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ABSTRACT 

This thesis focuses on the mechanical properties and the impact energy 

absorption capabilities of injection moulded hybrid three-phase polymer 

composites. Its main aim is to investigate the effect of different micro and nano-

sized filers on the mechanical properties; such as stiffness, strength, ductility, 

impact resistance and energy absorption capability; of short-fibre reinforced 

thermoplastic composites. Extensive experimental and numerical investigations 

were core to the research.   

Six different, three-phase composites, were manufactured by the integration of 

two types of nano-reinforcements (either nano-silica or nano-clay), or micro-

glass-spheres, into two types of short glass-fibre reinforced thermoplastic 

matrices (either Polypropylene (PP) or Polyamide (PA6)). The materials were 

characterized using Transmission Electron Microscopy (TEM), Wide Angle X-

Ray Diffraction (WAXD) and optical microscopy. The effect of matrix and 

reinforcement material on the mechanical properties and the energy absorption 

capabilities of polymer composites were studied in detail. The results are 

compared with the properties of standard two-phase glass-fibre reinforced 

polymer composites. Initial experiments focused on quasi-static uniaxial tensile 

and compression tests, as well as quasi-static crash tests of the conical 

structures. Subsequently, dynamic drop weight impact crash tests of the conical 

structures were conducted to investigate the influence of the nano-

reinforcement on the energy absorption capabilities of the polymer composites. 

To study propagation of the dynamic cracks and the energy absorbing 

mechanism, the impact event was recorded using a high-speed camera. The 

fracture surface was investigated with scanning electron microscopy (SEM). 

Furthermore, improved simulation tools were developed to accurately and 

effectively model nanocomposite structures subjected to dynamic loads. A 

constitutive model with orthotropic yield, strain rate sensitivity and strain 
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energy density based failure criterion, was developed and implemented into Ls-

Dyna Finite Element (FE) code.  

The results show that by changing the filler and the matrix material, it is 

possible to control the mechanical properties and the energy absorption 

capability of the glass-fibre reinforced polymer nanocomposites. An increase in 

the mechanical properties (stiffness, strength or ductility) of PA6 composites 

was observed. Furthermore, nano-silica and glass-spheres reinforcements were 

found to improve the energy absorption capabilities of PA6 composites by 

changing the mode of failure, whereas nano-clay reinforcement caused a 

decrease in that capability. Little or negative influence of the nano-fillers was 

observed, when combined with PP based composites. 

The experimental findings were used to generate, calibrate and validate the 

user defined material model. The structural FE modelling proved that the 

model was capable of accurately and effectively representing the 

nanocomposite structures subjected to static and dynamic loads. Furthermore, 

it provided a valuable input for better understanding of the structural failure 

mechanism, observed in the three-phase nanocomposite structures. 

 

 

 

 

 

 

 

 



iv 
 

ACKNOWLEDGEMENTS 

 

I would like to thank Dr James Njuguna for giving me the opportunity to 

undertake this research and for all help and advice he gave me throughout this 

work. Further, I would like to thank Dr Rishi Abhyankar and Dr James Brighton 

for their advice and guidance required to complete this thesis. 

 

I would like to acknowledge the European Commission for funding this study 

under the Project Reference No. 228536 - 2, and further all the project partners 

that were involved in this project. I would also like to acknowledge Rolls-Royce 

plc for sponsoring the final year of this study.  

 

Further, I would like to thank Dr Kim Blackburn for his help with data acquisition 

for the impact tests and Dr Clive Temple for all the advice on English grammar and 

writing.  

 

Thanks to all my colleges in Cranfield University who have helped me during my 

PhD. In particular: Sophia Sachse, Zakaria Mouti and Elias Nassiopoulos.   

 

Finally, I would like to thank my family for all their support and encouragement.  

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

ABBREVIATIONS 

PP   - Polypropylene 

PA  - Polyamide 

SEM  - Scanning Electron Microscopy 

TEM  - Transmission Electron Microscopy 

FEM  - Finite Elements Method 

WAXD - Wide Angle X-Ray Diffraction  

GF  - Glass Fibres 

GS  - Glass Spheres  

SiO2  - Silica Nano Particles 

MMT  - Montmorillonite  

SEA  -  Specific Energy Absorption  

RVE  - Representative Volume Element  

DAQ  - Data Acquisition  

UMAT - User Defined Material Model 

UTS  - Ultimate Tensile Strength  
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NOTATION 

t - Time 

T - Temperature 

V - Velocity 

M - Mass 

E - Young’s Modulus 

G - Shear Modulus 

C - Elastic Tensor 

v - Poisson’s Ratio 

σ - Stress 

σ̅  - Equivalent stress 

𝜏  - Shear Stress 

𝜀  - Strain 

𝜀𝑝   - Plastic Strain 

𝜀̇  - Strain Rate 

𝜆̇    - Plastic Multiplier 

φ   Yield function 

H - Hardening function 

f - Failure Function 

U - Strain Energy Density 

𝑥̅ - Average data 

𝜎̂ - Standard deviation 
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1. Introduction 

1.1 Background and motivation  

The increasing need for high performance structures, in the automotive 

and the aerospace sectors, demands a continuous development of new 

engineering materials. Unique mechanical properties, together with low specific 

weight, can be achieved by a combination of different constituents into one 

macroscopic composite material. Coupling high strength reinforcement with a 

supporting matrix creates a novel material with the improved characteristics, 

which could never be obtained using either of the constituents separately [1]. 

These types of materials are particularly desirable in structures where high 

strength to weight ratio is of great importance. They also offer several 

advantages over conventional metallic materials; such as high stiffness and 

strength, superior fatigue properties and good corrosion resistance. 

Thermoplastic polymers, such as polypropylene (PP) and polyamide 

(PA), are widely used in the automotive industry due to their good mechanical 

properties, simple manufacturing techniques and low cost. However, their 

application as structural materials is limited because of the insufficient stiffness 

and strength limits. That is why incorporation of fibre reinforcements has 

become a widely used technique to improve the mechanical properties such as 

strength and stiffness, but often, at the cost of reduced ductility and toughness.  

Due to their numerous advantages, injection moulded short-fibre 

reinforced thermoplastic composites are currently the most prevalent composite 

materials in the automotive industry [2]. Structures made of these materials 

have already found several applications in elements such as: car and rail body 

panels, bumper fascia and beam, radiator grills, instrument panels, engine 

components and fuel lines. However, apart from the normal operating loads, 

many of these components are subjected to foreign object damage (FOD), or 

their function should provide good energy absorption capability (e.g. body 
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panels, bumpers, external engine components). This is why it is one of the 

major challenges for the automotive industry, to improve the ductility and 

toughness of fibre reinforced polymer composites, as these properties drive the 

ability of the structure to resist impact loads and absorb the impact energy.    

Over the last decade intensive research in the field of composite 

materials proved that the addition of nano-sized fillers, rather than micro-sized 

fillers, can significantly enhance mechanical properties of the polymeric 

materials [3]. This is why the nanocomposites have become more and more 

attractive materials for the automotive sector. A desired improvement in the 

mechanical properties can be achieved by changing different parameters of the 

nano-filler; such as size, shape, material and volume fraction. Furthermore, by 

combining more than two constituents, it is possible to construct high 

performance hybrid nanocomposites. Appropriate combination of these 

constituents can provide significant increase in stiffness and strength of the 

composite material, without comprising its ductility and impact resistance. 

However, if inadequate mixture of the constituents is used, it could negatively 

affect the mechanical properties of the composite. Despite many challenges of 

the nanotechnology, the prospects of high performance composite materials, 

capable of sufficient resistance to impact loads, as well as the ability to 

effectively absorb the energy of the impact, drive the need for extensive 

research in this field.  

In case of light weight structures, made of polymer composites, the most 

widely used nano-reinforcements are silica based particles, due to their good 

mechanical properties and high thermal stability. Currently, around 70 % of the 

nano-materials used in the automotive industry are silica based nano-clays [4]. 

Although there has been a significant amount of research carried out on the 

mechanical properties of polymers filled with nano-particles, there is limited 

research work published on the effect of nano fillers on the mechanical 
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properties of hybrid fibre reinforced nanocomposites. Furthermore, the 

understanding of the mechanical response and fracture mechanism of hybrid 

nanocomposite structures, subjected to dynamic loads, is equally limited. 

The use of advanced composite materials also requires sophisticated 

numerical tools. These tools should provide an accurate and effective prediction 

of the structural response, for the components made of these materials. The 

existence of a Finite Element (FE) model for the hybrid nanocomposite material 

can lead to a significant improvement in the design process of a new product. 

Furthermore, a method capable of predicting the failure mechanism in the 

hybrid nanocomposite structure could provide a valuable input required to 

produce an optimized, high performance and low weight structure. A reliable 

modelling method can also reduce the amount of structural testing required, 

leading to a significant cost reduction. Although there are a number of 

numerical models for composite materials, implemented into commercial FEM 

software such as Ls-Dyna [5] (Mat: 22, 54, 55, 58, 59, 158 and 161), there is still a 

need for improvements, especially within the field of composite plasticity and 

failure. Furthermore, the existing models are generally built for specific 

applications, and therefore, may not be applicable if novel materials or different 

loading cases are investigated.   

1.2 Aims and objectives 

One of the main concerns when using the short-fibre reinforced 

thermoplastic composites, for structural automotive applications, is the 

insufficient ability of the structure to resist the impact loads and absorb the 

impact energy. Although different configurations of fibres and micro fillers can 

provide significant improvements in properties such as stiffness and strength, 

they usually lead to an important drop in ductility and toughness of the 

composite. 
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That is why the main aim of this thesis is to investigate the effect of 

different micro and nano-sized fillers on the mechanical properties - such as 

stiffness, strength, ductility, impact resistance and energy absorption capability 

- of hybrid short-fibre reinforced thermoplastic composites. Furthermore, the 

thesis aims to obtain a better understanding of the relation between the 

mechanical properties of the hybrid nanocomposite material and the fracture 

mechanism of the hybrid nanocomposite structure. The final aim is to develop 

reliable numerical tools, to effectively model hybrid nanocomposite structures 

subjected to crashing loads.  

In order to realise these aims the following key objectives are established: 

 Fabrication of hybrid three-phase polymer based (polyamide and 

polypropylene) glass-fibre reinforced composites, filled with micro (glass 

spheres) and nano (silica and MMT) particles.  

 Study morphology of the manufactured composites. 

 Derive the mechanical properties of the composites. 

 Study fracture mechanism and energy absorption capabilities of the hybrid 

composite structures. 

 Develop a material model to accurately capture all the mechanical 

properties of the hybrid composites.   

 Utilize the developed model to gain better understanding of the crashing 

behaviour of the hybrid nanocomposite structures. 

 Identify the influence of such parameters as matrix material, filler type, filler 

size and testing speed, on the fracture mechanism and energy absorption 

capabilities of the hybrid nanocomposites. 
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1.3 Methodology 

In order to meet the aims and objectives of the thesis, the following 

methodology will be utilized (see Figure 1). First an extensive literature review 

will be carried out on which basis an appropriate fillers and polymer matrices 

will be selected. Subsequently, the composite materials will be prepared using 

different combinations of nano and micro fillers. A number of test samples and 

structures will be manufactured using novel hybrid three-phase composite 

materials (polymer/glass-fibres/nano-fillers. Some specimens will be used to 

study the morphology of the materials, i.e. crystalline structure of the 

composites, dispersion of the nano fillers and orientation of the fibres. The 

standard mechanical properties of the composites will be determined in a series 

of simple uniaxial tensile and compression tests. Furthermore, the fracture 

behaviour of the composite conical structures will be investigated in a series of 

static and dynamic crash tests. Using the information contained in the literature 

review and the results of specimen and structural testing, a novel numerical 

model for a composite material will be developed and implemented into Ls-

Dyna software. The material model will be validated and calibrated using the 

results of the experiments. Both numerical and experimental results will be 

used to study in details the effect of the filler on the mechanical properties of 

the composites. The attention of this study will be directed towards the relation 

between micro and macro fracture process with crack propagation mechanism 

and their effects on energy absorption capability of the nanocomposite 

structures.  
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Figure 1: Methodology work flow chart 

1.4   Structure of the thesis 

Chapter 1: The first chapter introduces the reader to the subject of the thesis 

by presenting a background of the study as well as the main aims 

and objectives. The main focus is on the relation between the 

nano-filler and the mechanical properties of the fibre reinforced 

polymer composite.    

Chapter 2: Literature survey on the effect of various nano-fillers on the 

mechanical properties of polymeric materials is shown in this 

chapter. Factors affecting the energy absorption capabilities of 

composite structures are described in detail. Furthermore, the 

main aspects of numerical methods for modelling composite 

structures are presented. 
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Chapter 3: This chapter presents the process for manufacturing the 

nanocomposite materials as well as the procedure for mechanical 

testing and material characterization. Subsequently, it presents the 

results of the material characterization carried out with 

Transmission Electron Microscopy (TEM), X-ray diffraction and 

optical microscopy. Finally, it presents and discusses the results of 

the mechanical testing, carried out using tensile and compressive, 

in static and dynamic conditions.    

Chapter 4: This chapter shows the results from experimental investigation of 

the composite structures. This includes static and dynamic crash 

testing of conical structures made of eight different composite 

materials. It also presents the results of material failure 

investigation carried out using Scanning Electron Microscopy 

(SEM). The chapter concludes with a discussion on effect of 

different nano and micro fillers on the failure mechanism and 

energy absorption capability of studied composite materials.  

Chapter 5: In this chapter a theoretical development of the numerical model 

for composite materials is presented. It details the rationale 

behind the selection of the material model formulation as well as 

procedure for numerical implementation into Ls-Dyna software, 

as user defined subroutine.    

Chapter 6: This chapter focuses on the FE modelling of the composite 

structures carried out using the developed material model. It 

starts with the procedure for calibration of the model, using the 

experimental data. Subsequently, it details the results of the 

simulations and shows the correlation with the experimental 
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results. It also provides a further insight into failure mechanism of 

the composite conical structures.  

Chapter 7: This chapter provides a general discussion about the mechanical 

properties and failure mechanism of the nanocomposite materials 

and structures, based on both experimental and numerical 

analysis.  

Chapter 8: This chapter concludes the thesis work, summarizing the current 

understanding of the effect of different fillers on the mechanical 

properties and failure mechanism of fibre reinforced composites. 

It also identifies any further work required in the field of three-

phase fibre reinforced composites, intended for structural 

applications, as well as requirements for improvements in the 

modelling methods.    

 

 

 

 

 

 

 

 

 

 



9 
 

2. Literature Survey 

This chapter reviews the established knowledge regarding the 

mechanical properties of standard fibre-reinforced, as well as nano-reinforced, 

polymer composites and their application as structural materials. It also reviews 

the current state of the art of modelling techniques, that can be used to 

accurately represent advanced composite materials, subjected to static and 

dynamic loads. 

2.1 Composite materials 

Over the last four decades, polymers started to gradually replace 

conventional materials, such as metals, in various structural applications. This 

replacement processes happens mainly due to their numerous advantages, over 

the conventional materials, such as easy processing, productivity and low cost. 

However, to obtain comparable or improved mechanical properties in relation 

to metals, polymers are generally used in the form of composites.    

Composites are materials which consist of two or more distinct constituents, 

which are separated with an interface region. The properties of a composite 

material are superior to those of constituent materials, and could never be 

obtained using either constituent separately [1]. Furthermore, combination of 

two distinct materials, provides the engineer with the potential to design 

structures with enhanced mechanical properties in specific directions. This 

makes the structures optimized for a particular loading path.  

In the composite material, the stronger and harder phase is called the 

reinforcement. Its main function is to provide stiffness and strength to the 

composite. The reinforcement can be either fibrous or particulate. Typically, as 

a fibrous reinforcement, carbon, glass or aramid material are used [6]. Fibres 

can be either continuous or discontinuous (short), whereas particles can be 
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small or large. A general classification of the composites due to the 

reinforcement is illustrated in Figure 2. High performance structures are usually 

made of continuous fibres, which are mainly aligned in one direction. Such 

materials are characterized by high anisotropy. To overcome this issue, 

laminate structures have been developed. In these structures a number of plies 

are laid on each other, at different but specific directions, in order to resist 

multiaxial loading. However, the current manufacturing techniques for 

continuous fibre composites are complex, and therefore expensive. This is why 

their application is limited to industries where high performance and low 

weight are crucial and cannot be compromised by the cost. This includes the 

aerospace and motorsport industries [7].  

