaluation of non-structural properties 

  189
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where ρ is the density of air and c is the speed of sound in air, k is the wave number and i2 = -

1. Applying Euler’s law, the impedance of the plane waves in the tube may be expressed as 
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The mechanical impedance at x = L, expressed in terms of acoustic impedance is given as  
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where A = A and B = Beiθ.  

 

 

x = L x = 0 

A - B 

A + B 

L - x 

(a) 

(b) 

Figure 6.2 Pressure amplitude in the impedance tube in case of (a) total reflectance 
(b) partial reflectance 
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 Hence, if the ratio of the amplitude of incident wave to the reflected wave and the phase 

angle θ are given, the mechanical impedance can be calculated using Equation (6.4). The 

pressure amplitude is given by 

( ) ( ) ( ) ( )
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2222
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⎤
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⎡ −−++⎥⎦

⎤
⎢⎣
⎡ −−+=

θθ xLkBAxLkBAP  (6.5) 

The pressure amplitude is shown in Figure 6.2 where (a) represents the case of a case where 

100% of the incident wave is reflected back, meaning that the amplitude will be the same and 

(b) represents the case where there is some absorption by the specimen, which is indicated as 

the decrease in the amplitude of the reflected wave upon reflectance. The amplitude at the 

antinode is represented as (A+B), and the amplitude at the node is represented as (A-B) which 

is picked up by the receiver probe as maximum pressure and minimum pressure, respectively. 

The ratio of the pressures is defined as the standing wave ratio (SWR) expressed as  

BA
BASWR

−
+

=  (6.6) 

The equation may be rearranged to provide the reflection coefficient  

1
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and the sound absorption coefficient at a given frequency is given by 
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 More about the impedance tube set-up and their configurations can be found in (Kinsler 

et al. 1999). To determine the absorption coefficient, the sisal-PP honeycomb core sandwich 

panels were tested in a Brüel & Kjaer standing wave apparatus. An impedance tube of 

diameter 150 mm, a length of 2.0m and diameter 30mm, length 500mm were used to 

determine the absorption coefficient up to 200Hz - 1.6kHz and 1.6kHz - 4kHz respectively 

(Figure 6.3 (a)). Three variations of honeycomb cores were tried; hollow cores (air-filled), 

foam filled and woodfibre filled. For the woodfibre filled cores, the cells of the honeycomb 

cores were manually filled with medium density wood fibres, obtained from Scion Rotorua, 

and for the foam filled cells, polyurethane foam (Endurathane 3245-100R) was poured in 

between the cells and allowed to expand within the cells. The initial set of tests was conducted 
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with hollow core (air-filled cavities) and polyurethane foam filled cores (Figure 6.3 (b)) and 

the next set of experiments was conducted with medium density wood fibre filled cores.  

The measurement was taken at 1/3 Octave from 200 Hz - 4 kHz. The specimens with and 

without facings were tested out-of-plane, where the sound waves were incident on the facings 

of the panel and in-plane, where the sound waves were incident on the surface of the core 

material. For frequencies of 1.6 kHz and below, all the specimens (PP and sisal-PP) had a 

constant core height of 25mm and facing thickness of 1.4mm. 

6.1.1 Results and discussion of air and foam filled cores (in-plane and out-of-plane) 

 The sound absorption coefficient of the panels at frequencies between 200Hz and 4kHz 

at intervals of 1/3 octaves for honeycomb panels with air and foam filled cells are shown in 

Figure 6.4. Four panels of sisal-PP cores, which were air filled and polyurethane foam filled 

with different loading configuration, have been tried, in addition, panels with commercial 

(a) 

(b) 

Figure 6.3 Experimental setup to determine the absorption coefficient (a) Impedance 
tube to measure absorption up to 1.6kHz (b) Experimental specimens 
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grade PP cores have also been tested. The maximum absorption occurs when the sound waves 

are incident in the in-plane direction of the core. For sound to be absorbed, the surface 

porosity must be such that a sound wave will enter and be dissipated through internal heat 

produced by intermolecular friction between the air molecules and the absorbing structure. If 

the pore size is too small, the wave will be reflected; if it is too large, intermolecular friction 

will not take place, permitting the wave to pass through. However, from Figure 6.4 the panel 

absorbs only 5% of the incident sound waves, meaning that the surface porosity is very small.  

 In this study, when the sound waves are incident out-of-plane to the sandwich panel, 

either the three ply wood veneers or the foam filled cells face the sound waves. In the case 

where the wood veneer faces the sound waves, low absorption can be expected, primarily 

because of the inherent property of wood (absorption coefficient 0.05 - 0.1), moreover as ply-

wood has been used, the manufacturing of such material renders it impervious to sound 

waves; the glue layers which are laid between the plies seep through the pores and solidify, in 

turn decreasing the porosity of the material. In a recent study, (Srinivasan 2008) has examined 

the bond line of three ply wood veneer under SEM and in his observations, he has reported a 

Figure 6.4 Sound absorption coefficient of the panels with air and foam filled cavities 
at frequencies between 200Hz and 4kHz at intervals of 1/3 octaves 
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penetration of the glue into the porous wood structure as far as about 400 µm from the centre 

of the glue line. This penetration definitely improves the bonding and structural performance 

of the wood veneers (increasing the stiffness) but on contrary it decreases the porosity, which 

in turn reduces the sound absorption. The slight increase in the absorption (2%), when the 

sound waves are incident in-plane to the core may be because the lower elastic modulus of the 

sisal-PP composites (due to viscous damping) compared to that of the three ply wood veneers. 

It has been observed that, even by using polyurethane foam within the cells failed to improve 

the sound absorption. Having said this, with the absorption coefficient of 0.05 the panel by no 

means can be termed as a sound absorber.  

6.1.2 Results and discussion of woodfibre filled cores (in-plane and out-of-plane) 

 It is well known that the sound absorption increases with the increase in the porosity of 

the material; hence by adding porous filler in the honeycomb cells the sound absorption can 

be enhanced. A common material having high porosity that is frequently used in construction 

industry is glass wool (Aso and Rikuhiro Kinoshita 1966), they are laid as batts in between 

wall panels as sound absorbers. Though the material offers excellent sound absorbing 

properties, the handling of it may impose some health restrictions. However, as it is obtained 

from non sustainable resources, its incorporation in this study would nullify the primary 

objective of eco-friendly cores. In a recent study, (Wassilieff 1996) has demonstrated that the 

woodfibres can be an alternative to synthetic materials, and in his observations, he has 

reported an excellent sound absorption by using wood shavings obtained from sustainable 

resources. Hence, in the view of maintaining the integrity of eco friendly cores, medium 

density woodfibres obtained from Scion, Rotorua was used insulating material in the cores. 