 

Figure 2: Classification of composites due to reinforcement 

In order to reduce the manufacturing cost, discontinuous (short) fibre 

composites were developed. Their mechanical properties are inferior, in 

comparison to continuous fibres, but still can provide a sufficient reinforcing 

effect for various structural applications [8]. Other low cost composites are 

particulate reinforced composites. In their case the most prevalent 

reinforcements are glass, rubber, silica, metal or ceramic materials, in the form 

of particles or whiskers [9]. Particulate reinforced composites can be sub- 

divided into large particle composites (micro-sized) and dispersion 
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strengthened composites (nano-sized). Short-fibre and particulate reinforced 

composites are widely used in the automotive industry. To construct a 

composite, the fibres are embedded into a relatively less stiff and weaker phase, 

called the matrix. The main role of the matrix material is to transfer the loads 

and stabilize the fibres. The secondary function is to protect them from the 

external environment such as moisture, chemicals or mechanical damage [10]. 

The matrix material can be polymeric, metallic or ceramic.   

Metal and ceramic matrix composites are mainly used for high temperature 

applications such as gas turbine manufacturing and the space industry. For low 

and medium temperature applications, mainly automotive or airframe 

manufacturing, polymer matrices are prevalent.  

The most attractive polymers used as matrix materials are thermosets or 

thermoplastics. The main difference between the two polymers is in their 

respective molecular chains. Thermosets have cross-linked chains, which are 

characterized by strong chemical bonds. Thermoplastics have linear molecular 

chains with relatively weak forces of attraction. The main result of this 

difference is that the thermoplastics, once formed to the final solid shape, can be 

heated and re-melted back into a liquid form. By contrast, thermosets once 

formed and cooled to their final shape will suffer charring if reheated. 

Moreover, manufacturing of thermoset composites is complex due to the large 

number of components involved in the process such as base resin, curing 

agents, catalysts, flowing agents and hardeners. In terms of mechanical 

properties, thermosets are harder, stiffer and more brittle than thermoplastics. 

They are also able to sustain fibre loadings up to 80%, which results in 

remarkable enhancement in the mechanical properties of the composite [11]. 

That is why thermoset composites often find applications in high performance 

structures, such as primary airframe components. However, thermoplastics 

provide several advantages over thermosets. The main ones are associated with 
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their low manufacturing costs. Thermoplastics are flexible and easy to mould 

complex parts. Composites can be manufactured using simple methods such as 

extrusion ore injection moulding.  

The last component of the composite material is the interface region. Its size is 

of tenths of a micron in cross-section, but despite the insignificant size its 

function is crucial for the performance of the composite. The interface region 

controls the fracture behaviour of the composite as well as its transverse, shear 

and flexural response [12; 13]. This is why if the bond is too weak, there is no 

load transfer between the matrix and the fibre, resulting in poor mechanical 

properties (stiffness and strength), but good energy absorption provided by the 

restricted crack growth. By contrast, if the bond is too strong, the composite is 

brittle, but at the same time it is strong end stiff. In order to achieve desired 

mechanical properties it is required to control the strength of the interface to 

provide a compromise between strength and toughness.  

2.2 Short-fibres reinforced polymer composites 

Due to the low manufacturing costs and relatively good mechanical 

properties, injection moulded composites made of thermoplastic matrix (mainly 

Polyamide (PA) and Polypropylene (PP)) and short glass fibres (GF), are 

currently the most prevalent materials used in the automotive industry [14].  

Polyamide based composites have been successfully applied for automotive  

structures such as engine components (ex. oil pans, radiators and intercoolers), 

bumper beams, stiffeners and body panels. These applications require 

properties such as good structural strength and stiffness, as well as chemical 

and temperature resistance [2; 15; 16]. There are a number of different types of 

polyamides available to construct composite materials. However, the most 

widely used in the automotive industry are PA6 and PA66, due to their good 

resistance to wearing, good surface finish and superior heat ageing resistance 
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[17; 18]. PA6 is synthesised from one repeating monomer, which results in one 

carbon atom in the monomer unit. PA66 is synthesised from two different 

repeating monomers, which results in two carbon atoms in each monomer unit 

(see Figure 3). In general, the two polymers have similar mechanical properties. 

However, PA6 has better ductility and toughness, better long term heat 

resistance, better impact resistance in low temperatures, better surface quality, 

as well as lower cost.  The main disadvantages of PA6 in relation to PA66 are 

lower modulus, lower wear resistance, lower short term heat resistance and 

higher moisture absorption [17].       

  

 

Figure 3: Monomers of PA6 and PA66 

Polypropylene based composites have found several automotive applications 

such as interiors (trim items, instrument panels), exteriors (bumper fascia, air 

inlet, wheel house liners), under the hood (fuse block cover, fan shroud, coolant 

reservoir). Polypropylene is produced by polymerizing propylene molecules 

(monomer units) into very long polymer molecule or chain (see Figure 4). Its 

mechanical properties such as stiffness strength and ductility are lower than 

those of polyamide. However, it is a very attractive material for the automotive 

industry due to its low cost, colourability, chemical resistance and UV stability. 

Composites made of polypropylene can meet several different requirements for 

automotive components such stiffness, impact and heat resistance, as well as 

appearance [19].   

 

Figure 4: Monomer of PP 

PA6 

PA66 



14 
 

2.2.1 Mechanical properties 

The key factors determining the mechanical properties of injection moulded 

short glass-fibre reinforced thermoplastic composites are: fibre content, length, 

diameter and orientation; as well as the interfacial strength and the matrix 

material. 

The effect of fibre length on the mechanical properties of short-fibre reinforced 

polyamides was studied by Bernasconi et al. [20], as well as Hassan et al. [21]. 

In these studies it was proved, that the length of the fibres has a significant 

effect on the mechanical properties of the composites. The researchers observed 

that the composites with shorter glass-fibres have statistically more total fibre 

length, and therefore, more total surface area. This results in a much better 

interfacial bonding between the fibres and the matrix. However, the reduction 

in fibres’ length causes a reduction in strength and modulus. By contrast, the 

ductility of the composites was found to increase with decreasing fibres’ length. 

This effect was attributed to the ability of the matrix to deform. If the long fibres 

are present in the composite, the movement of the matrix is restricted. This 

restriction reduces with decreasing fibre length, allowing for larger 

deformations of the composite before it fails.  

The other parameter influencing the mechanical properties of the polymer 

composites is diameter of the fibres. Sato et al. [22] found that the strength of 

glass-fibre reinforced polyamide is not significantly affected by the diameter of 

the fibres, in the 7-13 µm range. However, if the diameter is below 7 µm, the 

strength of the composite falls dramatically. The authors demonstrated that this 

effect is a result of the increased number of fibre ends. The fibre ends act as 

stress concentration regions, which are accelerating formation of the micro-

cracks. The decrease in diameter of the fibres results in significant increase in 

the number of fibre ends present in the composite. As a result there are 
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numerous stress concentration points within the composite, which are 

responsible for the reduction in its strength. Other researchers such as 

Thomason [23] and Ramstein et al. [24] , showed that the un-notched impact 

strength is highly dependent on the fibre diameter, but there is no significant 

effect on the tensile modulus. 

Furthermore, the mechanical properties of the composite can be significantly 

affected by the fibre content. Thomason [25-27] carried out an extensive 

research to understand the influence of the fibre content on the mechanical 

properties of PA66 glass-fibre reinforced composites. The author observed an 

almost linear relation between the weight fraction of the fibres, and tensile 

stiffness and strength. However, the author noticed a large reduction in 

composite ductility with increasing number of fibres.  Thomason also observed 

that an increase in fibre content can have a beneficial effect on impact behaviour 

of PA66 composites above 10 wt%.  Similar conclusions were drawn by Gullu et 

al. [28] who studied both polyamide and polypropylene reinforced with short 

glass-fibres.  

The last parameter which significantly affects the mechanical properties of the 

composite is the matrix material. It is well known that transverse and flexural 

properties of long-fibre reinforced composites are dominated by the matrix 

properties. In the case of short-fibre composites, the matrix material can also 

have a significant effect on the longitudinal properties of the composite. This is 

due to the fact that the fibres are discontinuous, and therefore the longitudinal 

loads between the fibres are transferred by the matrix. Gullu et al. [28], studied 

the mechanical properties of short glass-fibre reinforced polypropylene and 

polyamide 6. They reported, that at the same weight fraction of the fibres (15 

and 30 wt%), the tensile properties of the composites are highly dependent on 

the matrix material. Tensile properties such as modulus, strength and ductility 
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of the polyamide 6 based composites were found to be superior to those of the 

polypropylene based composites.  

2.2.2 Impact and energy absorption  

Despite many advantages, the composite materials can suffer from some 

serious drawbacks. The main one is their response to impact loads such as 

foreign object damage, handling damage or crash. There have been many 

studies performed to investigate the impact properties of fibre reinforced 

polymer composites [2; 29-37]. It has been shown that the key factors 

influencing the dynamic response and fracture mechanism of composite 

materials are similar to those controlling the static mechanical properties, such 

as stiffness and strength. These factors are interfacial adhesion, fibre length and 

diameter, weight fraction of the fibres, as well as properties of the matrix.  As it 

was previously discussed, the key role in controlling the fracture mechanism of 

composite materials has the interface region and the matrix material. 

Blumentritt et al. [38] studied in detail the fracture mechanism of short-fibre 

reinforced composites. They observed that fibres are pulled out with little 

matrix residuals, if the fracture occurs at the interface. If the fracture occurs at 

the matrix, the fibres are also pulled out but with visible residual of the matrix 

material. However, if the strengths of the matrix and the interface region are 

high, the failure of the fibres is predominant. Based on this observation and 

measurements of the mechanical properties, the researchers concluded that the 

failure mode has a significant influence on the impact resistance and energy 

absorption capability of the composite material. The composites failing by fibre 

fracture are generally strong and stiff with low toughness, whereas if matrix or 

interface failure is predominant, the composite is weak but tough. This is 

mainly attributed to the fibre bridging effect which prevents development of 

the crack, if the fibres stay unbroken during the fracture process. Furthermore, 

they observed that ductile matrix composites are much tougher than brittle 
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matrix composites, as the crack propagation in a ductile matrix requires much 

more energy. Nevertheless, the short-fibre composites, with either ductile or 

brittle matrices, fail primarily by fibre pull- out. This happens due to the defects 

present in the material as well as stress concentration regions in the vicinity of 

fibres, which induce micro-cracking in the interface region. Due to the big 

difference in stiffness, between the fibres and the matrix, their interface is 

known to be the region of the highest stress concentration in the composite. 

Furthermore, many researchers demonstrated that short-fibres act as crack 

initiators, but on the other hand work as crack propagation blockers [38; 39]. 

The stress concentration regions near the fibres accelerate the crack initiation 

but the propagating crack must often travel around the fibres which results in 

elevated energy dissipation capability of the composite.      

The positive effect of fibre pull-out failure mode was also reported by Hassan et 

al. [21]. They observed that composites with longer fibres tend to fail in a more 

brittle manner, by fibre breakage, in relation to shorter fibres composites which 

fail in a more ductile manner by fibre pull-out.  

Since the impact resistance and energy absorption capabilities of the 

composite materials are highly dependent on the properties of the matrix, the 

rubber toughening of the matrix material became a widely used technique in 

the industry. Incorporation of the rubber phase can prevent brittle failure of the 

composite, producing tough and impact resistant material with good strength 

and stiffness [40-42]. However, it has been reported that rubber toughening 

reduces the strength and stiffness of the composite [43], therefore an optimal 

balance must be established not to degrade the material performance. Mouti 

et.al [2]  observed that rubber toughening of short glass-fibre reinforced 

polyamide 66 increased the ductility of the material by 26%, but at the cost of 

reduced stiffness by 16% and strength by 25%.    
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2.3 Energy Absorption of Composite Structures 

Modern vehicle structures must be able to withstand severe impact loads, at 

the same time providing safety of the occupants.  This is why structural 

materials used for crashworthy applications must be characterized by the 

energy absorption capability.  In order to ensure survivability of the accident, 

the structure has to dissipate energy in a controlled manner. This is limited by 

two factors: induced decelerations and maintaining a survival space for 

occupants during a crash [44]. 

Energy absorbed throughout a collision is defined by the area under the load-

displacement curve as shown in Figure 5 [45]. 

 

Figure 5: General load-displacement curve [45] 

Analysing the above graph, it can be seen that the energy absorbed can be 

controlled by the value of the force and the amount of deformation. As 

mentioned before the maximum peak load is limited by the occupants’ 

tolerance and the maximum deflection is limited by the geometry of the 

structure. In an idealized energy absorbing system induced load should be 

constant and just below the human tolerance limit. In reality the design of a 
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crashworthiness structure is always a compromise.  As an example three 

different structural responses are compared in Figure 6. In the scenario with 

very stiff structure induced peak loads can highly exceed the allowable limit. In 

such a case occupants will suffer high decelerations while deformations of the 

structure are small. In case of the weak structure, induced peak loads are 

significantly reduced, but large deformations can affect the occupants causing 

serious injuries or even death. The third scenario is a compromise with the 

moderate value of the force and acceptable deflections not affecting occupants’ 

space.  In this scenario energy absorbed by the structure is maximized but 

within the limits of allowable load and deformation.    

 

Figure 6: Various structural responses [45] 

Traditionally metallic materials have been applied for the crashworthy 

structures due to their ability to sustain plastic deformations.  By contrast, 

composite materials do not exhibit significant plastic deformations as they are 
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usually brittle. However, if they are properly designed they can absorb high 

amounts of impact energy by the progressive failure and delamination.  

2.3.1 Crashworthy Criteria  

The most useful parameter that allows meaningful comparison of the energy 

absorption capability of different materials and structures is Specific Energy 

Absorption (SEA). This parameter is defined as the amount of energy absorbed 

(area under the load-displacement curve) per unit mass of crashed material. 

This means that it takes into account the crashing length of the sample.  

cm

Fdx

masscrashed

absorbedenergy
SEA




_

_
 

Where: F – load, x displacement 

2.3.2 Crash testing of composite structures 

The most widely used method to evaluate the ability of a composite 

material to absorb the energy is axial collapse of a structural element. This 

technique has been applied by many researchers on various composite 

materials. The experiments presented in the literature vary in geometry and 

material of the specimen, as well as the parameters of the impact such as: 

velocity and energy. That is why, in order to directly compare energy 

absorption characteristics of the composite materials, it is necessary to operate 

with specific energy absorption (SEA) parameters, rather than total energy 

absorbed by the structure. 

A summary of the results selected from the literature is presented in Table 

1: Energy absorption of various composites . The most often used geometries of 

crash-samples are: cylinders, cones and squarer tubes. The materials which 

have been investigated the most extensively include: carbon, Kevlar and glass 
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as fibre materials; and epoxy, PEEK, polyester and vinylester as matrix 

materials.      

Table 1: Energy absorption of various composites  

Material Type Lay-up 
Fibre 

content Shape 
SEA 

[kJ/kg] Reference 

Carbon/Epoxy Laminate 0°/±15° 55 vol% Square 75 [46] 

 
Laminate 0°/±45° * Square 46 [47] 

Carbon/PEEK Laminate 0° 61 wt% Square 180 [48] 

 
Laminate ±30° 61 wt% Square 127 [48] 

Glass/epoxy Laminate 0°/±15° * Square 30 [47] 

 
Laminate 0°/±45° * Square 31 [47] 

Kevlar/epoxy Laminate 0°/±15° * Square 9 [49] 

 
Laminate 0°/±45° * Square 21 [49] 

Glass/vinyl-ester Pultruded 
 

68.4 wt% Square 58 [50] 

Glass/Polyester Pultruded 
 

61.8 wt% Square 41 [50] 

Glass/Polyester Laminate random 72 wt% Cylinder 33,6 [44] 

Glass/Polyester Laminate random 72 wt% Cone 5° 33,1 [44] 

Glass/Polyester Laminate random 72 wt% Cone 10° 30,8 [44] 

Glass/Polyester Laminate random 72 wt% Cone 15° 20,9 [44] 

Glass/Polyester Laminate random 72 wt% square 5° 24,5 [44] 

Glass/Polyester Laminate random 72 wt% square 10° 23,2 [44] 

Carbon/epoxy Prepreg ±15° * Cylinder 94,3 [51] 

Carbon/epoxy Prepreg ±30° * Cylinder 68,9 [51] 

Carbon/epoxy Prepreg ±45° * Cylinder 68,1 [51] 

Carbon/epoxy Prepreg ±60° * Cylinder 61,9 [51] 

Carbon/epoxy Prepreg ±75° * Cylinder 54,5 [51] 

Aluminium 
  

N/A Cylinder 78 [47] 

Steel 
  

N/A Cylinder 33 [52] 
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* No information provided by the authors 

The ability of a composite structure to absorb the energy is highly 

dependent on the mode of fracture. Materials which fail in a progressive 

manner, with extensive delamination and fragmentation, are able to absorb 

much higher energies than those materials which tend to fail in a brittle 

manner. Farley [46; 47; 49] found that thermoset composites reinforced with 

glass and carbon fibres fail progressively in fragmentation and splaying modes. 

On the other hand thermoset tubes reinforced with Kevlar failed in a 

progressive folding mode. Mamalis et al. [44] who studied polyester cones, 

cylinders and tubes, reinforced with random orientated glass-fibres, divided 

failure of the samples into  four modes: progressive crashing with micro-

fragmentation (Mode I), brittle fracture with catastrophic failure (Mode II and 

III, depending on the crack form), progressive folding and hinging, similar to 

the metallic tubes (Mode IV). The authors observed that fracture mode was 

significantly affected by geometry of the sample. Conical and square tubes with 

small semi-apical angles (5°-15°) tend to fail in a stable Mode I, whereas 

samples with large semi-apical angles (20°-30°) were found to fail in a brittle 

Mode II. They also found that wall thickness, related to number of composite 

layers, has a direct influence on the mode of failure. The collapse mode for large 

semi-apical angel samples has changed from stable to unstable, with increasing 

wall thickness. In the case of small angle samples, the collapse mode remained 

the same with increased thickness of the wall.    

2.4 Nanocomposites 

As discussed in the previous chapters, the use of short-fibre reinforced 

composites, in structural components, is often limited by their relatively low 

impact resistance and energy absorption capabilities [14]. In order to overcome 

these issues, nano-reinforcements have been introduced, due to their potential 
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to provide significant enhancements in the mechanical properties, without 

compromising its ductility and toughness.   

Composite material is usually defined as a ‘nano‘, if one of the constituents 

possess at least one dimension in the range of 1nm to 100nm [53]. The unique 

properties of the material reinforced with nano-particles come from the large 

number of interfacial effects, existing due to the high surface-area-to-volume 

ratio of the reinforcement. For the spherical nano-particles and nano-fibres this 

ratio is irreversibly proportional to their radius and its value can be even up to 

1000 1/m.   

There are several different nano-reinforcements widely used in the industry, 

which vary in the material and shape. This includes: nano-fibres, carbon nano-

tubes, silver nano-particles, silica nano-particles and nano-clay plates. The most 

widely used nano-materials in polymer based composites are silica based, due 

to their good mechanical properties and high thermal stability. Currently, 

around 70 % of nano-materials used in the automotive industry are silica based 

nano-clays [4].   

2.4.1 Nano-particle reinforced composites 

In order to enhance physical and mechanical properties of the resin material, 

silica (SiO2) nano-particles can be introduced [54]. Several researchers report 

significant improvements in properties such as: tensile strength, ductility, 

Young’s modulus and impact strength; after reinforcing the material with nano-

particles [55-59]. Jun Ma et al. [55] showed in their study that addition of 20wt% 

of silica nano-particles leads to the increase in Young’s modulus by 40%, 

toughness from 0.73 to 1.68 MPa/m1/2 and slight increase in the tensile strength.  

An important issue in the manufacturing process of nanocomposites is 

appropriate dispersion of particles within a matrix. Existence of agglomeration 

regions, which can act as stress concentrators, may lead to an important drop in 
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composite performances [60-62]. Zheng and co-workers [63] compared the 

mechanical properties of nanocomposites with different quality of dispersion. 

They found that the material with uniformly distributed particles exhibits 

significant property improvements, while poorly distributed material indicates 

only a slight increase in the mechanical properties. Three different approaches 

have been studied by the authors in order to determine the most suitable 

manufacturing technique. The first one was to mix the un-pre-treated SiO2 

particles in the temperature of 120 ⁰ C, using an ultrasonic energy. In the second 

one, particles were pre-treated using a coupling agent and afterwards treated 

for twenty minutes with the ultrasonic waves. In the last approach the pre-

treated particles were also dispersed using the ultrasonic waves, but with 

assistance of a high-speed homogenizer with a rotational velocity of 24,000 rpm. 

After studying the structure morphology, using transmission electron 

microscope (TEM), the authors found that particles’ dispersion obtained using 

the second and the third approach is of a good quality. Dispersion achieved 

using the first approach was relatively poor with visible particles’ 

agglomerations, and the mechanical properties of the composite indicated a low 

increase of up to 8%. Regarding the well-dispersed material, manufactured 

using the second and the third method, the increase in mechanical properties 

was up to 30% and 110% respectively. 

2.4.2 Nano-plate reinforced composites  

If only one dimension of the reinforcement is in nanometer size we can 

classify it as a nanoplate. The most widely utilized types of nanoplates are 

silicate clay minerals and graphite, which both exist in the form of layered 

materials. The main advantage of layered nano-materials is their potentially 

large aspect ratio and unique intercalation/exfoliation characteristics [64]. The 

best properties of clay nanocomposite can be achieved if layers are separated 

and well dispersed within the matrix [54].  
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Clay-polymer nanocomposites can be divided into four main categories, due 

to their morphology, as shown in Figure 7. In a conventional miscible state, 

enhancement of composite properties is of little meaning. Distance between 

clay plates is minimal and there is no intercalation of the polymer matrix into 

the gallery. In the case of intercalated state, the polymer matrix exists between 

the clay layers, leading to the enhancement of the polymer’s properties [65]. If 

the nanoplates are fully separated and dispersed within the matrix, then the 

clay is in the exfoliated state. These type of composites exhibit much better 

properties in relation to the intercalated ones, due to the higher homogeneity of 

the phase [66].  Achievement of the full exfoliation is a challenging technical 

problem, because of the large longitudinal dimensions of the nanoplates and 

their strong tendency to agglomerate [67]. The most common state of nano-

clays is partial intercalation and exfoliation. In this case the exfoliated and 

intercalated layers are distributed randomly within the matrix and a significant 

increase in modulus and strength is observed when compared with the raw 

matrix [68].  
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Figure 7: Morphology of nano-clay composites: (a) conventional miscible, (b) partially 

intercalated and exfoliated, (c) fully intercalated and dispersed and (d) fully exfoliated 

and dispersed [53] 

The most commonly used clay material is Montmorillonite (MMT), due to 

its high surface area and surface reactivity [69].  MMT is a hydrous aluminium-

silicate mineral in which aluminium octahedron is sandwiched between two 

tetrahedron silicon layers. The thickness of each layer is around 1nm, while the 

lateral dimensions vary from 30nm to more than several micro-meters. To 

improve mechanical properties of the MMT nanocomposite, a large surface 

contact area has to be created. In order to obtain a large aspect ratio in the range 

of 1000 the plates need to be uniformly-dispersed within the matrix, without 

breaking them into smaller pieces. In practice it is often difficult to achieve, 

because of the large shear stress induced during the mixing process, resulting in 

an aspect ratio of 30 to 300 [70].     

In order to synthesize a clay nanocomposite it is important to modify the 

normally hydrophilic silicate surface to an organophilic one. This treatment 
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leads to the stronger interaction of the clay surface with the polymer matrix. 

Otherwise, physical mixture of the constituents may not create a nanocomposite 

[69].  

There are four principle methods for preparing polymer-clay 

nanocomposites which are summarized below [71]. The first one is in situ 

template synthesis, where clay minerals are synthesized with a matrix using an 

aqueous solution, which contains building blocks of polymer and filler. A big 

challenge associated with this method is a tendency for the silicate layers to 

agglomerate. Furthermore, synthesis of the clay minerals requires high 

temperatures to decompose the polymers. This method was successfully 

applied by several researchers to synthesis double layered hydroxide-based 

nanocomposite [72; 73]. However, it is less suitable for layered silicates [74]. 

Another technique is intercalation of polymer or prepolymer from solution. In this 

method the layered silicate is exfoliated into single layers with the aid of a 

solvent in which the polymer is soluble. With this method it is possible to 

synthesize intercalated nanocomposites, based on polymers with low polarity. 

However, this technique is difficult to apply in industry due to the large 

amount of solvent required [75; 76].  

The third technique is in situ intercalative polymerization, in which formation 

of the polymer can occur between the intercalated sheets. In this approach the 

layered silicates are swollen by the liquid monomer, while polymerization is 

initiated, either by heat or retardation, by the diffusion of the initiator, or by an 

organic initiator. At first this method was used for manufacturing of nylon-

MMT nanocomposites, but later it was proved that it is well suited for 

thermoset clay nanocomposites [77].  

The last method is known as a melt intercalation. In this approach the 

layered silicate is mixed with the polymer matrix in the molten state and no 

solvent is required [69]. The mixing process is realized mechanically using 
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conventional methods like extrusion or injection moulding [78].  The biggest 

advantage of this method is that it is suitable for preparation of polymers, 

which cannot be synthesized using absorption and in-situ techniques. That is 

why it is very popular in the manufacturing of thermoplastic nanocomposites 

[69]. 

2.5 Mechanical properties of nanocomposites 

One of the main reasons for adding reinforcements into polymeric materials 

is to enhance their strength and stiffness properties. The most important 

parameter which affects these properties is load transfer between composite 

phases, realized via shear stress induced in the interface region. If high-

modulus filler is added into low-modulus matrix, the stress in the composite is 

transferred into the stiffer phase, causing more loads to be carried by the filler.  

That is why efficiency of the stress transfer across composite phases depends on 

the quality of the interfacial region. This includes interfacial strength and 

stiffness [79]. If weak coupling exists between the phases, then the load transfer 

is poor and properties of the composite are dominated by the matrix. 

Enhancement of interfacial properties causes the load to be transferred more 

efficiently, leading to an increase in composite modulus and strength. 

An important influence on the properties of the interfacial region is the 

aspect ratio of the reinforcement. The higher the aspect ratio of the 

reinforcement is, the bigger the load carrying area, and the higher the 

composite modulus and strength. This phenomenon explains unique properties 

of the materials reinforced with nano-fillers. Large numbers of small fillers in 

nanocomposite increases the available interfacial area, leading to the significant 

enhancement of the mechanical properties.  The effectiveness of nano-fillers in 

reinforcing polymeric materials depends on several factors, which are defined 

and summarized below. 

2.5.1 Filler size  
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It is well known that incorporation of rigid micro-fillers usually increases 

composite stiffness, but at the cost of reduced ductility. This is caused by the 

stress concentration regions that exist in close proximity of the reinforcement. In 

the case of nano-fillers, the stress concentrations are significantly reduced, 

therefore, composite ductility can be maintained at a constant level or even 

improved, in relation to the net polymer, as the filler may act as a crack 

propagation blocker.  

The size effect of TiO2 particles on mechanical properties of epoxy resin was 

investigated by Ng et al. [80]. The authors studied tensile properties of the 

epoxy material reinforced with nano (32nm) and micro (0.24µm) particles at 

constant 10% weight fraction. The obtained results show that incorporation of 

micro-particles increased modulus of the epoxy resin, but decreased its 

ductility. On the other hand, incorporation of nano-particles increased both the 

modulus and the ductility of the composite. 

2.5.2 Volume fraction of fillers 

Another important factor which can have a significant impact on stress-

strain behaviour of nanocomposites is content of the filler. In contrast to micro-

particles, which reduce composite strength at high filler content, the nano-

particles offer an increase in both modulus and strength, with rising fraction of 

the filler. However, bad dispersion of particles or existence of agglomeration 

regions may cause stress concentrations, which initiate local cracks, resulting in 

reduced ductility of the composite. This phenomenon is especially augmented 

at high filler loadings (more than 5 vol%) where agglomerations are more likely 

to occur [81].   

Zhang et al. [82] studied mechanical properties of epoxy resin with addition 

of 25nm silica nano-particles at various weight fraction, ranging from 0 to 

22.7wt.%. Effects of their study indicate that increase in the filler content results 
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in enhancement of modulus, micro-hardness and fracture toughness, while 

flexural strength does not change with increasing particles content. The best 

value of impact resistance was found at nano-particles content of 3 vol%.  The 

relative improvements in the mechanical properties are summarized in Figure 

8.     

Several other researchers report significant increase in Young’s modulus 

with rising content of the filler, as it is shown in Table 2. However, there have 

been exceptions reported to this general trend. For example, Bharadwaj et al. 

[83] found that modulus of PE/Clay nanocomposite decreased with the 

increasing clay content. To explain this phenomenon, morphology of the 

sample was studied by the authors using X-ray diffraction and TEM. The main 

observation made was that the increasing clay concentration leads to the 

progressive decreases in the degree of cross-linking of the polyester resin, in the 

presence of clay. Furthermore, a large decrease in the mechanical properties of 

the 2.5 wt% sample, in relation to 10 wt% sample, was explained by the 

exfoliation occurring at a more global scale in the sample containing 2.5wt% of 

clay.  

Table 2: Tensile modulus of various nanocomposites 

Nanocomposite Filler content Modulus 

[GPa] 

Ref. 

PP/SiO2 

0 

[vol%] 

0.94 

[67] 1.25 1.13 

2.75 1.25 

PA6/MMT 

0 

[wt%] 

1.11 

[84] 4.7 1.87 

5.3 2.04 

PC/MWNT 

0 

[wt%] 

2.00 

[85] 2 2.6 

5 3.4 

PE/Clay 0 [Wt%] 0.95 
[83] 
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1 0.75 

2.5 0.2 

5 0.31 

10 0.29 

 

Figure 8: Improvements in mechanical properties due to the volume fraction of 

nanosilica fillers in epoxy matrix [82] 

2.5.3 Filler shape 

As discussed in the previous chapters, the biggest influence on the 

mechanical properties of nanocomposites was an aspect ratio of the filler, which 

is closely related to its shape. Figure 9 shows three typical geometries, which 

can be used as reinforcement in nanocomposites. Each of these possesses 

different surface-area-to-volume ratios, which can be expressed using the 

following equations [86]:  
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Figure 9: Various reinforcement geometries 
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If we compare surface-area-to-volume (SV) ratios of the particulate and 

cylindrical (fibrous and layered) materials we obtain the following relation: 

)1(2

3

lrSV

SV

c

s


  

If filler is in the form of plate (r>l) or short rod (l<2r), then its SV ratio is bigger 

than that of a spherical particle. On the other hand, spherical particles have 

bigger SV ratio in relation to long fibres (l>2r). Influence of r/l ratio on SV ratio 

of the filler is shown in Figure 10.  

(2.1) 

(2.2) 

(2.3) 

(2.4) 
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Figure 10: (SVs) to (SVc) ratio as a function of particle radius (r) to length (l) ratio  

Based on these relations it can be concluded that the best surface properties can 

be achieved using plate geometries. However, the mechanical properties of 

nanocomposites depend on various factors such as: size, dispersion and volume 

fraction of the filler. This is why it is difficult to directly compare different 

shapes of the filler in an experiment. For example, cylindrical fillers are difficult 

to disperse in a homogeneous manner, at high volume fraction. Therefore, 

mechanical properties of the non-homogeneously dispersed filler of one shape 

are not directly comparable with properly dispersed filler of the other shape; 

even at the same volume fraction.  