Similar configurations as explained earlier were tried, the absorption coefficients at different 

frequencies between 200Hz - 4kHz in 1/3 octave interval is shown in Figure 6.5. The 

sandwich panels exhibit minimum absorption at lower frequencies, with a steady increase to 

0.5 at mid-range frequencies and an absorption coefficient of 0.95 at high frequencies. This 

gradual increase is because, when the sound wave strikes the fibrous material, the pressure 

due to sound vibrates the air contained in the fine air space in the fibrous assembly, creating a 

frictional resistance between the fibres and the air gaps. The incident sound energy is 

consumed in overcoming this frictional resistance, which is dissipated as heat into the 

surroundings. Assuming a constant speed of sound in the fibrous material, the particle 

velocity amplitude υ of a standing wave can be expressed as (Aso and Kinoshita 1963)  



Chapter 6 Evaluation of non-structural properties 

  194

( )2
1

22 2cos2 kxAAAAk rtri −+=υ  (6.9) 

where k is wavelength constant, x is the distance from the rear surface of the specimen, Ai and 

Ar are the amplitudes of velocity potential of an incident wave and reflected wave 

respectively. When the distance x is at a quarter of a wave length, the particle velocity is at its 

maximum, ( )ri AAk +=υ  and by substituting the wavelength constant k = 2πf/c; where f is 

the frequency and c is the speed of sound in air, ( ) cAAf ri /2 +⋅= πυ . This indicates that if 

the specimen thickness is below a quarter of the wavelength, to retain maximum peak 

velocities within the specimen, the wave should be of high frequencies, which consequently 

increases the frictional resistance as discussed above, resulting in higher absorption. 

 An interesting property to be noted in Figure 6.5 is that the sandwich panels exhibit 

sharp absorbance peaks at a certain frequency when the sound waves are incident on the 

faceplate and surface of the woodfibre filled cores, which is characteristic of resonant panels. 

A resonant panel vibrates at a certain frequency and transmits the sound wave to the cavity 

behind it, which in this case is the core filled with woodfibres allowing the sound waves to be 
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Figure 6.5 Sound absorption coefficient of the panels with woodfibre filled cavities at 
frequencies between 200 Hz and 4 kHz at intervals of 1/3 octaves 
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absorbed by the porous medium. The resonance in this study occurs at 1kHz for the sound 

waves incident on the in-plane direction of the core and at 1.25kHz for the sound waves 

incident on the face plate in the out-of-plane direction of the core. Well-designed resonant 

panels can absorb and control sound, and the efficiency in sound absorption can be achieved 

by having thicker absorbing media behind the resonating panel (Smith et al. 2001) and an 

optimum sound absorption of the fibrous material can be obtained by the balance of its 

density, porosity, fineness of fibres, bulk elasticity, and its thickness.  

6.2 Sandwich beam stiffness evaluation using vibration experiment 

 When a fluctuating mass is applied at the free end of a cantilever beam, the beam will 

oscillate. At each one of the natural frequencies a deformation pattern, resulting when the 

excitation coincides with one of the natural frequencies of the system, may exist and are 

referred to as the mode shapes. These natural frequencies and mode shapes occur in all 

structures and are characteristics of the mass and stiffness of the structure. For designing the 

structure for noise and vibration, it is important to identify these frequencies and their 

(a) 

(b) 

(c) 

node at 0 

node at 0 node at 0.783 l 

node node at 0.868 l 

node at 0.504 l 

Figure 6.6 Typical modes of vibration; (a) first mode (b) second mode (c) third 
mode 

l
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responses for the structure when it is excited by a force. More information about various 

modes of vibrations can be found in (Thomson, 1993).  

 The first three modes of vibration of cantilever beam are illustrated in Figure 6.6. Each 

mode of vibration has its own frequency and the frequency of the modes of a cantilever beam 

can be calculated using the Equation (6.10) 

42 ml
EIK

f n
n π
=  (6.10) 

where f is the natural frequency (cycles per second), Kn is the constant where n refers to the 

mode of vibration, E is the modulus of elasticity, I is the second moment of area (bd3/12) 

where b and d are the width and depth of the beam, m is the mass per unit length of the beam 

and l is the effective length of the beam. The constant K for different modes with nodal 

position is shown in Table 6.3 (Young and Budynas 2002).  

Table 6.3 Natural frequencies of vibration for continuous members 

 

 

 

 

 

 A simple experiment where a cantilever beam is subjected to harmonic vibrations has 

been used to determine the natural frequencies of the sandwich panels. The experimental set-

up as shown in Figure 6.7 consists of a cantilever beams of unreinforced or sisal fibre 

reinforced honeycomb core with 3-ply wood veneer facings of length, height and width; 

472mm, 24mm and 35mm respectively. The beams were clamped at one end and the 

accelerometer was fixed at the free end of the beam to sense the vibration. Drive point 

measurements were taken where the mechanical excitation was provided using a hard tipped 

hammer with force gauge attached to it. The sampling frequency was chosen between 100Hz - 

800Hz and the frequency response data was recorded using HP analyser. The natural 

frequencies for the first three modes have been measured and the response is shown in Figure 

6.8. 

Mode Kn Nodal position/l 

1 3.52 0.0 

2 22.0 0.0 0.783   

3 61.7 0.0 0.504 0.868  

4 121 0.1 0.358 0.644 0.905 
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(a) (b) 

Figure 6.7 Determining natural frequency of cantilever beam using impact hammer; 
(a) cantilevered sisal-PP sandwich beam (b) HP frequency analyser 
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Figure 6.8 Response measurements of a cantilever beam (a) real components (b) 
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 In Figure 6.8, the first and the second mode appear to be active in the response of the 

system. The first natural frequency of the unreinforced and sisal reinforced honeycomb core 

sandwich panels appear at similar frequencies; 53 and 50Hz respectively, and the second 

natural frequency occurs at 269Hz for the unreinforced and 294Hz for the reinforced 

honeycomb cores.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The stiffness and the structural damping of the beam have been estimated using the first 

mode of the experimental results between 0-200Hz (Figure 6.9). From the previous chapters, 

it is known that the stiffness of the sisal-PP sandwich panels is higher than the unreinforced 

PP sandwich panels, which can also be seen in Figure 6.9 where the resonant frequency of the 

first mode has shifted from 53Hz to 50Hz. However, the shift being small (≈5%), may also be 

due to the effect of local stiffness at the fixed end of the beam.  
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Figure 6.9 Frequency response of unreinforced and sisal reinforced honeycomb 
core sandwich cantilever beam between 0 – 200Hz; (a) real part (b) 
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 A single degree of freedom method has been used to extract the modal parameter at the 

first mode. Hence, when the frequency ω ≈ ωk where k is the k’th resonance, then the 

frequency response can be expressed as 

∑
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j
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2222 ωηωωωηωω
α  (6.11) 

where the first term is the resonant term and the second term is the non-resonant term, and 

usually the resonant term dominate if the modes are widely spaced and lightly damped. 

Therefore, using the assumption, the frequency response can be expressed as  
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where ωk is the peak frequency, k
rsA  is the modal constant and kη  is the structural damping. 

A peak response method has been used to estimate the structural damping, where the peak of 

the first mode has been identified and the bandwidth Δ corresponding to α/√2 has been 

determined using Figure 6.9, and the damping has been calculated using ηk = Δ/ωk and the 

damping ratio ζ = Δ/2ωk, the values along with the stiffnesses of the two panels tested are 

shown in Table 6.3. 