2.6 Energy Absorption of Nanocomposite materials 

Polymer materials like PP and PA are widely used in the automotive 

industry because of their good mechanical performance, processing properties 

and low cost. On the other hand their application as structural materials is 

limited due to their relatively low impact resistance [87]. Incorporation of 

various nano-sized filers including: nano-particles (SiO2, TiO2, CaSiO3, Al2O3), 

carbon nanotubes, and clay nano-plates can offer an appropriate solution to this 

problem [88; 89]. Many researchers report increase in both stiffness and impact 

toughness if the filer is in nano-metric size. Several important factors 
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influencing energy absorption capability of nanocomposites are summarized in 

the following chapters. 

2.6.1 Particles stiffness 

Bartczak et al. [90; 91] studied the influence of particles’ stiffness on the 

mechanical properties of polymer matrix nanocomposites. Impact response of 

the high density polyethylene with addition of elastic rubber and rigid calcium 

carbonate CaCO3 particles was investigated by means of notched Izod impact 

testing. Results of their experiments show that addition of 22 vol.% of elastic 

rubber causes an increase in notch toughness more than 16 times. However, a 

decrease by 50%-60% in the Young’s modulus and yield stress by 40%-50%, was 

observed in relation to the net polymer.  On the other hand incorporation of 25 

vol.% of rigid CaCO3 particles leads to an increase in notch toughness up to 15 

times, as well as significant increase in Young’s modulus and slight decrease in 

yield stress. 

Mechanical properties of epoxy vinyl ester reinforced with core shell rubber 

(CSR) nanoparticles, which consist of a soft rubber core and a glassy shell, were 

investigated by Subramaniyan et al. [92]. The authors found that addition of 

CSR is able to improve the fracture toughness of net resin even more than MMT 

nano-clay with the same weight fraction. Furthermore, they proved that hybrid 

blends of CSR and nano-clays can provide good balance between toughness, 

strength and elastic modulus. In the other experiment, carried out by the same 

authors, nano-clay particles were added to the conventional polymer-glass fibre 

composite. It transpired that interlaminar fracture toughness decreased after the 

addition of nano-clay particles. The possible reason of this phenomenon was 

alignment of the particles along the fibres.             

2.6.2 Particles geometry 
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Addition of Al2O3 nano-whiskers, glass-fibres and wallastonite into polymer 

matrix improves the fracture toughness significantly, while incorporation of the 

plate shaped particles of MMT, into the same matrix material, was found to 

decrease it [93]. A favourable effect on the impact toughness was also observed 

after the addition of amino-functionalized MWCNTs [94] or small amounts of 

SWCNTs [95]. Moreover, it was observed by Kireitseu [96] that the composite 

impact toughness and stiffness are highly dependent on the modulus of nano-

tubes. Usage of silica (SiO2) nanoparticles with polymer, can also lead to an 

increase in impact toughness of the composite material, if the particles are 

properly dispersed in the matrix and no agglomeration regions exist [60].  

2.6.3 Volume fraction and inter-particle distance 

Important Influence on the impact toughness of nanocomposites has inter-

particle distance S, independently of the reinforcement geometry. Its value is 

closely related to the concentration φ and average size of the particles d (see 

Figure 11), which can be described using the equation 2.5, assuming ideal 

dispersion of the particles [82].  

 

Figure 11: Inter-particle distance [88] 
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Zhang et al. [82] found that if inter-particle distance is smaller than average 

particle size d, then composite toughness increases significantly as is the case 

presented in Figure 12. Similar conclusions were drawn by Wetzel et al. [97] 

who compared experimental fracture toughness with theoretical data presented 

in ref. [98]. This phenomenon can be explained by the fact that distance between 

particles is small enough to build around them, a three dimensional network of 

interphase region. If the inter-particles’ distance is below the critical value then 

material behaviour is dominated by the properties of this region, and therefore 

it creates an energy-dissipating toughening mechanism [82]. 

 

Figure 12: Improvements in mechanical properties due to the inter-particle distance 

[82] 

2.6.4 Effects of particles size 

(2.5) 



37 
 

Effect of the particles size on the mechanical properties of the polyurethane 

foams was studied by Javni et al. [99]. Incorporation of nano-sized filler was 

found to increase the compression strength of the foam, and to decrease its 

rebound resilience. On the other hand the addition of micro-sized fillers was 

found to lower the hardness and compression strength, at the same time 

leading to an increase in rebound resilience. This indicates that foams 

reinforced with nano-particles are able to absorb higher amounts of impact 

energy.   

According to the analytical studies carried out by Chen et al. [100], energy 

dissipation due to the interfacial debonding is highly dependent on the size of 

particles. Figure 13 shows the effect of particles’ size, varying from nanometer 

to micrometer, on the energy dissipation. The material ability to dissipate 

energy increases significantly with increasing size of the particles up to 140nm, 

whereas particles bigger than this indicate a gradual decrease in the material 

performance. 

 

Figure 13: Energy dissipation against average radius of the filler (fp0 – initial volume 

fraction of particles) [100]  
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Cho et al. [101] investigated the mechanical properties of polymer composites 

due to the size of the reinforcing particles. Results of their study show that size 

of particles has a small influence on interfacial fracture toughness of the nano-

composite. Furthermore, a slight increase in Young’s modulus was observed 

with reduced particles size for both micro and nano sized particles. The value of 

tensile strength was found to increase with reduction in size of micro particles, 

whereas reduction in size of nano particles was found to decrease the tensile 

strength of the material.     

2.7 Hybrid nanocomposites 

Another class of composite materials, which consist of more than one filler, 

is called hybrid nanocomposites.  They are usually made from three separate 

phases; such as matrix, fibrous reinforcement and nano-fillers. The rationale 

behind use of hybrid nanocomposites is to balance the mechanical properties of 

the material, by an appropriate combination of the constituents. As discussed in 

Chapter 2.2, the introduction of short-fibres into polymeric matrix results in 

reduction in toughness. On the other hand, loading of more than 10wt% of 

nano-fillers lead to poor dispersion, and therefore, bad mechanical properties. 

That is why it is of interest to investigate whether a combination of all three 

constituents would provide desired properties. Although there has been an 

extensive research carried out on the properties of two-phase composites, only 

few preliminary studies have been undertaken so far to explore the benefits of 

using the hybrid nanocomposites [102].      

Akkapeddi [103] showed that there is a clear tendency to increase the 

mechanical properties of polyamide 6, primarily filled with short glass-fibres, 

when MMT is added as secondary filler. The author reports that 3-4 wt% of the 

nano-filler can provide enhancement in stiffness which is equivalent to 10-15 

wt% of glass-fibres. Similar increase in stiffness, after addition of nano-filler to 
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glass-fibre reinforced polyamide 6, were reported by Clifford et al. [104]. 

Furthermore, Daud et al. [105] proved that hybrid composites (PA 6 with 

woven glass fibres and layered silicates) offer 30% improvement in flexural and 

compressive strength in relation to standard two-phase composites. The results 

obtained by Wu et al. [106] showed that increase in stiffness and strength, of 

carbon-fibre or glass-fibre PA 6 composites filed with nano-clay, can be 

achieved without compromising their impact strength. Contrary, Yoo et al. 

[102] proved that tensile strength increases and ductility decreases with 

increasing content of organoclay in glass-fibre reinforced PA 6. Furthermore, 

Izod impact strength was shown to decrease with increasing content of the 

nano-clay.        

2.8 Modelling of Nanocomposites  

It is well known that interactions between nano-filler and matrix have 

significant impact on the energy absorption mechanism and the fracture 

behaviour of nanocomposites [61]. That is why modelling of these materials 

becomes a challenging task, due to the wide range of length scales that need to 

be considered in the analysis. Numerical methods for modelling of 

nanocomposites include: Molecular Dynamics (MD), continuum mechanics 

multiscale FE modelling, micromechanical FE and macroscopic FE modelling. 

MD methods consider interactions at atomistic scale and apply principles of 

quantum mechanics and molecular dynamics. These methods allow for 

determination of mechanical properties at nanoscale by solving the equations of 

motion of interacting atoms within interatomistic potentials [107]. MD 

simulations have been successfully applied to the investigation of crack 

propagation and fracture of individual single and multi-walled carbon 

nanotubes (CNT) [108-110], and predicting of the elastic properties in CNT 

reinforced composites [111; 112]. However, these techniques are 

computationally expensive, and therefore they are limited to studies of 
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individual particles and polymer chains [113]. A link to the modelling of larger 

structures is currently unavailable. For larger scale structures continuum 

mechanics and micromechanics based FE methods can be applied. A general 

description and the main challenges associated with these techniques are 

presented below.  

2.8.1 Macroscopic modelling 

Macroscopic modelling is a simplified approach where micro or nanoscopic 

interactions between matrix and reinforcement are neglected. Properties of the 

composite are homogenized before the analysis, producing anisotropic and 

homogenous continuum [114]. Effective properties based on an elasto-plastic 

stress-strain curve are obtained using mechanical testing. The most important 

parameters that need to be included in the composite material model are 

anisotropic yield and failure criterion as well as strain rate effects.   

- Yield and failure criteria 

 A big challenge when composite materials are considered is modelling of 

yield and failure under the multiaxial loading. Most of the existing material 

models, implemented into commercial FE packages, were developed for metals, 

and therefore, they are based on von-Misses criterion. In this approach, only the 

deviatoric part of the stress tensor is taken in to account, when predicating the 

yield strength. In other words, yielding of the material is caused only by the 

distortional stress and it is not affected by the pressure.  These assumptions are 

not necessarily correct for polymer composites. Contrary to metals, polymers’ 

yielding and failure are dependent on hydrostatic pressure which is omitted in 

von Misses’ theory. Several experiments confirmed that the hydrostatic part of 

the stress tensor increases polymers’ yielding [115-121] and failure [122] stress. 

This effect is clearly visible as higher yield and failure stresses in simple 

compression than in simple tension.  
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In order to account for hydrostatic pressure effects several modifications of 

Tresca and von Misses criteria were proposed in the literature [119; 123; 124]. 

These formulations take into account both hydrostatic and deviatoric 

components of the stress tensor. The yield stress is then calculated as a linear or 

nonlinear function of the hydrostatic pressure. The simplest way to account for 

pressure effects is to expand the von Misses’ criterion based on second invariant 

of stress tensor J2 into a polynomial in first invariant of stress tensor J1:  

𝐽2 = 𝑘2 + 𝛼1𝐽1       𝑜𝑟       𝐽2 = 𝑘2 + 𝛼1𝐽1 + 𝛼2𝐽1
2 

Caddell et al. [125] compared the yield stress predictions obtained using both 

linear and nonlinear pressure dependant models. In the case of polymers under 

the low pressure the linear representation is in a good agreement with 

experimental results, while the nonlinear characteristic is valid for the polymers 

under the high pressure.  

In order to accurately describe yielding and failure of composite 

materials not only are the pressure effects important, but also the anisotropic 

behaviour of the material. A number of models have been proposed in the 

literature to describe yielding and failure of anisotropic materials. Furthermore, 

there have been many technical literature reviews carried out to study and 

compare applicability of these models [126-130]. Thus far the most widely used 

are the Hill [131], Tsai-Hill [132], Hoffman [133] and Tsai-Wu [134] criterions. 

These models were originally suggested as failure criteria of brittle materials 

but were later adopted as yield criteria for ductile materials [126]. 

The Hill criterion was developed for anisotropic metals as an extension of von 

Misses criterion to include anisotropy. It is represented by a quadratic function 

of the stress components with six independent material parameters, as shown 

in equation 2.7. Each parameter represents one of the three tensile strengths and 

three shear strengths.  Hill criterion is pressure insensitive, therefore there is no 

(2.6) 
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distinction between tensile and compressive strengths. It can be represented in 

the principal stress space by an elliptic paraboloid, symmetric in relation to the 

main axis.  

𝐹(𝜎𝑦 − 𝜎𝑧)
2 + 𝐺(𝜎𝑧 − 𝜎𝑥)

2 + 𝐻(𝜎𝑥 − 𝜎𝑦)2 + 2𝐿𝜏𝑦𝑧
2 + 2𝑀𝜏𝑧𝑥

2 + 2𝑁𝜏𝑥𝑦
2 = 1 

Where: F, G, H, L, M and N are the coefficients related to uniaxial ultimate 

strengths. 

Tsai adapted the Hill’s model to orthotropic composites by finding a relation 

between the Hill’s model parameters and strength parameters of the material. 

For a transversely isotropic composite it is expressed as follows:   

(
𝜎𝑥

𝑋
)
2

+ (
𝜎𝑦

𝑌
)
2

+ (
𝜎𝑥𝑦

𝑆
)
2

− 
𝜎𝑥𝜎𝑦

𝑋
= 1 

Where: X, Y and S are the uniaxial ultimate strengths.  

In order to take into account pressure sensitivity of anisotropic materials, 

Hoffman proposed an extension of Hill’s theory, by introducing terms linear in 

the stress. In this criterion there are nine independent material parameters 

which correspond to three tensile, three compressive and three shear strengths. 

In this case the yield surface can be represented in the principal stress state as 

asymmetric elliptic paraboloid, stated as follows: 

𝐶1(𝜎𝑦 − 𝜎𝑧)
2 + 𝐶2(𝜎𝑧 − 𝜎𝑥)

2 + 𝐶3(𝜎𝑥 − 𝜎𝑦)2 + 𝐶4𝜎𝑥 + 𝐶5𝜎𝑦 + 𝐶6𝜎𝑧 

+𝐶7𝜏𝑦𝑧
2 + 𝐶8𝜏𝑧𝑥

2 + 𝐶9𝜏𝑥𝑦
2 = 1 

Where: Ci  are the coefficients related to uniaxial ultimate strengths.  

The model developed by Tsai-Wu is based on tensor polynomial theory 

proposed by Gol’denblat and Kopnov [135]. The main difference of the Tsai-Wu 

model in relation to Hoffman model is the existence of stress interaction terms. 

This is why to fully define the yield surface it is required to conduct not only 

(2.7) 

 

(2.8) 

 

(2.9) 

 



43 
 

uniaxial tests, but also additional biaxial tests. For plane stress it can be 

expressed in the following form: 

𝑓1𝜎𝑥 + 𝑓2𝜎𝑦 + 𝑓11𝜎𝑥
2 + 𝑓22𝜎𝑦

2 + 𝑓66𝜏𝑥𝑦
2 + 2𝑓12𝜎𝑥𝜎𝑦 

Where: fi are the coefficients related to uniaxial and biaxial ultimate strengths. 

The validity of all the above models depends on the particular application and 

agreement with the experiments. Hill criterions are generally applicable for 

anisotropic materials which do not exhibit pressure sensitivity, such as metals. 

Hofmann and Tsai-Wu criterions are pressure dependant models and therefore 

are more appropriate for polymer based composites. The choice between 

Hoffman and Tsai-Wu, depends on the significance of the biaxial stress state. If 

biaxiality is of great significance, then the Tsai-Wu model is more adequate, as 

it allows for more accurate fit to the experimental data [136]. However, the 

biaxial testing necessary to calibrate the Tsai-Wu model are difficult and 

expensive to perform. As a consequence such tests are not always available.  

Jones [137] analyzed applicability of all four theories for failure prediction in 

glass or boron fibre reinforced epoxy. He found that the best predictions can be 

achieved when using either Hoffman or Tsai-Wu models. The main prevalence 

of Tsai-Wu over Hoffman criterions is increased curve-fitting capability, due to 

the additional term in the equation. Similar conclusions were drawn by 

Narayanaswami et.al. [138], who studied the applicability of Hoffman and Tsai 

Wu criterions. Nevertheless, there have been many other strength criteria 

developed for anisotropic materials as reviewed by Sendeckyj et.al [128]. 

However, the authors conclude that those models are only appropriate for 

special applications, which they were developed for (e.g. plane stress or strain), 

and cannot be effectively applied for more general problems. They also indicate 

that Tsai-Wu criterion provides the most accurate strength predictions for a 

number of different composite materials.  

(2.10) 
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An alternative approach to predict failure of composite materials is to use the 

strain tensor, rather than the strength tensor. Zhang et al. [139] proposed a 

strain based tensor polynomial failure criterion for anisotropic materials.  