Table 6.4 Stiffness and structural damping coefficients of unreinforced PP and sisal fibre 

reinforced cores 

 

In Table 6.4, though the bending stiffness of the sisal-PP panels appear to be high, the 

damping in the material is higher than the unreinforced PP cores, which is because the density 

of the cores are higher than that of the PP cores. This information would be helpful in 

designing the cores for multipurpose applications such as wall panels and automobile door 

Material Mass (Kg) Length (l) Bending stiffness EI 
(N-m2) 

Structural damping 

Unreinforced 
PP cores 

0.064 0.47 59.4 0.03 

Sisal fibre 
reinforced PP 
cores 

0.108 0.47 87.2 0.07 
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panels where they would provide structural integrity along with vibration damping 

capabilities. 

6.3 Energy absorption characteristic of sisal-PP honeycomb cores 

 Honeycomb cores due to their light weight and high compressive strength, find numerous 

applications in various facets of engineering, and a common application is energy absorption. 

The basic concept of energy absorption is the conversion of kinetic energy of the moving 

object into internal work. For example, if a load is applied on the honeycomb core at certain 

acceleration, when the stress generated by the applied load exceeds the compressive strength 

of the honeycomb, the core will yield; the deformation may be elastic or plastic. Therefore, 

the kinetic energy is used in the yielding/deforming of the cell walls of the honeycomb core. 

This can be characterised by a stress v/s strain curve (Figure 6.6), where the peak stress is the 

compressive strength of the honeycomb core and the plateau is the average crush stress and 

the final rise in the strain is due to densification of the core. The distance it takes to stop the 

load from colliding with the ground is the stroke length and this is a function of the load and 

height of the core.  
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Figure 6.6 Stress v/s strain curve of sisal-PP honeycomb cores of height 50mm under quasi-
static compressive loading, insert of a schematic of the folding of the cell walls 
(Goldsmith and Sackman 1992) 
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Due to the geometry of the hexagonal core, the collapse mechanism of the core when it is 

subjected to out-of-plane loading is similar to that of a piano accordion, where the cell walls 

buckles and folds along the hinge lines formed, when it exceeds the buckling stress of the cell 

wall , as explained in the previous chapter. This property of energy absorption can be applied 

in packaging to protect the object from damaging due to acceleration or deceleration. The area 

under the curve is the work done in absorbing the load, in other words, the honeycomb acts as 

a cushion by absorbing energy. The methods for characterising cushioning factors include 

compression stress-strain curve, Janssen factor (Janssen 1952), Reusch curve (Rusch 1970), 

energy absorption efficiency curves (Miltz and Gruenbaum 1981) and energy absorption 

diagrams (Gibson and Ashby 2001). In this study, the cushioning of the honeycomb cores 

have been characterised using energy absorption diagrams.  

6.3.1 Experimental  
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 Flat-wise bare compression testing of all the honeycomb cores were conducted as per 

standard ASTM C 365, on a universal testing machine, Instron 5567. Specimens of cross-

sectional area of 3600 and height of 50mm was subjected to compressive loading by setting 

the cross head speed set to 5mm/min until peak load and 30mm/min until densification, the 

energy absorption curves were obtained by plotting the stress against the strains.  

The total energy absorbed can be described as the area under the curve in Figure 6.6 and 6.7 

(a). However, during experimentation it is preferred to used a pre-crushed honeycomb 

specimen to eliminate the peak stress, because maximum absorption in the honeycomb occur 

during the plastic range where the cell walls collapse plastically absorbing the kinetic energy. 

Two different specimens have been tried; commercially available unreinforced PP 

honeycombs and sisal fibre reinforced PP honeycombs. The energy absorbed in all the tested 

specimens has been estimated as the area under the respective stress-strain curve and is shown 

in Table 6.5.  

Table 6.5 Energy absorbed in the PP cores and sisal-PP cores 

 

In Table 6.5, it can be seen that the energy absorbed by the sisal-PP cores is much higher 

compared to the unreinforced PP cores. This increase should not be misunderstood as that of 

the reinforcing effect completely, however a part may be considered to be a contribution of 

the reinforcement contributed towards the overall absorption, as the fibres were aligned along 

the loading direction. The energy absorption of the material in addition to the material 

properties, depends on the geometrical parameters of the cell wall material and hence the 

density of the honeycomb.  

 As described earlier in this section, the energy absorption occurs in three regions; the 

linear elastic region, the plateau region and the densification. When the cores are compressed, 

in the elastic region, the cell walls bend and bulge absorbing minimum energy (mainly to 

overcome the peak stress). As the energy absorbed is the area under the stress-strain curve, it 

can be expressed as 

Honeycomb 
(core height in mm) 

Density (Kg/m3) Volume (m3) Energy absorbed per 
unit volume (MJ/m3) 

Polypropylene (25mm)  49 (±12.0) 76 x 103 0.44 
Sisal-PP (25mm)  151 (±7.6) 76 x 103 1.9 
Sisal-PP (50mm) 151 (±7.6) 180 x 103 1.5 
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Therefore, in the elastic region, from Hooke’s law it can be expressed as  
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where σ* and *
3E  are the compressive stress and the compressive Young’s modulus of the 

honeycomb core. The relationship of the cell wall material and the geometrical parameters of 

the honeycomb core can be expressed as (Gibson and Ashby 2001) 
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where (h/l) and (t/l) are the non-dimensional parameters and θ is the drawing angle of the 

honeycomb core. In case of a regular hexagon, h/l = 1 and θ = 30° and the Equation (6.12) 

reduces to  
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Using Equation (6.12) in Equation (6.11), the work done can be expressed as 
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Hence, from Equation (6.14) it is obvious that the energy absorbed in the linear elastic region 

is inversely proportional to (t/l), meaning that cores with larger cell diameters and thin cell 

walls will absorb minimum energy in the elastic region.  

As loading progresses, the cell walls fold in a systematic way as described by Goldsmith and 

Sackman (1992), yielding to a more or less stable stress until they cell faces touch each other. 

Therefore the area absorbed in this region can be expressed as the area under the curve 

DplW εσ=  (6.15) 
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where σpl and εD are the plateau stresses and densification strain which marks the end of the 

plateau region respectively. The densification strain and plateau stress can be related to the 

(t/l) ratio by empirical adjustments, and can be expressed in the form of 
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where σys is the yield stress of the cell wall material taken to be 15MPa in this study. 

Therefore using Equation (6.16) and (6.17), the work done in the plateau region can be  
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 The energy absorbed in the densification region is minimum compared to the elastic 

region and the plateau region and can be neglected. Therefore, in this region the work done is 

zero, yielding a vertical line in the stress-strain curve.  

The above equations have been plotted on a log-log to compare the energy absorbed if 

the t/l ratio were varied. In this study, the honeycombs had a t/l ratio of 1.4, and for 

comparison, t/l ratio of 0.05 and 0.5 have been included, assuming the cores to follow the 

same stress-strain path as that of 0.14. The vertical line represents the plateau region, and 

from Figure 6.8 (a), it can be seen that the absorption in the plateau increases with the 

increase in the t/l ratio. In Figure 6.8 (b), where the experimental energy absorption curve has 

been compared with the theoretical curves, theory over predicts the absorption, which is 

because, for theoretical evaluation, a constant plateau stress has been considered which is the 

average plateau stress. However, during the experiment, the plateau stress values are not 

constant and it has been observed that the values are as low as 50% of that of the average 

plateau stress between certain strains in the plateau region. Some absorption can also be seen 

in the densification region of the experimental diagram, meaning that the assumption of no 

work done in the theoretical evaluation may not always be true. However, if the honeycomb 

cores were to be used in packaging applications as transportation pallets, the length of the 

stroke in the plateau region is very important as it determines the time it takes the material to 
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touch the ground. Therefore, by having knowledge of the energy absorbed, and the crushing 

stroke of the honeycomb cores can be designed for different packaging applications.  

 

6.4 Summary 

 In this chapter sisal-PP honeycomb core sandwich panels were experimentally tested 

for sound absorption, suppression of vibrations and energy absorption capabilities. From the 

experimental results, the cores are good sound absorbers only when the honeycomb cells were 

filled with porous wood fibres and the panels absorbed sound only at 1kHz for the sound 

waves incident on the in-plane direction of the core and at 1.25kHz for the sound waves 

incident on the face plate in the out-of-plane direction of the core, thus making them 

applicable as resonant panels. 
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Figure 6.8 Energy absorption diagrams of sisal-PP honeycomb cores tested under 
compression loading (a) Theoretical (b) Experimental in comparison 
with theory 
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 In the vibration experiment results showed higher damping in sisal-PP cores compared to 

unreinforced PP cores though the sisal-PP core panels were stiffer than the unreinforced PP 

cores. 

 The energy absorption experiments revealed that the cores compresses to over 80% of its 

initial height exhibiting long plateau with more or less steady stress, thus making them 

applicable as energy absorbers if they were to be considered for packaging applications. 
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Chapter 7  

Conclusions 

“Education is what remains after one has forgotten what one has learned in school”  

Albert Einstein 

 

The primary aim of this research was to manufacture eco-friendly recyclable hollow core 

sandwich panels using natural fibre reinforced thermoplastics. The natural fibre composites 

were manufactured using compression moulding and extrusion, representing batch 

manufacturing and continuous manufacturing, respectively. Major findings in this research 

are summarised as below: 

• In terms mechanical properties and the ease of manufacturing flat composite sheets, 

extrusion is a better process compared to compression moulding. 

• The extruded sisal-PP sheets exhibit orthotropy (E1/E2 ≈2) because of the alignment of 

the fibres in the machine direction. 

• After recycling the composite, the mechanical properties decreased marginally along 

the machine direction and interestingly showed an increasing trend in the transverse 

direction. The decrease in the property was due to the shortening of the fibres during 

pelletising and the increase was due to the change in the alignment of some fibres 

along the transverse direction. 

• In the case of matched-die forming, multiple corrugations conformed better to the die 

geometry compared to the match in the single corrugation because of the increase in 

the edge constraints, thus reducing the spring-back or spring-forward. However, the 

cells at the periphery of the formed profiles exhibited similar spring-back as that of the 

single corrugation because of the loss of edge restraints.

• The composite sheets were successfully roll formed into sinusoidal profiles after 

modifying the roll former by incorporating heating jacket around rolls at the beginning 
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of the process to soften the sheets and cooling at the line to reduce any instability in 

the geometry.  

• The formed cells were successfully bonded using ultrasonic method. The ultrasonic 

bonding parameters were determined using single-lap shear tests and the results 

revealed excellent bonding at amplitude of ~1.7μm and welding time of 1s. Similar 

bonding strengths can be achieved by using cyanoacrylate based adhesives after 

appropriate surface treatment of the adherends. 

• It was observed that most of the micromechanics models agreed well with the 

experimental results at lower fibre weight fractions (0.15), but at higher weight 

fractions (0.30), they do not agree well the experimental values. This was mainly 

because of the presence of low fibre-matrix interfacial stresses, as pointed out by the 

modified shear-lag model and due the low fibre aspect ratio which was pointed by the 

modified Halpin-Tsai model. The micromechanical models indicated that the fibre 

strength is not being completely utilised, which is due to the poor fibre-matrix 

interfacial adhesion and the short length of the fibre. As the copolymer failed to 

provide any improvement in the interfacial adhesion, it would be wise to extrude 

composites using inexpensive fibres of lower strengths (e.g. woodfibres) such that the 

current interfacial strength would be adequate to utilise the total fibre strength. 

• The stress relaxation behaviour of the sisal-PP composites was analysed using models 

consisting of springs and dashpots arranged sequentially in parallel and series. The 

relaxation pattern of the PP used as matrix follows that of the three-element (Zener) 

model which is a spring arranged in parallel with a Maxwell element and the 

relaxation pattern of sisal-PP composite followed that of a five-element (Zener model 

with a Maxwell element in parallel) model. The addition of a Maxwell element to the 

original Zener model used for the PP indicated that the reinforcement of the fibres in 

the PP has improved the stress relaxation of the material. The model predicted that the 

sisal-PP composite material relaxed to a constant stress after 190 minutes at 25°C, 

after 225 minutes at 50°C and after 265 minutes at 80°C. 

• Relaxation modulus master curve was constructed by shifting the curves horizontally 

onto the relaxation curve at 25°C and using Williams, Landel and Ferry equation. It 

was found that the constants used in the equation under predict the shift factor, and 

different constants were used to construct the master curve. 
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• The honeycomb cores made from sisal-PP composites exhibited excellent compressive 

modulus and strength. During testing of the cores, the predominant mode of failure 

was due to faceplate delamination, mainly in the vicinity of the loading points. The 

failure criteria for the reinforced honeycombs were theoretically developed. Failure 

maps that could be used for the optimal design of such honeycombs were constructed 

for a wide range of honeycomb densities. The results indicated a significant 

improvement in the load carrying capacity of the honeycomb cores after fibre 

reinforcement. 

• The sound absorption ability of the honeycomb was experimentally evaluated using a 

standing plane wave impedance tube. It was observed during experimentation that the 

panels were poor sound absorbers when the cores were air filled and filled with 

polyurethane foam. Interestingly, with the cores were filled with medium density 

wood fibres, they exhibited excellent sound absorption properties, especially at mid 

and high frequencies. 

• The energy absorption characteristics were experimentally evaluated using quasi-static 

testing. The experimental results revealed that the energy absorption in sisal reinforced 

PP honeycomb cores was higher than that of un-reinforced PP honeycombs (>100%), 

compressing to almost 90% of its original height before reaching densification.  
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Future Recommendations 

Some recommendations are presented below to provide some insight about future research 

work in this area.  