𝑃1𝜀𝑥 + 𝑃2𝜀𝑦 + 𝑃11𝜀𝑥
2 + 𝑃22𝜀𝑦

2 + 𝑃66𝜀𝑥𝑦
2 + 2𝑃12𝜀𝑥𝜀𝑦 

Where: Pi are the coefficients related to uniaxial and biaxial ultimate strains. 

The authors indicate that due to the discontinuous stress distribution between 

reinforcement and matrix materials, the strength based criterion is not well 

suited for composite materials. By contrast the strain distribution between the 

constituents is much more uniform. This is why the strain based failure 

criterion is less sensitive to variations in experimental parameters. The model 

has been validated based on the experimental results of a graphite-epoxy 

composite under plane stress. The loadings and failure envelopes obtained 

using this criterion were shown to be less conservative in relation to max-strain, 

Tsai-Wu and max-stress criterions.     

The more recent studies showed that the capability of stress or strain based 

models to accurately predict failure in anisotropic composites is limited. For 

materials exhibiting non-linear stress-strain response, the theory that includes 

both stress and strain in failure prediction could be much more accurate. 

Authors such as Sandhu [140; 141] and Zand [142]  proposed a strain energy 

based failure criterion that takes into account the entire nonlinear stress-strain 

response of the material. The first attempt to develop an accurate strain energy 

based failure criterion was made by Sandhu [140; 141]. The author 

demonstrated that longitudinal,transverse and shear strain energies are all 

independent parameters. Based on this observation, he developed a model 

defined by the sum of appropriate exponents of strain energy components 

(longitudinal, transverse and shear). Wolfe et al. [143] refined the theory 

(2.11) 
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proposed by Sandhu to include a variety of ply-unloading mechanisms. A 

comparison of the numerical predictions obtained by the author with the 

experimental observations of E-glass/MY750 composites, showed a good 

correlation. However, the areas which require further improvement were 

identified by the authors. This includes additional studies on the selection of the 

most appropriate load transfer mechanism from failed to unfailed lamina. This 

is why the model was further extended for the purpose of the World Wide 

Failure Exercise (WWFE) to accurately predict the response of composite 

materials under multiaxial in-plane and out of plane loads [142]. As a part of 

this exercise, Doudican et al. [144] compared the results obtained using the 

improved model with experimental results of four different composites. The 

model was found to be in very good agreement with the experimental data. The 

authors concluded that  the model can be calibrated to predict the response of a 

composite material, regardless of  its constituents or degree of homogenization. 

This is possible due to a generic nature of the material model parameters. 

- Strain rate effects 

While selecting the material model for polymer composites, it is also important 

to consider the strain rate effects. Most polymers exhibit significant rate 

dependency of modulus, yield and failure strengths. This brings additional 

complications to the modelling process, as not all material models are capable 

of representing these effects. Application of a rate independent model to a rate 

dependent material leads to an important error in the mechanical response 

predictions.  

Rate dependent plasticity is commonly modelled by one of the two methods. 

The first method uses the rate-independent plasticity to calculate the response 

of a material, assuming rate dependant yield surface. In this approach the yield 

stress is a function of the strain-rate. This has been successfully applied to 
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model rate dependant anisotropic material by Drysdale [145]. The author 

developed constitutive equations appropriate to model rate-dependant 

anisotropic plasticity. This was realized by incorporation of the rate of 

deformation variable in the definition of the yield surface.  

The most common approach to scale the yield stress, implemented into LS-

Dyna, is the Cowper-Symonds equation. In this formulation the plasticity curve 

is scaled to other strain rates using the factor β defined as follows:   

p

C

1

1 













 

Where:    - Strain rate       p, C - material constants  

The second method is based on the theory of viscoplasticity. In this formulation 

the strain rate is included in the stress integration algorithm (ex. backward 

Euler integration), i.e. the code uses the effective plastic strain rate in the 

corrector state of the integration scheme. There are two types of viscoplastic 

models: the overstress model and consistency model. The main feature of the 

overstress model is the rate-independent yield function, which can become 

larger than zero. This effect is known as overstress. The most commonly used 

overstress viscoplastic model was developed by Perzyna [146]. The alternative 

approach is to use the consistency viscoplastic model as presented by Wang 

[147]. In this model the viscous deformation is governed by time derivative of a 

rate-dependant yield surface. In other words, it is a combination of rate 

dependant plasticity with rate dependant yield function. Winnicki et al. [148] 

extended Wang’s model to anisotropic materials, represented with the Hoffman 

yield criterion.    

The main advantage of the rate independent plasticity, combined with rate 

dependant yield function, is reduced computation time. However, this is at the 

cost of reduced accuracy. For some materials not only is the yield strength 
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changing but also its brittleness. This is visible as a change in the shape of the 

stress strain curve.  If only the yield strength is a function of the strain rate, the 

model may not be accurate, as illustrated in Figure 14.  

 

Figure 14: Brittleness effect on strain rate scaling [149] 

The viscoplastic formulation can cope with this issue and provide more 

accurate results, especially when a wide range of strain rates is considered. 

However, this is associated with increased computation time and issues with 

model convergence. Several material models implemented in Ls-Dyna software 

(ex. Johnson-Cook), provide the option to use viscoplastic formulation in the 

stress integration algorithm. The choice is left for the user to decide, based on 

the requirements of the problem being analyzed. 

Furthermore, polymeric materials often exhibit strain rate sensitivity of 

the elastic modulus, as illustrated in Figure 15 [150]. In order to cope with this 

issue several viscoelastic models have been proposed in the literature, such as: 

Maxwell model, Generalized Maxwell model and  Kelvin-Voigt model. These 

models are particularly desirable when effects such as viscoelastic creep or 

stress relaxation are of great significance. If only rate dependency of stiffness is 
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considered, this can be modelled by simple linear or nonlinear scaling of the 

modulus.     

 

Figure 15: Strain rate effects [150]        

 

2.8.2 Multi-scale modelling 

In the multi-scale modelling each phase of the composite is considered 

separately. Loading and boundary conditions are applied both to the matrix 

and the reinforcement. The overall macroscopic properties of the material are 

then calculated as a function of the constituents, using a homogenization 

method. In contrast to the macroscopic approach, multi-scale modelling is able 

to provide detailed information about the interactions between the matrix and 

the reinforcement, leading to much more accurate results. Moreover, with this 

formulation, influence of the reinforcement content on the composite properties 

can be investigated without performing an expensive material testing, for each 

configuration. An important drawback of this method is much higher 

computation time in relation to the macroscopic approach, where the material 

properties are calculated ‘off line’ [151].  



49 
 

The main principle of the multi-scale modelling is the concept of 

Representative Volume Element (RVE). The RVE is defined as a volume ‘V’ of a 

heterogeneous material, which must be large enough to correctly reflect 

statistical fluctuations of the composite properties. It must ensure an accurate 

prediction of the effective properties like Young’s modulus, Poisson’s ratio and 

plasticity [152]. Furthermore, it must contain all the data which can influence a 

composite behaviour e.g. volume fraction, size and distribution of the filler.  

To calculate the effective properties of the material various micromechanical 

models can be applied. The most widely used are Mori-Tanaka [153] and 

Halpin-Tsai [154; 155], based on Eshelby’s equation [156; 157]. A description of 

these models can be found in reference [158].   

Micromechanical models have been applied in several studies to predict 

elastic properties of nanocomposites [53; 159-163] as well as damage and failure 

[100; 164-166]. Luo et al. [53] studied the enhancement of properties of the 

epoxy matrix reinforced with silicate clay particles. A three-phase model, 

including the epoxy matrix, the exfoliated clay nano-layers and the nano-layer 

clusters was developed to account for partial exfoliation of nano-layers. The 

Mori-Tanaka method was applied to predict elastic properties of the material. 

Various parameters including the exfoliation ratio, clay layer and cluster aspect 

ratios, intra-gallery modulus, matrix modulus and matrix Poisson’s ratio were 

taken into account. The exfoliation ratio was investigated using TEM 

micrographs and the estimated value (10%) was included in the model. 

Predicted values of elastic properties were found to be in close agreement with 

the experimental results. This is why the influence of various parameters on 

mechanical properties of the composite was studied further, using the same 

method. The authors observed that the biggest influence on overall modulus 

was the exfoliated fraction of clay.   
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A constitutive relation based on the micromechanical approach was applied 

by Chen et al. [164], to study the evolution of micro-voids in particulate-

reinforced viscoelastic composites. Growth of the voids was considered by 

means of Eshelby’s equivalent inclusion method. The macroscopic constitutive 

relation of the composite was derived according to the Mori-Tanaka scheme. 

Particles/matrix debonding was observed at a high tri-axial stress state which 

led to nucleation and growth of the voids. Final results obtained by the authors 

indicate that the biggest influence on the effective mechanical properties of the 

composite have macroscopic strain rate, relaxation time of matrix, adhesive 

strength and particles-size dispersity.     

Boutaleb et al. [165] extended the micromechanical model based on the 

Eshelby formulation to predict stiffness and yield stress of silica reinforced 

polymer nanocomposites. The presented model takes into account an 

interphase region around the nanoparticles and calculates its elastic modulus as 

gradual transition from nanoparticle to the matrix. The third phase centred 

around the particle is assumed to be inhomogeneous.  Each phase is described 

by its own elastic stiffness tensor C. The dispersion of the filler and the 

interphase region in the matrix was assumed to be random.  The yield function 

of the composite was calculated using the averaging procedure derived by Ju et 

al. [167]. The numerical results obtained by the authors were in good agreement 

with the experiment. It was observed that the interphase region had a 

dominating effect on the yield stress of the composite. For the small particle size 

the stiffness of the interphase was relatively strong. Increase in size of the 

particle led to a softening of the interphase region. This indicates that the 

process of debonding was dominating in this case.   

Smith et al. [168] developed a multi-level FE model to predict mechanical 

behaviour of nonlinear heterogeneous systems (see Figure 16). The multi-level 

procedure decomposes displacement field into the macro and micro scale. 
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Response of the material, at the micro level, is calculated using RVE with the 

microscopic mesh. At the macro level the structure is assumed to be 

homogeneous and it is described using macroscopic mesh. Solution of the RVE 

gives averaged stress σRVE and stiffness SRVE tensors which are assigned to each 

macroscopic integration point. Subsequently, macroscopic stress and stiffness 

tensors are computed and the displacement vector Fmacro is returned to the 

microscopic level.     

 

Figure 16: Computation procedure of multi-level FE model [168] 

The procedure was evaluated by the comparison of the deformation of a 

perforated macroscopic sheet to the deformation of a homogenised sheet.  A 

very good agreement was observed by the authors. The main drawback of the 

presented method is a large increase in computation time, which can be 

determined by the following multiplier:  number of RVE iterations × number of 

RVE integration points. The author suggests that parallelization of the code and 

use of high-speed processors could reduce the impact of this problem. 

2.8.3 Direct microscopic modelling  

To predict the mechanical properties of composite materials a full three-

dimensional RVE (see Figure 17) can be constructed using the FE method [169-

173]. In this approach each phase of the composite is modelled explicitly. This 

includes size, shape and distribution of the filler. However, this method is 
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computationally expensive, when large and complicated structures are 

considered.   

Chia [174] used the commercial FE package ABAQUS to study the interface 

effects on mechanical properties of MMT clay nanocomposites. The nano-fillers 

were assumed to be randomly orientated, randomly embedded, 

homogeneously dispersed and perfectly bonded in the matrix. The shape of the 

filler was approximated using circular discs to facilitate generation of the 

model. 

 

Figure 17: FE representation of the nanocomposite RVE [175] 

Behaviour of the matrix was treated as isotropic-elastic-plastic and the effective 

clay layer as isotropic-elastic. The load applied to the RVE was varied from 

hydrostatic tension state to pure shear state. Failure of the clay gallery was 

described by traction-separation law. The author observed a formation of the 

local plastic zones around the clay particles, induced by the large mismatch in 

the modulus of the matrix and the reinforcement. With the increasing value of 

applied strain, intensive clay splitting was observed, leading to non-linear 

behaviour of the nanocomposite. The damage surface prediction presented in 

Figure 18, was found to be cohesive energy and pressure dependent as well as 

non-smooth. 
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Figure 18: Damage surface of the nano-composite (Г0 – cohesive energy) [174] 

In addition, an influence of the particles’ sizes on the mechanical properties of 

polymer composites was investigated experimentally and numerically by Chao 

et al. [101]. The particles’ sizes varied from micro (0.5mm) to nano (15nm) scale. 

An axisymmetric FE model was developed in order to better understand the 

size effects on the composite failure process. The particle/matrix debonding 

process was studied in terms of interfacial fracture toughness, fracture mode 

mixity and total strain energy release rate. The authors found that size of the 

particles does not have much influence on the interfacial fracture toughness. 

However, in the case of smaller particles the crack growth requires higher 

applied stress, due to the decrease of energy release rate with the decreasing 

particle size.  The mode mixity was also found to be particle size independent 

and that the sliding mode becomes dominating with the crack growth. 

Moreover, it was observed that when the sliding mode prevails the fracture 

toughness increases exponentially. 
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2.9 Conclusion and recommendation 

The literature review shows that short-fibre reinforced polymer composites 

are widely used in the automotive industry, due to their good mechanical 

properties and low cost. However, application of these materials in structural 

components is often limited by their brittleness and low impact resistance. It is 

possible to control the mechanical properties of short-fibre composites (stiffness 

and strength) by changing parameters such as fibre content, size, length, 

orientation and interfacial bonding. However, the increase in strength of the 

material is always associated with reduction in its toughness. To deal with this 

issue incorporation of rubber particles became a common technique used to 

improve toughness of polymer composites. The main drawback of this method 

is a reduction in strength of the composite. This is why the design of short-fibre 

reinforced composites is always a trade of between the strength and ductility of 

the material.    

More recent studies show that incorporation of nano-fillers can provide 

significant enhancement of the mechanical properties; such as stiffness and 

strength without compromising its ductility. Furthermore, some studies proved 

that addition of nano-particles can lead to an increase in the ductility of a 

composite material.  

Numerous studies have been carried out to investigate the mechanical 

properties of various nano-filled composite materials. Several factors, 

influencing the reinforcing capabilities of the nano-materials, were highlighted 

in the reviewed literature. This includes key parameters such as: shape and size 

of nano-fillers, matrix and filler material, interfacial strength and interphase 

characteristics, as well as volume fraction and quality of dispersion within a 

matrix. Mechanical properties and energy absorption characteristics of 
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nanocomposites were mainly characterized by means of tensile, flexural or Izod 

impact testing.  

Although the mechanical properties of two-phase composites were 

extensively studied in the literature, only few preliminary studies were carried 

out on hybrid three-phase short-fibre reinforced thermoplastic composites. 

These results indicate positive effect of the nano-filler on the properties such as 

stiffness and strength. The effect of the third phase on ductility and impact 

strength of thermoplastic composites is still not fully understood.    

Axial crashing is the most prevailing method used to measure the energy 

absorption capability of conventional composites. These types of experiments 

provide valuable information on the relation between micro and macro fracture 

process. They can also help to establish a correlation between the mechanical 

properties of a material and the fracture mechanism of a structure. Based on 

these experiments, it was determined that the ability of a composite structure to 

absorb the energy is highly dependent on the mode of fracture. It was also 

established that materials which fail in a progressive manner, with extensive 

delamination and fragmentation, tend to absorb much higher energies than 

those which tend to fail in a brittle manner. 

While the mechanical properties of nano-reinforced materials have been 

studied extensively in the past, there is lack of crash experiments conducted on 

nano-composite structures. This is why the relationship between mechanical 

properties and fracture mechanism of nanocomposite structures is not yet fully 

understood. This includes fracture modes and the ability of the structure to 

crash progressively. 

Regarding the numerical analysis, an extensive research has been carried out 

on various modelling techniques for composite materials. Macroscopic 

modelling has been extensively and effectively used to model elaso-plastic 

behaviour of composites. Various yield and failure criteria have been developed 
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to accurately predict the response of anisotropic materials and structures. This 

approach offers good compromise between quality of results generated and the 

computation time, especially when large structures are considered. While 

elasto-plastic behaviour of polymer based composites can be predicted with 

very good accuracy, the modelling of structural failure still remains a challenge. 

Strain energy based failure criteria were recently improved and applied for this 

purpose, providing good correlation with experimental data. However, there is 

still a need for validation and improvement of existing material models, 

especially when a new class of materials is being analyzed. 