• The mechanical property of the sisal-PP composites seemed to be dependent on the 

reinforcing fibres, and it was observed that during the process of extrusion, the fibre 

lengths were cut down to smaller lengths. Hence to obtain better mechanical 

properties, the fibre degradation must be reduced. To reduce the fibre degradation in 
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the extruder feeding zone, heat conditioned PP powder can be used instead of granules 

and the fibre may be fed separately along down stream the extruder channel rather 

than feeding both the fibres and the polymer as a dry blend in the feeding zone. 

• One of the main concerns of this highly indeterminate and complex structure is its 

nonlinear behaviour. Although sisal fibre reinforced composites are linear in the 

elastic region, the structure as a whole behaves non-linearly. This work concentrated 

on performing finite element analysis within the linear range of the structure. Further 

research is therefore needed to investigate nonlinear behaviour. It has been mentioned 

that the failure in the sandwich panels was predominantly due to faceplate 

delamination and some local buckling under the loading points. Therefore a non-linear 

analysis in the view to investigate the failure may be essential. 

All the honeycomb cores were of similar geometry in this study. It may become essential to 

test cores with different cell wall thicknesses and lengths to estimate the difference in the 

property with the incorporated changes. 
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Appendix A-1 

 

A1 Honeycomb core manufacturing methods 

Tubular honeycombs 

Thermoplastic honeycombs are manufactured using several methods. One of the most 

common processes is shown in Figure A1.1. Hollow tubes are extruded which is collected in a 

medium and a collection of these tubes are welded together to form a complete honeycomb 

cores, their mechanical properties depend largely on the core density and the tube diameter. 

The tubular honeycomb cores were one of the first commercial thermoplastic honeycombs. 

Tubus Bauer, Plascore, Induplast and Newcourt are the common companies producing tubular 

honeycombs. Most of their applications have been non-structural, however, in the recent times 

these cores are being used as core material in automotive spare wheel covers.  

 

Extruded hexagonal honeycomb cores 

The manufacturing of extruded hexagonal honeycomb cores is shown in Figure A1.2. Though 

the extruded blocks are long, the in-plane dimension is limited. Hence, multiple cores are 

bonded together to form thicker cores. Induplast and Nidacore are companies manufacturing 

these cores. 

 

 

 

Figure A1.1 Manufacturing of tubular extruded honeycomb cores (Court and Castorina 
1999)
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Corrugated thermoplastic honeycomb cores 

HexcelTM have developed a process for the for the production of honeycomb cores using 

polypropylene and polyethylene terephthalate (PET) materials, commercially known as 

Cecore. The honeycomb cells are manufactured separately, which are then welded to form a 

complete core.  

Expanded thermoplastic honeycomb cores 

 

Figure A1.3 Manufacturing of corrugated thermoplastic honeycomb core 

Figure A1.2 Manufacturing of extruded hexagonal honeycomb cores (Lhommeau et al. 
1984)

Figure A1.4 Manufacturing of thermoplastic honeycomb cores through expansion process 
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The traditional expansion process for manufacturing honeycomb cores has been adapted to 

manufacture thermoplastic cores by Versacore (Gerhard and Baumbach 2005). The 

thermoplastic strips are laid and welded sequentially and then expanded in thermstack 

machinery. 

 Both the processes have the possibility of automation and the thermstack machinery 

have been introduced in the market. However, when small cells are to be produced, the speed 

of the production slows down because the welding of the cell nodes is a two stage process and 

as the cell size gets smaller, more number of nodded need to be welded. The company Sodesa 

has manufactured corrugated honeycomb cores through extrusion process, where the extruded 

thermoplastic sheets acquire a wavy shape as they exit the die, which is then assembled to 

form a complete core, it is commercially known as Hexacore.  

Woven honeycomb core 

The company Wacotech has invented a new technology of manufacturing honeycomb cores 

by weaving contimuous films and is commonly known as the Weavecore by Tubus Bauer. 

The manufacturing process as shown in Figure A1.5 consists of oscillating tools that move the 

films sideways every second row, creating  Hence square cells by three walls of one film and 

by a fourth wall from the film beside it. The walls are welded together at small overlaps in the 

corners.  

Figure A1.5 Manufacturing of the Wavy honeycomb core 

Figure A1.6 Manufacturing of woven honeycomb core (Kehl 2004) 
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Cup-shaped honeycomb cores 

Cup-shaped thermoplastic cores are manufactured and are commercialised by Plapearl in 

Japan and Conpearl in Europe. In the manufacturing of the sandwich panels, as seen in Figure 

A1.7 consist of three sheets; the middle sheet is rotationally vacuum thermoformed to a cup 

shape; two outer layers are subsequently welded on these cups. 

Folded honeycomb cores 

The folded thermoplastic honeycomb has hexagonal cells and closed skin strips. The 

manufacturing of such panels is shown in Figure A.8. Firstly, the half hexagonal shapes are 

obtained either by deep drawing or vacuum forming, then these half cores are folded to form a 

complete core and the nodes are bonded using fusion bonding techniques. The folding 

operation is done by pushing the half hexagonal rows into a channel. 

 

 

 

Figure A1.7 Manufacturing of cup shaped cores  

Figure A1.8 Manufacturing of folded honeycomb cores (Pflug and Verpoest 2004) 
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Appendix A-2 

 

A2.1 Scanning Electron Microscopy 

 Principle of SEM 

 In basic operation of a SEM, source of electrons is focused into a fine probe which is 

rastered over the surface in examination. When the electrons penetrate the surface, the 

interaction could result in emission of electrons or photons from the surface. Some electrons 

that are emitted are collected by appropriate detectors and the output is used to modulate the 

cathode ray tube (CRT). The brightness of the CRT may be varied by varying the input 

voltage which is in synchronous with the rastering of the electrons.  

 

 The principle images produced by the SEM are of secondary electron images, 

backscattered electron images and elemental X-ray maps. The backscattered electrons are 

collected using detectors, which are further amplified to produce backscattered micrograph.  

 

 

Figure A2.1 Schematic of the principle of Scanning Electron microscopy 
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 The instrumentation of the SEM primarily consists of an electron gun, magnetic focusing 

lenses and the sample vacuum chamber. The function of the electron gun is to produce 

focused electrons that are then demagnified by the focusing lenses on to the surface of the 

substrate. There are three major sources of electrons, viz., thermionic tungsten, LaB6 and hot 

and cold field emission. Tungsten sources need very high temperatures to produce bright 

source, the filaments are easy to work with, but need to be replaced because of evaporation. 

The LaB6 has lower requirements than tungsten and produce bright source at lower 

temperatures, permitting more electrons to be focussed on the area surface of interest. 

However, the vacuum requirements for the filaments are much higher than the thermionic 

tungsten. Field emission electrons sources have very sharp tips and the strong electric field 

created at the tips extracts electrons even at low temperatures. This beam of electrons is 

focused by a series of magnetic lenses as shown in Figure A2.2. Each lens limits the 

divergence of the electron beam and this can controlled by the voltage input. After passing 

through several of such lenses, the beam is focused onto the specimen surface. The 

convergence angle is determined by the aperture of the final lens and the distance between the 

final lens and the surface. SEM prefers the sample to be conducting in nature; however, 

insulating materials can also be investigated by coating it with some conducting material.  

 For a composite material to exhibit adequate mechanical properties, a good interfacial 

bonding between the fibres and matrix is necessary, as the interfacial bonding facilitates stress 

transfer between the matrix and the fibres. To examine the fibre-matrix interfacial bonding, of 

the sisal-PP composites, the fracture surfaces of the tensile tested specimen were viewed 

Figure A2.2 Optics principle of SEM (Encyclopedia of materials processing , 2001) 
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under a Philips XL30S Field emission gun Scanning Electron Microscope (SEM) at different 

magnification.  

 

 The failure in the composite specimen is categorised as that of fibre pullout or fibre 

fracture, indicated as green and blue arrows, respectively in the micrograph (Figure A2.3). 

The former is due to poor interfacial adhesion between the fibre and matrix and the latter is 

due to the failure of the reinforcing fibre. The composites fail due to either one the above or 

both. However, failure initiation could be due to several factors such as surface irregularities, 

micro cracks and voids in the composite materials. The fracture in composite materials 

generally takes place in three stages. Firstly, upon reaching a critical stress, a microcrack is 

initiated due to the pre-existing flaw or surface imperfection, then these microcracks grows to 

attain a certain size and finally this crack propagates through areas of higher stress 

concentrations causing the composite to fail.  

 It is not possible to point out the cause of failure in the composite specimen from the 

micrographs, but by examining the fracture surfaces, the dominant mode of failure could be 

determined. Fibres that have been pulled out and that have been fractured can be seen in the 

micrograph in Figure A2.4.  

Figure A2.3 SEM micrograph of the fracture surface of compression moulded sisal-PP 
composites 
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The fibre pullouts could be due to poor interfacial bonding between the fibre and matrix 

or because of the shorter lengths of the fibres. The fibre fracture occurs when the stress in the 

composite reaches the strength of the fibre. On closer examination of the fracture surface of 

the specimen in Figure A2.4, fibre fracture can be clearly (green arrow); however, fibre 

pullouts seem to dominate over fibre fracture, indicating poor fibre matrix interfacial bonding.  

A2.2 Weibull statistics 

 If the probability of failure of a link is under applied stress σ is P, then the probability of 

survival is (1-P) and the probability of survival of the chain is (1-P)n where n is the total 

number of links in the chain. If Pn is the probability of the chain failing, then  

1- Pn = (1-Po)n (A2.1) 

Pn = Exp(n ln(1-Po) (A2.2) 

If a body of volume V is considered to be made up of Vo number of sub-volumes analogous to 

the chain, then n is analogous to V/Vo. The function ln(1-Po) depends only on the specimen 

stress and the volume of the specimen V and if Vo is considered constant throughout the 

specimen, then from equation (A2.2) the risk of failure of the whole specimen is  

Matrix 

Fibres 

Figure A2.4 SEM micrograph of fracture surface of compression moulded sisal-PP 
composites at magnification 250x 
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Weibull equated f (σ, 1/Vo) as [(σ - σu/ σo)mV], where σ is the stress applied, σu is the stress at 

which the probability of failure is zero, σo and m are the measures of density and the variable 

of the flaws in the material. In a tensile test where the stress is constant throughout the length 

of the cross-section, the function can be written as  

PV = 1-Exp[-( σ - σu/ σo)mV] (A2.4) 

which is a distribution function characterising the scatter of strength found with repetitive 

tests on specimen of volume V and material constants σu, σo and m. The variable m is the 

Weibull shape parameter and characterizes the distribution of strength; higher the value, lower 

is the scatter. In a tensile test with specimens tested at same gauge lengths having uniform 

diameter throughout the length, the volume V can be replaced by gauge length L and can be 

written in the form 
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By rearranging the equation  
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taking natural logarithms and rearranging the equation, 
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The equation (A2.7) is in the form of the equation of a straight line (Y = mx + c) where Y is 

the LHS of equation (9) and m is the slope of the line and (-m ln σo) is the constant c. Hence 

by plotting ( ) L
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 as a function of ln(σ), a straight line is obtained in the x-y 

coordinates, and by performing a simple linear regression analysis, the Weibull parameters m 

and σo can be evaluated.  



 Appendix A-2 

  221

A2.2.1 Statistical analysis of Young’s modulus and tensile strength of sisal fibres 

 The sisal fibres exhibited considerable amount of scatter in the tensile strength and 

modulus values when they were experimentally tested with different gauge lengths. The 

scatter and the length dependence are due to the presence of defects and their distribution in 

the fibre being tested. If the fibre gauge length is higher, the chance of it containing sizable 

defect will be greater which in turn weakens the fibre, another aspect to the scatter in the 

values is due to stochastic distribution of defect size and location in the specimen being 

tested. The distribution of such values and their distribution can be best described by 

statistical methods; for example: normal distribution, Binomial distribution, Poission’s 

distribution and Weibull distribution (Weibull 1951). The earliest theories to include 

statistical distribution to determine the tensile strength of a unidirectional composite was that 

of Rosen’s (Rosen 1964), where he assumed that the composite fails as a result of 

accumulation of statistically distributed fibre flaws.  

Table A2.1 Weibull distribution parameters for tensile strength of the sisal fibres at different 

gauge lengths 

Fibre gauge length 
(mm) 

Number of 
specimens 

Shape parameter (m) Characteristic 
strength (σo) MPa 

5 20 3.7 637.9 

15 20 3.4 481.6 

45 20 2.9 433.4 

70 20 2.7 476.1 

90 20 2.8 561.4 

 

 The linear regression analysis was performed to estimate the Weibull distribution 

parameters using Microsoft Excel, and the values are shown in Table. A2.1 and 2.2.  

 The slope and location of the corresponding plots in Weibull coordinates, Figure5.1, 

appear to be in good agreement with the single fibre test at fixed gauge lengths. The shape 

parameter m was calculated as the slope of the fitted line. The characteristic parameter σo can 

be obtained by using equation σo = exp (α/m) where α = (-m ln σo). Similar analysis has been 
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performed to characterise the scatter in the Young’s modulus data of the sisal fibres, and the 

line fit is shown in the Figure A2.6.  

Table A2.2 Weibull distribution parameters for tensile modulus of the sisal fibres at different 

gauge lengths 

Fibre gauge length 
(mm) 

Number of 
specimens 

Shape parameter (m) Characteristic 
modulus (Eo) GPa 

5 20 4.7 6.8 

15 20 2.6 8.4 

45 20 3.1 7.0 

70 20 2.9 8.3 

90 20 3.1 11.4 

 

 The Weibull shape parameter determines whether the failure rate is increasing, decreasing 

or constant; the higher the value, lesser is the failure rate, from Table A2.1 and 2.2, it is 

obvious that the Weibull shape parameter is higher at lower gauge lengths tested. From the 

weak link analogy, the length of the fibre is meant to consist of several links and the failure of 

the weakest link would lead to a failure of the fibre. In natural fibres, the strength can be 

defined as the resistance offered by the cellulose molecules to slip past one another to the 

applied load, which is dependent on the intermolecular forces present between the cellulose 

molecules in the form of hydrogen bonds and van-der-Waal’s forces. Hence, the number of 

cells, the cellulose content, the microfibrillar angle and the molecular structure would 

determine the strength of the fibre. 