An alternative approach, based on direct FE representation of a small RVE, 

which explicitly models interactions between constituents, has been proposed 

by several researchers. It is the most accurate method to study the interactions 

between composite phases and to predict the mechanical properties of nano-

materials. However, this approach is computationally expensive, and therefore 

not practical when large structures are considered. At the moment it is limited 

to analysis of a single RVE, to gain better understanding of the interactions 

between constituents building a composite.  This is why multiscale simulations, 

based on homogenization theories, were developed. These methods proved to 

be very effective in predicting the influence of nano-filler parameters (size, 

shape, dispersion) on the elasto-plastic mechanical properties of a composite. 

These methods proved to be effective in modelling the material response on a 

small-specimen scale, due to the reduced computation time in relation to direct 

microscopic analysis. However, in relation to macro-modelling, the multi-scale 

modelling method is associated with increased computation time. Therefore, its 

applicability for modelling of complexes failure mechanisms in large structural 

components is limited.  

2.9.1 Gaps in knowledge 
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Based on the literature review the following gaps in knowledge were identified: 

 Currently there is a lack of information in the literature on the effect of 

nano-fillers on the mechanical properties such as ductility and impact 

strength of hybrid glass-fibre reinforced thermoplastic composites.  

 At present there is a lack of research on the effect of silica nano-particles 

(SiO2), on the mechanical properties of hybrid glass-fibre reinforced 

thermoplastic composites. 

 The link between mechanical properties and fracture mechanism of 

three-phase composite structures has not been investigated in the 

literature, and therefore is not well understood.    

 The yield and failure criteria for composite materials, available in the 

literature, have not been applied and validated for three-phase 

nanocomposites. Therefore, modifications and validation are required 

before they can be used in FE modelling of three-phase nano composite 

structures. 

    

 

 

3. Mechanical Properties and Characterization of the Nano-

composite materials 

As it was shown in the literature review section, injection moulded PA and 

PP based composites are extensively used in the automotive industry. This is 

mainly due to their good mechanical properties combined with low 

manufacturing cost. However, it has been shown, that application of these 

materials in structural components is often limited by their brittleness and low 

energy absorption capabilities. A brittle behaviour in a structural component 
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subjected to impact loads is not desirable. This is why there is a continuous 

need for further improvements.   

The most recent studies show that addition of nano-sized fillers, rather than 

micro-sized fillers, can improve the mechanical properties of a composite, such 

as stiffness and strength, as well as its ductility. This is why a combination of 

glass-fibres and nano-fillers into one composite may be a solution to the 

brittleness issue. In order to confirm this hypothesis, this chapter studies the 

influence of various nano-particles on the mechanical properties of injection 

moulded short-fibre reinforced polymer composites. 

The chapter starts with details of the materials used for the purpose of this 

work, as well as the selected manufacturing techniques. Subsequently, it shows 

procedures for mechanical testing and material characterization.  It also 

presents the results of the material characterization, carried out with 

Transmission Electron Microscopy (TEM) and X-ray diffraction. Finally, it 

shows and discusses the results of the mechanical testing, carried out using 

tensile and compressive samples, at both static and dynamic loads.    

 

 

3.1 Materials  

Two types of matrices were utilised to prepare hybrid three-phase 

nanocomposites: polypropylene (PP) Moplen HP500J from Basell Polyolefins 

and polyamide 6 (PA-6) Tarnamid T-30 from Zakłady Azotowe w Tarnowie-

Mościcach, Poland. As a nano-filler two different types of silica-particles (SiO2) 

and montmorillonite (MMT) for both polar and apolar matrices were selected. 

This includes: organically modified MMT designed for nonpolar polyolefin 

matrices (Dellite 72T from Laviosa); organically modified MMT designed for 
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polar matrices (Dellite 43B from Laviosa); fumed silica with hydrophobic 

properties (surface modified with dichlorodimethyl silane (DCMS)) for 

nonpolar polyolefin matrices (AEROSIL 974 from Degussa) and fumed silica 

with hydrophilic properties for polar polymer (AEROSIL 200 from Degussa). 

Four different glass-reinforced composite materials, supplied by 

MACOMASS Verkaufs AG Germany, were used to prepare nano and glass 

reinforced composite samples: glass-fibre reinforced polyamide (MM-PA I 

1F30) and polypropylene (MM-PP BI 24), as well as glass-spheres reinforced 

polyamide (MM-PA I 1K30) and polypropylene (MM-PP HE25). 

3.2 Samples’ preparation 

Preparation of the nano and glass reinforced polymer composites was 

conducted in three main steps: preparation of the nano-composite granulate, 

mixing and extrusion of the nano and glass reinforced composite granulate and 

injection moulding of the macro-sample. The flow chart showing the 

preparation process is presented in Figure 19.  

3.2.1 Nanocomposites preparation 

In order to warrant the highest homogeneity of the composition, nano-filler 

and polymeric matrix, all in solid (powder) form, were premixed before 

extrusion. This activity was performed by the use of a turbomixer with rotatory 

blades. The pre-mixing phase consisted of two steps, the first one at lower 

speed (1,500 rpm) and the second one at higher speed (3,000 rpm). This choice 

was made in order to ensure the maximum homogeneity of the premix and, on 

the other hand, to subject the polymer to a small temperature stress, to improve 

binding between polymeric matrices and added fillers. Subsequently, the 

premixed materials were fed into the twin-screw extruder at a constant 

predefined rate. Once properly fed into the extruder, the materials were 

processed according to the predefined temperature profile: the choice of a co-
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rotation twin screw extruder, characterized by a high length/diameter ratio (52), 

warranted the best dispersion and highest homogenization within the 

composite material in the melt phase.  

    

 

Figure 19: Samples preparation process  

 

3.2.2 Macro-samples preparation 

The manufacturing process of the hybrid nanocomposite specimens has 

been conducted in two steps. In the first one, granulates of the nano-particle 

reinforced polymers and glass-fibre reinforced polymers were mixed in the 

extruder. Nanocomposites based on polypropylene were obtained at 

temperatures: 180, 180, 185, 185, 190, 190, 190, 190, 195, 195, 200° C of 1th-12th 

barrel zones respectively, with melt pressure of 35-40 bar. The processing 

parameters for extrusion of PA6-based nanocomposites were as follows: 

Pre-mixing 
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Polymer/glass 

composite granulate 

Polymer/nano 

composite granulate 

Macro samples 

Polymer/glass/nano 

composite granulate 

Injection 

Extrusion 
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temperatures of barrel zones (1th – 12th) 240, 250, 250, 250, 260, 260, 260, 270, 270, 

270, 280, 280º C and melt pressure 30-35 bar. The screw speed was set at 400 

rpm for all prepared compositions. As a result eight different composite 

materials were prepared as shown in Table 3 and Table 4. In the second step, 

the specimens were produced using an injection moulding machine (Engel 

ES200/60 HL ST).  

Table 3: PP composites 

Name PP/GF PP/GF/GS PP/GF/SiO2 PP/GF/MMT 

Matrix PP PP PP PP 

1st filler   [wt%] GF [30%] GF [30%] GF [30%] GF [30%] 

2nd filler  [wt%] - GS [12%] SiO2 [2%] MMT  [2 %] 

Table 4: PA6 composites 

Name PA/GF PA/GF/GS PA/GF/SiO2 PA/GF/MMT 

Matrix PA PA PA PA 

1st filler   [wt%] GF [30%] GF [30%] GF [30%] GF [30%] 

2nd filler  [wt%] - GS [12%] SiO2 [2%] MMT  [2 %] 

 

 

3.3 Experimental procedure 

3.3.1 Tensile and compression tests 

Quasi-static (0.01 [1/s]) and low strain rate (0.1 – 1 [1/s]) tensile tests were 

carried out on injection moulded tensile and compression bars, using Instron 

5500R electro-mechanical tensile-compression machine, as shown in Figure 20a. 

Medium strain rate (10-100 [1/s]) tensile tests were carried out on a servo-

hydraulic machine Mayes-Instron, as shown in Figure 20b. All experiments were 

conducted according to ISO-527 (tension - see Figure 22) and ISO-604 
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(compression – see Figure 23) standards. Five tests were carried out for each 

material to determine the scatter in the results. The load was measured using a 

100kN load cell. In order to measure the displacement, two different methods 

were applied: mechanical extensometer and laser extensometer. Both 

measurements were taken at the same time in the quasi-static test, to ensure 

that they provide equivalent results. At test speeds other than quasi-static, only 

the laser extensometer was used. The mechanical extensometer was attached at 

the middle of the sample using rubber O-rings. In order to reflect the laser beam 

from the surface of the specimen, reflecting tapes were attached at the sides of 

the sample. Setup of the quasi-static tensile test is shown in Figure 21.  

         

Figure 20: Testing equipment 

(a) (b) 
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Figure 21: Tensile test- configuration with mechanical and laser extensometers  

Table 5: Tensile specimen dimensions [mm] 

l2 Overall length 150 

l1 Length of narrow parallel-sided portion 60±0.5 

r Radius 60±0.5 

l2 Distance between broad parallel-sided portions 108±1.6 

b2 Width at ends 20±0.2 

b1 Width at narrow portion 10±0.2 

h Preferred thickness 4±0.2 

L0 Gauge length 50±0.5 

L Intial distance between grips 115±1 

 
Figure 22: Tensile specimen 

Reflecting tape 
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Table 6: Compression specimen dimension [mm] 

l Length 50 

b Width 10 

h Thickness 4 

 

 

Figure 23: Compression specimen 

3.3.2 Microscopic analysis 

TEM Images of various nanocomposites were obtained at 120 kV, using a 

Philips CM20 scanning Transmission Electron Microscope. In order to prepare 

TEM samples, the composite granulates were compression moulded into thin 

films. Afterwards, the films were embedded into epoxy resin and cured over 

night at room temperature. Finally, ultra-thin sections were cut using ultra 

microtome and deposited on copper grids.   

3.3.3 X-ray diffraction 

X-ray diffraction experiments were carried out on a Philips X-Pert 

diffractometer, with a graphite monochromator placed in the front of the 

detector - Cu = 1.5418 Å. The measurements used to determine the 

crystallographic structure of polymer composites were carried out in an angle 

range of 3-60º at 0,1º step. Material used for all structure analysis was in a shape 

of rectangle bars made by injection moulding.      
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3.4 Results 

3.4.1 TEM  

The representative TEM images of SiO2 filled polymer composites are 

presented in Figure 24. A generally good state of dispersion was observed in 

both PP and PA matrices. There was a visible tendency of the particles to create 

small clusters within the polymer. Few of these clusters tended to create larger 

structures known as agglomerates. The size of the small clusters was in the 

range of 10 to 50 nm, whereas the size of the few agglomerates was in the range 

of 100 to 300 nm. Contrary to the PA composite, the agglomerates in the PP 

matrix were more likely to form chain-like branched structure. 

      

     

Figure 24: TEM images of SiO2 reinforced (a) PA (b) PP 

The morphology of MMT filled composites is shown in Figure 25. From the 

micrographs it could be observed, that in both matrices, MMT was partially 

intercalated and exfoliated. In other words, the polymer was present between 

the nano-plates which were randomly distributed. However, there were visible 

agglomerates within the polymer, which means that some of the nano-plates 

(a) (b) 
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were not fully separated from each other. Comparing the morphology of the PP 

and PA based composites it was observed that agglomeration regions were 

more significant in the case of the PA based composites. Moreover, the size of 

these agglomerates was observed to be bigger in relation to those existing in the 

PP matrix, and therefore, interlayer spacing between the plates was reduced as 

well. The aspect ratio of single nano-pates was in the range from 1:10 to 1:50, in 

both composites. 

 

     

Figure 25: TEM images of MMT reinforced (a) PA (b) PP 

3.4.2 WAXD diffractograms 

Structure analysis of glass fibre reinforced panels fabricated from PP-based 

nanocomposites was carried out using the Wide Angle X-ray Diffraction 

(WAXD) method. Figure 26 - Figure 31 compare the diffractograms of the dust 

produced from glass fibre reinforced panels, composed of neat polymer with 

glass fibre and those containing both glass fibres and nano or micro fillers 

(MMT, SiO2 and GS), in a range of 2θ from 3 up to 60°. The diffraction peaks 

observed at the 4,2° and 6,3° for PP/GF/MMT sample can be correlated with the 

(a) (b) 
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presence of lamellar arrangement of MMT in produced powder. The crystal 

structure of PP was not significantly affected by the mechanical processing and 

resembled pattern of neat PP in a bulk form. Stronger peaks observed for dust 

of nanocomposite panels indicate more perfect and higher content of 

polypropylene crystal phase. There are no basic changes in the diffraction 

patterns of dusts prepared from glass fibre reinforced panels, independently on 

the matrix type. In other words dusts made of PA or PP panels and PA or PP 

based nanocomposite panels exhibited a similar pattern. The application of 

nanocomposite materials as a matrix for glass-fibre reinforced panels changed 

the susceptibility of the material to undergo structural changes under 

mechanical degradation. However, in the presence of nanoparticles, especially 

montmorillonite, the peak derived from the γ crystal phase of PA was 

strengthened indicating higher content of polymer crystal phase in dust made 

of nanocomposite panels. Such robust crystal morphology could originate from 

the processing conditions where polymer was subjected to high shearing and 

cooling rates which favored the formation of γ crystals. 

 
Figure 26: WAXD diffractograms of dust produced from PP and PP/MMT reinforced 

with glass fibres. 
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Figure 27: WAXD diffractograms of dust produced from PP and PP/SiO2 panels 

reinforced with glass fibres. 

 

Figure 28: WAXD diffractograms of dust produced from PP and PP/GS panels 

reinforced with glass spheres 
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Figure 29: WAXD diffractograms of dust produced from PA and PA/GS  panels 

reinforced with glass spheres. 

 

 

Figure 30:  WAXD diffractograms of dust produced from PA and PA/MMT panels 

reinforced with glass fibre. 
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Figure 31:  WAXD diffractograms of dust produced from PA and PA/SiO2 panels 

reinforced with glass fibre. 

3.4.3 Optical microscope 

The micro-structure of the composites, including size and distribution of 

glass-filers, was investigated with the optical microscope. Figure 32 shows the 

section taken in the cross flow direction. From this figure it can be seen that the 

fibres are in general uniformly distributed within the matrix. More detailed 

information about the orientation of the fibres can be extracted from the 

micrograph of the in-flow section, shown in Figure 33. It is clearly visible that 

the material indicates skin-core structure, which is typical for injection moulded 

short-fibre reinforced composites. This means that at the outer surfaces of the 

sample, fibres are mainly orientated in the inflow direction, whereas at the core, 

fibres tend to orientate in the cross-flow direction. In Figure 34, the size of the 

glass fibres and spheres has been measured. Both the fibres and the spheres 

diameter were around 14µm, whereas the length of the fibres was around 300 

µm.    
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Figure 32: Cross-flow section 

 

Figure 33: In-flow section 
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Figure 34: Size of the micro-fillers 
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3.4.4 Quasi-static mechanical tests 

Tensile properties of eight different glass-fibre reinforced polymer 

composites, filled with nano and micro particles, were obtained at quasi-static 

conditions (0.01 [1/s]), as presented in Table 7 and Table 8. The tests were 

performed to gain a better understanding of the effect of various nano fillers on 

the mechanical behaviour of fibre reinforced composites. Furthermore, these 

tests were designed to collect relevant data required for FE simulations. The 

main results presented in this section are the average values (𝑥̅) derived from 

five repeated tests, conducted at each configuration of the specimen and 

loading condition. The scatter in the results is represented by the standard 

deviation (𝜎̂). Figure 35 shows an example of the scatter observed in the tensile 

test. The specimens of all composites were tested in longitudinal tension. 

Moreover, the specimens of PA/GF and PA/GF/SiO2 composites were tested in 

transverse direction, as well as in longitudinal compression.  

The results obtained show that the mechanical properties of PP composites 

have a clear tendency to decrease after the addition of the secondary filler. 

Modulus, strength and elongation to break were decreased in almost all 

samples. The only improvement observed was in elongation to the break of 

PP/GF/SiO2 composite. The biggest drop in all the properties was caused by the 

presence of GS micro-filler.  

By contrast, the effect of secondary filler on the mechanical properties of PA 

composites was positive. The biggest enhancement in tensile modulus was 

observed in PA/GF/GS (27%) and PA/GF/MMT (20%), whereas in PA/GF/SiO2 a 

decrease of 3.8% was observed. The tensile strength of MMT and GS filled 

composites increased by 3.2% and 4.5% respectively, whereas in PA/GF/SiO2 

composite the strength decreased by 8.2%. Elongation to break was found to 

increase in materials filled with SiO2 (28%) and to decrease in PA/GF/MMT 
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(26%) and PA/GF/GS (60%) composites. Similar trends were observed in the 

specimens tested in transverse direction and compression.  

It is important to note the orthotropic response of the composite materials. The 

specimens tested in transverse direction were less stiff and weaker, but 

conversely more ductile. Furthermore, the specimens tested in compression 

were stiffer, stronger and no failure was observed at strains up to 10%. 

Table 7: Quasi-static mechanical properties – PP composites 

Property Material 
Tensile Longitudinal Tensile Transverse 

𝑥̅ 𝜎̂ 𝑥̅ 𝜎̂ 

Modulus 
[MPa] 

PP/GF 6612 73.4 4312 51.74 

PP/GF/SiO2 5921 66.4 3961 46.69 

PP/GF/MMT 5955 65.5 

- 
- 

PP/GF/GS 5721 64.7 

UTS 
[MPa] 

PP/GF 74.1 1.0 49.9 0.69 

PP/GF/SiO2 62.4 0.8 42 0.58 

PP/GF/MMT 61.7 0.8 

- 
- 

PP/GF/GS 47.4 0.6 

Failure 
Strain 

PP/GF 0.028 0.0009 0.032 0.0010 

PP/GF/SiO2 0.029 0.0010 0.034 0.0011 

PP/GF/MMT 0.024 0.0008 

- 
- 

PP/GF/GS 0.013 0.0004 

 

Table 8: Quasi-static mechanical properties – PA composites 

Property Material 

Tensile 
Longitudinal 

Tensile 
Transverse 

Compression 
Longitudinal 

𝑥̅ 𝜎̂ 𝑥̅ 𝜎̂ 𝑥̅ 𝜎̂ 

Modulus 
[MPa] 

PA/GF 6947 76.8 4300 51.60 7199 82.59 

PA/GF/SiO2 6677 74.5 4223 49.78 7081 80.49 

PA/GF/MMT 8686 95.1 
- - - - 

PA/GF/GS 9507 107.1 

UTS 
[MPa] 

PA/GF 123.63 1.7 78 1.07 142 1.94 

PA/GF/SiO2 113.47 1.5 72.5 0.99 121.9 1.69 

PA/GF/MMT 127.83 1.7 
- - - - 

PA/GF/GS 129.38 1.8 

Failure 
Strain 

PA/GF 0.05 0.0016 0.0594 0.0019 

- - 
PA/GF/SiO2 0.069 0.0023 0.081 0.0026 

PA/GF/MMT 0.037 0.0012 
- - 

PA/GF/GS 0.03 0.0010 
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Figure 36 and Figure 37 show a comparison of the true tensile stress-strain 

curves of all studied materials. The composites indicate nonlinear elastic region 

with no distinct yield point which is typical for polymer based materials. The 

plastic region of PA composites is also nonlinear with a perfectly plastic 

characteristic, or even slight softening (PA/GF/MMT), observed beyond the 

UTS. In case of PP based composites, which are more brittle, the maximum 

stress corresponds to the point of failure. A clear difference between the PP and 

PA based composites is visible. The mechanical properties of PP based 

composites are inferior to those based on PA polymer. They are less stiff, 

weaker and more brittle.    

 

 

Figure 35: PAGF – tensile test scatter  
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Figure 36: Stress-strain curves of PA composites 

 

Figure 37: Stress-strain curves of PP composites 
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3.4.5 Dynamic mechanical tests 

The mechanical properties of PA/GF and PA/GF/SiO2 composites were 

investigated at five different strain rates, in both longitudinal and transverse 

directions, as shown in Table 9 and Table 10. The compressive properties were 

investigated at three different strain rates, as shown in Table 11. The stress-

strain curves at those strain rates are presented in Figure 39 - Figure 44. It can 

be seen that at higher strain rates (10-100 [1/s]) the results were influenced by 

oscillations and the damping behaviour of the materials; a common issue at 

those strain rates. In order to provide more accurate data, the mathematical 

smoothing of the stress-strain curves was carried out.    

It can be observed that both composites indicate significant strain rate 

sensitivity of all the mechanical properties, in both longitudinal and transverse 

directions, as well as in compression. At higher strain rates the materials 

become stiffer, stronger and more brittle. When increasing the strain rate from 

0.01 to 100 [1/s], the tensile stiffness and strength of PA/GF composite, in 

longitudinal direction, increased by 42% and 37% respectively, whereas the 

ductility decreased by 34%. In the PA/GF/SiO2 composite in the same range of 

strain rates,  the stiffness and the strength also increased by 42% and 37% 

respectively, whereas the ductility decreasd by 27%.   

Figure 38 shows the relationship between the mechanical properties (modulus 

and UTS) and the strain rate. It can be seen that in the range of 0.01 to 10 [1/s], 

the mechanical properties are a linear function of the strain rate, in a semi-

logarithmic scale. Above the strain rate of 10 [1/s], a transition from medium to 

high strain rates occurs. In this region the material shows a sudden increase in 

strain rate sensitivity, i.e. a smaller change in strain rate will induce a larger 

change in the mechanical properties. 
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Table 9: Longitudinal mechanical properties at different strain rates 

Property Material  

Strain Rate [1/s] 

0.01 0.1 1 10 100 

Modulus 

[MPa] 

PA/GF 
𝑥̅ 6947 7711 8240 9002 11891 

𝜎̂ 77.9 86.4 92.4 109.0 143.9 

PA/GF/SiO2 
𝑥̅ 6677 7412 8147 8882 10819 

𝜎̂ 75.5 83.9 92.2 107.5 131.0 

UTS 

[MPa] 

PA/GF 
𝑥̅ 123.63 139.94 154.27 167.43 195.11 

𝜎̂ 1.71 1.94 2.13 2.46 2.86 

PA/GF/SiO2 
𝑥̅ 113.47 128.53 142.75 156.27 181.29 

𝜎̂ 1.57 1.78 1.98 2.29 2.66 

Failure 

Strain 

PA/GF 
𝑥̅ 0.05 0.049 0.046 0.039 0.033 

𝜎̂ 0.0017 0.0016 0.0015 0.0013 0.0011 

PA/GF/SiO2 
𝑥̅ 0.069 0.066 0.061 0.059 0.05 

𝜎̂ 0.0023 0.0022 0.0020 0.0020 0.0017 

Table 10: Transverse mechanical properties at different strain rates 

Property Material 
 

Strain Rate [1/s] 

0.01 0.1 1 10 100 

Modulus 

[MPa] 

PA/GF 
𝑥̅ 4300 4933 5233 5767 7200 

𝜎̂ 48.2 55.3 58.7 69.8 87.1 

PA/GF/SiO2 
𝑥̅ 4223 4750 5208 52729 6979 

𝜎̂ 47.8 53.7 58.9 638.2 84.5 

UTS 

[MPa] 

PA/GF 
𝑥̅ 78 93.9 102.7 112 130 

𝜎̂ 1.08 1.30 1.42 1.64 1.91 

PA/GF/SiO2 
𝑥̅ 72.5 81.8 88.1 96.9 114.3 

𝜎̂ 1.00 1.13 1.22 1.42 1.68 

Failure 

Strain 

PA/GF 
𝑥̅ 0.0594 0.0537 0.0512 0.0477 0.0425 

𝜎̂ 0.0020 0.0018 0.0017 0.0016 0.0014 

PA/GF/SiO2 
𝑥̅ 0.081 0.078 0.075 0.069 0.06 

𝜎̂ 0.0027 0.0026 0.0025 0.0023 0.0020 

Table 11: Compressive mechanical properties at different strain rates 

Property Material 
 

Strain Rate [1/s] 

0.01 0.1 1 

Modulus 

[MPa] 

PA/GF 
𝑥̅ 7417 8334 9183 

𝜎̂ 83.1 93.4 102.9 

PA/GF/SiO2 
𝑥̅ 7081 7533 8233 

𝜎̂ 80.1 85.2 93.2 

UTS 

[MPa] 

PA/GF 
𝑥̅ 142 159.12 177.54 

𝜎̂ 1.96 2.20 2.46 

PA/GF/SiO2 
𝑥̅ 122.43 142.02 156.22 

𝜎̂ 1.69 1.97 2.16 
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Figure 38: Strain rate behaviour of tensile modulus and strength 

 

Figure 39: Longitudinal stress-strain curves of PA/GF at different strain rates  
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Figure 40: Longitudinal stress-strain curves of PA/GF/SiO2 at different strain rates  
 

 

Figure 41: Transverse stress-strain curves of PA/GF at different strain rates  
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Figure 42: Transverse stress-strain curves of PA/GF/SiO2 at different strain rates  
 

 

Figure 43: Compressive stress-strain curves of PA/GF at different strain rates  
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Figure 44: Compressive stress-strain curves of PA/GF/SiO2 at different strain rates  
 

3.4.6 Discussion  

The negative effect of the secondary reinforcement on the mechanical properties 

of PP based composites may be attributed to the properties of the PP material 

itself. Good bonding between PP matrix and reinforcement is difficult to 

achieve without an appropriate coupling agent, which provides chemical 

coupling between non-polar polymer and polar reinforcement [176]. Another 

issue associated with PP based composites, is good dispersion of nano-

reinforcement within a matrix. Usage of untreated nano-reinforcement, without 

a compatibilizer, in PP matrix can lead to a bad dispersion and existence of the 

agglomeration regions. This results in a lower ability of the material to achieve 

the strong interphase bonding [177].  As shown in section 3.4.1, there were some 

larger agglomerates present in the PP based composites. Thus a combination of 

dispersion issues and difficulties with achieving good bonding between PP 

matrix and the reinforcements caused the decrease in mechanical properties of 

the composites, after the addition of secondary fillers.        
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Regarding the PA based composites, there were also some agglomerates 

observed on TEM images. However, due to the good coupling capabilities of 

PA material, they did not deteriorate the mechanical properties of the 

composites. On the contrary, an improvement in the mechanical properties such 

as stiffness, strength or ductility was observed. However, it is important to note 

that each filler caused a change in a different property. This effect comes from 

the difference in the geometry, material and size of the fillers, and therefore 

their reinforcing mechanism.  

In the composites filled with GS and MMT a significant increase in stiffness and 

small increase in strength were observed. This is a typical effect of a rigid 

reinforcement in a flexible matrix, which provides increase in stiffness but at the 

cost of reduced ductility. This phenomenon comes from the fact that the stress 

is transferred from the flexible matrix to the rigid reinforcement, leading to an 

increase in the stiffness. At the same time the ability of the material to sustain 

deformations is reduced, due to the stress concentrations existing around the 

reinforcement. Micro cracks can be initiated, and also accelerated, at the stress 

concentration regions. This effect causes failure of the material at a much lower 

strain in relation to the neat polymer. Partially intercalated and exfoliated MMT 

can generate such stress concentration regions causing reduction in the ductility 

of the material. The better the quality of the intercalation and exfoliation state, 

the lower the stress concentration regions, and therefore better mechanical 

properties of the composite. Similarly, GS fillers which are in micro size will 

introduce large stress concentration regions, further reducing the ability of the 

material to sustain plastic deformation.   

An opposite behaviour was observed in the SiO2 reinforced composite, which 

indicated a small increase in modulus, a small decrease in strength and a large 

increase in elongation. The reason for this behaviour comes from the nature of 

the nano-particles. Due to a small size of the particles the stress concentrations 
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around the interface region are insignificant. This is why the micro cracks, 

which origin from the stress concentration region, are difficult to initiate or 

accelerate. Furthermore, the particles act as crack blockers, leading to an 

increase in the ductility of the composite material. 

3.5 Conclusions 

Eight different glass-fibre reinforced polymer composites, filled with nano 

and micro particles were manufactured and tested. The morphology was 

studied using optical microscope, TEM and WAXD. The fibre distribution 

shows a skin-core effect, with fibres aligned in an inflow direction in outer 

surfaces, whereas fibres are aligned in a transverse direction in the centre of the 

specimen. A good state of dispersion was achieved in nano-filled materials, but 

with some visible agglomerates. The presence of nano-particles increased the 

crystalline phase of both PP and PA based composites. 

The mechanical properties were tested in tension (longitudinal and transverse) 

and compression, at five different strain rates. Addition of the secondary filler 

into PP based composites had a negative effect on their mechanical properties. 

It is likely that this was caused by the presence of agglomeration regions in 

conjunction with bonding issues between the PP matrix and the fillers.  

The effect of secondary fillers on the mechanical properties of PA based 

composites was positive. MMT and GS caused an increase in the stiffness and 

the strength. The SiO2 filler increased the ductility of the composite, with little 

effect on its stiffness and strength. The increased ductility of the composite, 

without compromising its stiffness and strength, is a desirable property for 

energy absorbing structures. Therefore, the PA/GF/SiO2 composite was selected 

for further assessment. Both PA/GF and PA/GF/SiO2 composites were tested at 

five different strain rates in longitudinal and transverse tension. Additionally, 

compressive properties were derived at three different strain rates, for both 
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composites.  The results show that addition of SiO2 particles increases the 

ductility of the material in all the directions, as well as at both static and 

dynamic conditions. At the strain rate of 100 [1/s] the PA/GF/SiO2 composite is 

40% more ductile than the PA/GF composite. This proves that the common 

issue with brittleness of short-fibre reinforced composites can be diminished by 

incorporation of SiO2 particles. This can increase the applicability of these 

composites for various structural applications, including crashworthiness.   
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4. Fracture Mechanism and Impact Energy Absorption of The 

Nanocomposite Structures 

This chapter focuses on the testing of conical structures made of eight 

different composite materials. It aims to gain a better understanding of the 

fracture mechanism under static and dynamic loads. It also aims to find a 

correlation between the change in the mechanical properties and the effect of 

that change on the ability of the structure to crash progressively and absorb the 

energy of the impact.    

The effect of various nano and micro sized fillers on the mechanical properties 

of fibre reinforced composites was studied in detail in Chapter 3. It was proved 

that the addition of various fillers can have an important effect on the 

mechanical properties of the composites. Each filler showed a different effect on 

the mechanical properties, due to the difference in the reinforcing mechanism, 

caused by the difference in shape, size and material of the fillers. However, as  

shown in the literature survey, the fracture mechanism of composite materials 

is a complex process. Unlike metals, composite materials fail and absorb the 

energy not only by plastic deformation, but also by the effects such as 

delamination or debonding of the fibres. That is why to gain better 

understanding of the failure mechanism in the nanocomosite structures, 

structural testing is required along the simple uniaxial specimen testing.  

The most widely used method to evaluate the ability of a composite material to 

absorb the energy is axial collapse of a structural element. This technique has 

been applied by many researchers on various composite materials. The most 

often used shapes are cylindrical or square tubes, as well as cones. For the 

purpose of this work conical structures were selected. This choice was made as 

the conical shape triggers fracture, as well as progressive collapse of the 
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structure. This simplifies the structural testing process and makes the results 

more repeatable, and consequently comparable. 

The chapter starts with details of the materials used for the purpose of this 

study, as well as the selected manufacturing techniques. Subsequently, it shows 

procedures for structural testing and characterization of the fracture surface. It 

demonstrates and discusses the results of the static and dynamic structural 

testing, carried out electro mechanical machine and high energy drop tower. It 

also presents the results of fracture surface characterization, carried out using 

Scanning Electron Microscopy (SEM). 

4.1 Materials and manufacturing 

Eight different composites were manufactured using the materials and 

procedures as described in section 3.1, and summarized in Table 3, Table 4  and 

Figure 19. The conical structures were manufactured using the injection 

moulding technique. The parameters used in the manufacturing process are 

described in detail in section 3.2.2. The outer dimensions of the conical 

specimen are shown in Figure 45 (a).  