 The links in this case can be compared to the external and internal flaws in the fibres where 

the former is due to the varying cross-sectional area along the tested length which may occur 

during the extraction process and the latter due to the changes in the sequence of cell growth 

since the orientation of each cell varies with the fibre axis during the growth phase of the 

plant. At shorter gauge lengths, smaller volume of the fibre is being tested and the flaws or the 

number of links in that volume would be less or, more or less uniform along the tested lengths 

among all the fibres being tested, compared to the ones being tested at larger gauge lengths 
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Figure A2.5 Strength distributions of sisal fibres tested at different gauge lengths (a) 5mm (b) 
15mm (c) 45mm (d) 70mm (e) 90mm 
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 The characteristic strength σo and Eo is the spread in the distribution data. For the 

Weibull distribution with the median ranking considered here, 37% of the fibres tested will 

survive σo and Eo, and this value is independent of the Weibull modulus. 

A2.3 Thermoplastic plastic selection  

The material selection was done on strength and cost criteria as described in (Crawford 

1998). A simple beam subjected to flexural loading can be considered.  

If a beam manufactured using the above materials in Table 2.1 having same dimensions were 

to withstand similar loading in bending, then the stress using simple beam theory can be 

written as: 

y
I

M
=σ  (A2.8) 

where M is the maximum bending moment, I is the second moment of area of the beam 

(bd3/12), y is the centroidal distance which is (d/2); b, d are the width and depth of the beam, 

respectively. Equation (A2.8) can be written as  

2
12

3
d

bd
M

=σ  (A2.9) 

Assuming the loading span, support span and width of the beam to be same in all cases, 

equation (A2.8) in terms of beam depth can be written as  

2d
c

=σ  (A2.10) 

b

Figure A2.7 A beam subjected to bending (Crawford 1998) 
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where c is a constant corresponding to 
b
M6

=σ which is common to all the beams. This can 

be compared to the weight of the beam w = ρlbd where ρ is the density of the material. By 

substituting d from equation (A2.10) , 

σ
ρ

1cw =   (A2.11) 

where c1 is a common constant for all the materials.  

The desirability factor can be expressed in terms of maximum strength for minimum weight 

as  

ρ
σ

σ =D  (A2.12) 

similarly the desirability factor of maximum stiffness for minimum weight can be defined as  

ρ

3 EDE =  (A2.13) 

By incorporating cost factor in equations (2.12), the minimum cost factor can be defined as 

σ
ρ

σ
CC =  in terms of strength and 

3 E
CCE
ρ

=   in terms of stiffness. To achieve the best 

combination of performance and cost, the cost factor C has to be minimised. Alternatively, the 

reciprocal of the cost factor C would give the desirability factor that has to be maximized. 

Hence, by using such tools, material selection for a particular application can be made.  
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Appendix A-3 

A3.1 Stress relaxation models 

 As the spring and the dashpot are arranged in series, the force acting on the spring will 

be the same as that acting on the dashpot, but the total displacement (εt) will be the sum of the 

displacement of the spring (εs) and the dashpot (εd). In Equations (2.27-32), the components of 

the spring and the damper are represented as stress and strain, which in analogous to the force 

and displacement of their respective counterparts. Hence, the total displacement can be 

expressed as (Bodig and Jayne 1993) 

dst εεε +=  (A3.1) 

Differentiating Equation (A3.1) with respect to time  

dt
d

dt
d

dt
d dst εεε

+=  (A3.2) 

Differentiating Equation (2.15) with respect to time and substituting the result with Equation 

(2.16) in Equation (A3.1) gives 

η
σσε

+=
dt
d

Edt
d t 1  (A3.3) 

In the stress relaxation experiment, the specimen was subjected to constant strain. When the 

strain is held constant; the viscous component gradually increases with time, which results in 

a decrease of the elastic component, inducing a fall in the total load. Hence, dεt/dt = 0 in the 

Equation (A3.3), which results in  

dtEd
ησ

σ
−=  (A3.4) 

after integration, results in  

CtE
+−=

η
σln  (A3.5) 

which can be written as



 Appendix A-3 

  228

)(
ησ
Et

eC
−

⋅=  (A3.6) 

where C is the integration constant, and by using the boundary condition σ = σ0 at t = 0; 

indicating that only the spring will deform when the force is applied, therefore C = σ0 and the  

Equation (A3.6) can be expressed as 

ττ εσσ
tt

eEet
−−

⋅⋅== 00)(  (A3.7) 

where τ = η/E is the relaxation time constant.  

Therefore, the relaxation modulus ER(t) can be expressed as  

( ) ( ) τ

ε
σ t

R eEttE
−

⋅==
0

 (A3.8) 

 

In most cases, a single Maxwell element would be inadequate to represent the 

behaviour of real materials as the stress relaxes totally to a value of zero after a certain time; 

which in real case may not be true. However, the model could be modified to reflect the finite 

non-zero value by adding additional springs and/or Maxwell elements with the original 

arrangement. One of the standard viscoelastic models is the Zener model (Figure A3.1) 

consisting of a Maxwell element in parallel with a spring. As the springs are connected in 

E1 

E2 

η 

Figure A3.1 Zener model: A Maxwell element with a spring in parallel 
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parallel, the total force applied will be shared by the two springs of modulus E1 and E2, 

considering ε = ε0 at t = 0, the initial stress σ0 can be expressed as  

( )210210 EE +=+= εσσσ  (A3.9) 

As time elapses, the dashpot will yield relax the stress in spring 2 and the relaxation of the 

stresses will follow the pattern predicted by the Maxwell element as in Equation (A3.7). 

However, the stress in the spring cannot relax due to the absence of the dashpot as long as the 

strain is maintained. Therefore, the contribution of the Zener model can be expressed as 

( ) 2
210

τσσσ
t

et
−

⋅+=  (A3.10) 

( ) 2
210

τ
t

eEEtE
−

⋅+=  (A3.11) 

where σ1 and E1 are the stress and modulus of spring 1, σ2 and E2 are the stress and the 

modulus of spring 2, and τ2 = η2/ σ1 or E2 is the relaxation time constant of the Maxwell 

element. 

A3.2 Flexural tests 

The single rail shear test involves bonding the cores between two stiff loading blocks. The 

width to thickness of the core being tested is very important and is specified in the standards 

with respect to the stiffness of the loading blocks used, this is mainly to obtain a uniform 

stress field within the panel and minimise bending and rotation. However, there are many 

inherent problems when it comes to testing honeycomb cores, and the most common problem 

exists in bonding the core to the loading blocks. Honeycomb cores when expanded or bonded, 

would result in cell wall with edges of two thicknesses; one as thick as the sheet material and 

the other, twice that of the sheet material. Thus, the bonding area available for the cell walls 

of single thickness is significantly reduced (halved). Hence, the adhesive system that is used 

to bond the core to the loading block must have peel strength enough to withstand the shear 

stresses until the core fails. The other problems associated with this test are that the spread of 

the adhesives should be uniform to avoid any localised stress concentrations, choosing an 

adhesive system that is compatible with the core and the loading block, the induced stress 

concentrations at the bi-material corners of the core and the loading block giving rise to 

cracks at relatively low load levels.  
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 To avoid rotation which is induced in the single rail shear test, the double rail shear 

test was introduced. However, this requires double the material making the process labour 

intensive and fails to eliminate the edge effects.  

 Therefore, conventional beam theory can be applied to evaluate the shear stresses in 

the core, where in the beam is either subjected to a single point load midway from the 

supports (three point bending scheme) or two point loads equidistant from the supports (four 

point bending scheme). The schematic of the tests are shown in Figure A3.2 where the shear 

force distribution is indicated as SFD and bending moment distribution is indicated as BMD. 

These tests are ideal for the evaluation of shear strength as the extraction of shear strain data 

is complicated; hence, the shear stress–strain characterization of core materials is not possible. 

However, other data such as facing tensile strength and panel rigidity can be evaluated which 

can helpful. The only drawback of these test methods is that the application of loads may 

cause local indentation under the loading points which could cause local stress concentrations 

which could result in de-bonding of face sheets. This could be overcome by placing rubber 

block under the loading points.  

 Usually four point bending is preferred to three point bending due to the fact that 

transverse forces are constant in large sections of the tested beams viz., between the outer and 

F 

F 

2F 

F F 

F F

F F 
+

- 

F

+
-

F/2 F/2 

Figure A3.2 Schematic diagram of shear test (a) single rail shear test (b) double rail shear 
test (c) three point bending (b) four point bending 

(a) (b) 

(c) 

(d) 

SFD 

SFD 

BMD 

BMD 
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the inner supports that can provide means for reliable estimations of the shear forces in those 

regions, and by appropriate choice of the facing material and thickness, a constant shear stress 

through the thickness of the core could be obtained.  The shear stress could be also obtained 

by the three point bending tests by interpolating the data obtained while testing the beams at 

different span lengths. However, it is considered tedious as the specimen number requisite for 

testing becomes higher and is labour intensive. 

When sandwich panel is subjected to bending, the total deflection is a combination of the 

deflection due to bending and due to shear. However, for panels with relatively low shear 

stiffness, the total deflection in the beam is largely governed by the deflection due to shear. 

The deflection due to bending causes a direct stress field in the facings of the sandwich panel,  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

D
zEM

σ fx
f ,   

2
ct  < |z| < f

c tt
+

2
 (A3.12) 

and in the core  

⎟
⎠
⎞

⎜
⎝
⎛=

D
zEMσ cx

c ,   |z| < 
2
ct   (A3.13) 

where σf and σc are the stresses in the face and core, respectively, Mx is the bending moment, z 

is the transverse distance from the neutral axis of the beam, Ef and Ec are the Young’s moduli 

of the facing and core, and tf and tc are the corresponding thicknesses, respectively.  

The flexural rigidity of the panel D is defined as  

dzEzbD ∫= 2  (A3.14) 

Figure A3.3 Conventions used in sandwich beam analysis (Juntikka and Hallstrom 
2007) 
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1226

323 btE
bdt

E
bt

ED c
c

f
f

f
f ++=  (A3.15) 

where b is the width of the beam. The adopted sign convention is illustrated in Figure A3.3 

where Tx is the transverse force, Nx is the normal force, and Gc represents the shear modulus 

of the core. The shear stress in the facings is given by  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−++= 22

2

42
zttttE

D
T(z)τ ffc

cfx
f , 

2
ct  < |z| < f

c tt
+

2
 (A3.16) 

and the shear stress in the core is given by 

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+= 2

2

422
ztEdtE

D
T(z)τ ccffx

c ,  |z| < 
2
ct  (A3.17) 

In equation (A3.15), the first term corresponds to the bending stiffness of the face with respect 

to the neutral axis of the face, the second term is the bending stiffness of the face with respect 

to the centroid of the whole sandwich construction and the last term is the bending stiffness of 

the core. If the thickness of the facings tf is much lesser than the thickness of the core tc, the 

first term can be neglected, and if the elastic modulus of the core Ec is much lesser than the 

elastic modulus of the facings Ef, the last term can be neglected. The in-plane elastic modulus 

of the core Ec in this form of loading condition can be found from the relation (Gibson and 

Ashby 2001) 

θ

θ
l
h

l
t

E
E*

3

3

1

2

cos

sin ⎟
⎠
⎞

⎜
⎝
⎛ +

⎟
⎠
⎞

⎜
⎝
⎛=  (A3.18) 

where E*
2 is the elastic modulus of the core, Es is the elastic modulus of the solid it is made 

from, θ is the angle of the inclined members, h and l are the lengths of the inclined cell walls 

and t is the thickness of the cell wall. For regular hexagons, h = l and θ = 30°. 

Hence the flexural rigidity term of the sandwich panel reduces to  

2

2bdt
ED f

f=  (A3.19) 

and, the bending stress of the facing and the core shear strength in terms of the whole 

sandwich panel can be derived as (ASTM C-393, 2000): 
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)bt(dt
PLσ

cf
f +
=

4
 (A3.20) 

)bt(d
Pτ

c
c +
= max  (A3.21) 

 Where d is the total sandwich thickness, L is the support span length, P is the total load 

applied, b is the width of the sandwich beam and tc is the core height and tf is the facing 

thickness. 

 However, for Equation (A3.21) to be valid, the distance between the inner and outer 

supports must be wide enough to establish a region where the stress field is unaffected by the 

presence of the supports. Additionally, if the complete shear stress–strain response is to be 

evaluated, it is crucial that the failure mode of the beam is governed by core shear rather than 

anything else. 

 When the face is very thin and the elastic modulus of the honeycomb core is much lesser 

than that of the face material, the mid-span displacement of the sandwich beam under the four 

point loading can be expressed as Equation (A3.22) (ASTM C-393, 2000) 

U
PL

D
PLδ

8768
11 3

+= ; (A3.22) 

( )
12

33 bcdE
D f −
=  (A3.23) 

and 
c

cc

t
b)t(dGU

4

2+
=  (A3.24) 

 Where d is the total sandwich thickness, L is the span length, P is the total load, b is the 

width of the sandwich beam, tc is the core height, D is the sandwich panel bending stiffness 

Gc is the core shear modulus and U is the panel shear rigidity. The total mid-span 

displacement in Equation (15) consists of two terms. The first term is the displacement due to 

flexural deformation and the second term is the displacement due to shear deformation of the 

honeycomb core. 
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A3.3 Shear stress contours  
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