4.2 Experimental procedure 

4.2.1 Quasi-static crash test  

Quasi-static crash testing of the conical structures was carried out using an 

Instron 5500R electro-mechanical machine (see Figure 45 (b)). Two samples of 

each material were tested at a crosshead speed of 0.1mm/sec. The load was 

measured using a 100kN load cell and the displacement was measured using a 

built in crosshead displacement sensor. The samples were placed between the 

two mild steel plates, 10mm in thickness. The plates were not fixed to the 

sample in any way. During the test the data was collected at every second, 

corresponding to 0.1mm displacement. 
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In the Instron machine a measured data is automatically saved in the ‘raw’ data 

file. This can be imported to any data analysis software. Due to the large 

number of samples tested, Matlab script was created to facilitate the post-

processing of the results. Subsequently, a quasi-static load-displacement curve 

was plotted, and the energy absorbed by the structure was calculated, using a 

numerical integration of the load-displacement curve. For this purpose a 

trapezium rule was applied, using function ‘trapz’ in Matlab. 

 
 

   

Figure 45: (a) Crash cone dimensions (b) Quasi-static crash test 

 

4.2.2 Drop weight impact test  

Impact tests of the crash cones were carried out on a High Energy Capacity 

Drop Tower Rig. This machine permits impact testing at up to 8m/s velocity 

and maximum falling weight of 300kg. However, this drop tower does not have 

a built in acquisition system for the measurement of load and displacement. As 

a consequence external devices were required.   

(a) (b) 
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The medium energy impact was carried out at the velocity V1= 6.5 m/s and 

the impactor mass M1= 142kg. The high energy impact was carried out at the 

velocity V2= 8m/s and the impactor mass M2= 188 kg. These give the overall 

impact energies of 3kJ and 6kJ. The load was measured using a 300kN load cell, 

placed underneath the sample. In order to measure shortening of the sample 

(beam displacement), the LVDT (Linear Variable Differential Transformer) 

displacement transducer was used, with precision of 0.01mm and maximum 

displacement speed of 10m/s. This device measures the displacement by the 

movement of the push rod, which controls transfer of the current between 

primary and secondary coils. Because the LVDT transducer uses a mechanical 

linkage, between the falling beam and the ground, it is necessary to provide a 

very precise and stable motion of the push rod. For this purpose a solid steel 

block was used, which was in contact with the rod during the whole impact 

event. In order to prevent bouncing of the displacing rod, the contact surface 

was covered with double-sided tape.  

Both the load cell and displacement transducer were connected to the data 

acquisition system (DAQ), which converted analog input into a digital output 

signal. The signal from DAQ was converted and recorded as load and 

displacement every 0.05ms, using a DASYLab program created for the purpose 

of these experiments.      

Furthermore, the impact event was recorded using a Phantom high speed 

camera with the frame rate of 1000 frames/sec, at 640x480 resolution. A camera 

trigger was constructed to ensure that video record starts just before the impact. 

For this purpose a Beam Brake Detector was used, which detects intersection of 

the infra-red light, and opens the circuit to trigger the camera. To prevent 

crashing of the load cell, safety wooden blocks were placed on both sides of the 

falling beam. The details of the experiment set up can be seen in Figure 46 and 

Figure 47. The design of the impactor is presented in Appendix D.  
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Figure 46: Drop tower setup 
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(1) - Crash Cone  (4) - Impactor   (7) –transducer support 

(2) - Load cell   (5) - Falling beam  (8) – Safety blocks 

(3) - Crash chamber  (6) - Displacement transducer (9) – Steel plate 

Figure 47: Schematic set up of the drop tower crash test 

 

4.2.3 Microscopic analysis 

The fracture surface of the conical samples was examined with a FEI XL30 field 

emission scanning electron microscope (SEM). The operating voltage was in the 

range of 10-20 kV and the specimens were gold sputtered to minimise charging 

of the sample. Furthermore, the chemical composition of the samples was 

investigated using an Energy-Dispersive X-ray Spectroscopy (EDX), integrated 

into SEM.  
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4.3 Results 

4.3.1 Quasi-static crash test  

Crashing behaviour and energy absorption characteristics of eight different 

composite materials were studied by means of a quasi-static crash test of the 

conical structures. Load displacement curves measured during the test are 

presented in Figure 48 and Figure 49. Pictures showing the condition of all the 

structures after the crash tests are presented in Figure 50 and Figure 51.  

Furthermore, to quantify the energy absorption capability of the structures, the 

key crashing parameters were extracted from the curves: total energy absorbed 

(E), specific energy absorption (SEA), mean crashing load, value of the initial 

load peak and failure mode.  

The energy absorption characteristics of all the composites tested are listed in 

Table 12. It is important to note that the quasi-static tests were conducted as 

displacement controlled tests, with constant maximum displacement values in 

all experiments (90mm). This is why for this case the SEA parameter was a 

function of only the total energy absorbed by the structure, and not the crashing 

length (see Table 12). 

Comparing the load-displacement curves, presented in Figure 48 - Figure 49, 

several important observations can be made. In all experiments the initial slope 

of the load curve is approximately linear. This is associated with the elastic 

deformation of the material. The first extremum, visible on the plots, indicates 

maximum load supported by the structure, which depends on the material’s 

yield strength. Beyond this point, a sudden drop in load is observed due to the 

plastic deformation and formation of cracks. Subsequently, a progressive 

crashing occurs, which is visible as following sharp load-peaks. The magnitude 

of those load-peaks depends on the crashing characteristic of the material.  
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From Table 12 it can be seen that the energy absorption capability of PP based 

composites decreased after addition of the secondary fillers. This is consistent 

with the results obtained from uniaxial tensile tests. Including SEA, all the 

crashing parameters decreased by nearly 50%. Regarding the PA based 

composites, it can be seen that the change in the value of the initial peak, due to 

the reinforcement, is also consistent with the result of uniaxial tensile tests. The 

materials with increased strength (PA/GF/MMT and PA/GF/GS) induced higher 

initial load peaks, in relation to PA/GF composite, whereas weaker PA/GF/SiO2 

induced a lower initial load peak. However, all the other crashing parameters, 

such as mean crushing load and SEA, decreased after the addition of secondary 

fillers.  

 

Table 12: Quasi-static crashing characteristics 

Material 

Crash 

length 

[mm] 

Collapse 

mode 

Initial 

peak 

[kN] 

Mean 

crashing 

load [kN] 

Energy 

absorbed 

[kJ] 

 SEA 

[kJ/kg] 

Change 

in SEA 

[%] 

PPGF 90 III 29.74 34.75 2.99 49.4   

PPGF/SiO2 90 IV 26.59 17.86 1.48 24.4 -50.7 

PPGF/MMT 90 IV 24.75 15.39 1.29 21.2 -57.0 

PPGF/GS 90 IV 22.06 17.66 1.65 26.3 -46.9 

PAGF 90 III 47.66 50.44 4.33 58.1   

PAGF/SiO2 90 III 44.61 45.66 4.15 54.5 -6.1 

PAGF/MMT 90 III 54.59 40.65 3.23 42.9 -26.2 

PAGF/GS 90 III 55.10 45.74 4.11 51.7 -11.0 
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Figure 48 Static load-displacement curves - PA composites 

 

Figure 49: Static load-displacement curves - PP composite 
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           Figure 50: Static collapse mode of PP composites (a) PA/GF (b) PA/GF/SiO2 (c) 

PA/GF/MMT (d) PA/GF/GS   
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        Figure 51: Static collapse mode of PA composites a) PA/GF (b) PA/GF/SiO2 (c) 

PA/GF/MMT (d) PA/GF/GS   
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4.3.2 Dynamic crash test  

The energy absorption capability and crashing characteristics of the 

composite conical structures were investigated by means of a dynamic drop 

weight crash test. The structures were tested at two different impact energy 

levels: 3kJ and 6kJ. As the catastrophic failure was observed in the structures 

made from PA/GF and PA/GF/MMT composites at 3kJ impact energy, they 

were not tested at 6kJ to prevent damage of the data acquisition equipment. The 

dynamic load displacement curves measured during the tests are presented in 

Figure 52 to Figure 59. Pictures showing the condition of all the structures after 

the dynamic crash tests are presented in Figure 60 and Figure 61. It is important 

to note that drop weight impact tests are load controlled, with predefined 

impact energy. Hence, the SEA parameter is a function of both total energy 

absorbed and crashing length (see Table 13 and Table 14).  

Table 13 and Table 14 show that that the energy absorption capability of the PP 

based composites decreased in the presence of the secondary fillers. The initial 

load peak and the mean crashing loads both decreased, whereas the crashing 

length increased after adding any of the fillers. Despite the decreased initial and 

mean crushing loads, the increase in crushing length caused that more (total) 

energy was absorbed by the composites with secondary fillers. However, the 

SEA parameter of these composites decreased, indicating that they were less 

effective in the impact energy absorption. This was a consequence of the 

negative balance between the total energy absorbed and the crushing length 

(i.e. the increase in the total energy absorption did not compensate the increase 

in crushing length).  A small improvement in SEA was only observed in the 

PP/GF/SiO2 composite, tested at 3kJ impact energy. This was due to a positive 

balance between the total energy absorbed by the structure and the crashing 

length (i.e. the increase in the total energy abortion compensated the increase in 

the crushing length). 
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Regarding the PA based composites, the effect of SiO2 and GS fillers, on the 

energy absorption capability of the structures was positive (increase in SEA by 

34.9% and 69.2% respectively), whereas the effect of MMT filler was negative 

(decrease in SEA by 7.6%). The net PA/GF composite failed in a brittle manner, 

characterized by low mean crashing loads, and large crashing length. This 

failure mode was less effective in the impact energy absorption, what was 

measured as a lower value of the SEA parameter in relation to the PP based 

composites.  

The brittle behaviour of the PA based composite was diminished by the 

presence of SiO2 particles. The initial peak load in PA/GF/SiO2 was slightly 

reduced in relation to PA/GF composite. However, the mean crashing loads 

were significantly higher, leading to an increase in the total energy absorbed.  

Therefore, the increase in SEA parameter, due to SiO2 filler, was caused by a 

combination of the reduction in the crashing length and the increase in the total 

energy absorbed by the structure.  

In the case of PA/GF/GS composite, the value of the initial peak load, as well as 

the mean crashing loads, were significantly increased due to the high strength 

of the material. For the same reason, the material was able to effectively resist 

the crashing loads, leading to a significant decrease in the crashing length. This 

is why, despite the total energy absorbed by the stature decreasing after adding 

the GS fillers, the SEA parameter was significantly higher in relation to the neat 

PA/GF composite.  

In the case of the MMT filled composite a combination of high strength and 

brittleness, induced a high initial load peak, but low mean crashing loads, 

similar to neat PA/GF composite. Furthermore, even higher brittleness led to a 

total failure of the structure, resulting in a significant increase in crashing 

length. A combination of large crashing length and unaffected total energy 
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absorbed resulted in a drop of SEA parameter, after adding the MMT filler to 

PA/GF composite.    

It is also important to note that the SEA value was at a similar level in the 

composites tested at both low and high impact energies. A difference is only 

visible in the total energy absorbed, which is a natural effect of the different 

impact energies. This proves that the SEA parameter is able to effectively 

quantify the energy absorption capability of the structure, despite the difference 

in the initial loading conditions. However, a discrepancy was observed in the 

SEA values of PA/GF/SiO2 composites tested at low and high energies. The 

explanation of this phenomenon can be found by analysing the fracture 

mechanism of this composite.  The initial failure of the PA/GF/SiO2 composite is 

caused by an extensive plastic deformation, which results in medium size 

debris detaching from the structure. This is visible on the graph as a flat low 

load period, right after the initial peak. Subsequently, a gradual increase in the 

load is observed, representing progressive crashing of the structure. This period 

corresponds to a stable fracture, resulting in small size debris detaching from 

the structure. The energy absorption effectiveness is much higher at this stage. 

Consequently the structure which remains longer in the stable fracture stage 

will have a higher SEA parameter.  From the load displacement curves it can be 

seen that the ratio of the stable to unstable period is much higher in the 

structure tested at high impact energy.     
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Table 13: Dynamic crashing characteristics at 3kJ impact 

Material 

Crash 

length 

[mm] 

Failure 

mode 

Initial 

peak 

[kN] 

Mean 

crashing 

load [kN] 

Energy 

absorbed 

[kJ] 

SEA 

[kJ/kg] 

Change 

in SEA 

[%] 

PPGF 29 I 115.3 83.45 2.25 145.11 - 

PPGF/SiO2 31 I 111.4 104.09 2.45 147.21 1.4 

PPGF/MMT 36 I 102.5 80.36 2.54 129.94 -11.7 

PPGF/GS 35 I 99.61 63.12 2.66 136.28 -6.5 

PAGF 72 II 128.4 37.41 2.52 43.23 - 

PAGF/SiO2 55 III 123.7 56.27 2.76 66.434 34.9 

PAGF/MMT 75 II 258.8 30 2.5 40.188 -7.6 

PAGF/GS 22 III 269.6 104 2.02 140.38 69.2 

Table 14: Dynamic crashing characteristics at 6kJ impact 

Material 

Crash 

length 

[mm] 

Failure 

mode 

Initial 

peak 

[kN] 

Mean 

crashing 

load [kN] 

Energy 

absorbed 

[kJ] 

SEA 

[kJ/kg] 

Change 

in SEA 

[%] 

PPGF 61 I 99.81 102.75 5.87 156.4   

PPGF/SiO2 51 I 104.1 91.43 4.51 146.39 -6.8 

PPGF/MMT 58 I 101.8 89.87 5.21 145.8 -7.3 

PPGF/GS 62 I 90.01 96.9 5.29 129.35 -20.9 

PAGF - II - - - - 
 

PAGF/SiO2 68 III 130.6 95.26 5.15 93.307 53.7 

PAGF/MMT - II - - - - 
 

PAGF/GS 51 III 232.6 97.77 5.66 140.49 69.2 
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Figure 52: Dynamic load-displacement curves - PP/GF composite 

  

 

Figure 53: Dynamic load-displacement curves - PP/GF/SiO2 composite 
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Figure 54: Dynamic load-displacement curves - PA/GF/MMT composite 

 

Figure 55: Dynamic load-displacement curves - PP/GF/GS composite 
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Figure 56: Dynamic load-displacement curves - PA/GF composite 

 

Figure 57: Dynamic load-displacement curves - PA/GF/SiO2 composite 
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Figure 58: Dynamic load-displacement curves - PA/GF/MMT composite 

 

 

Figure 59: Dynamic load-displacement curves - PA/GF/GS composite 
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Figure 60: Dynamic collapse mode of PP composites at 3kJ (a) PP/GF (b) PP/GF/SiO2 (c) 

PP/GF/MMT (d) PP/GF/GS 
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Figure 61: Dynamic collapse mode of PA composites at 3kJ (a) PA/GF (b) PA/GF/SiO2 

(c) PA/GF/MMT (d) PA/GF/GS 
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Figure 62: High speed camera records for 3kJ impact (a) PA/GF/MMT [t=2ms] (b) 

PP/GF/SiO2 [t=2ms] (c) PA/GF/MMT [t=14ms] (d) PP/GF/MMT [t=14ms] 
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4.3.3 SEM and EDX analysis 

The fracture surface of the conical samples tested under the dynamic load 

was examined using SEM. Figure 63 shows the micrographs of several PP-

based composites. From these pictures it was possible to observe that the failure 

mode was a combination of matrix and fibre cracking, fibre pull-out and 

debonding. Very little plastic deformation of the matrix was visible, as there are 

no characteristic deformation paths and fibrous texture of the material. 

Conversely, a significant debonding and pull-out of the glass reinforcement was 

visible, with clean and smooth surface of the glass, what is a proof for poor 

interfacial adhesion. This observation indicates that the fracture at the interface 

was prevalent. Comparing the micrographs of nano-reinforced PP/GF and neat 

PP/GF composites, insignificant difference in the failure mode can be observed. 

This indicates a small influence of the secondary reinforcement on the 

mechanical behaviour of the PP composites.  

The fracture surface of PA-based composites is presented in Figure 64. The 

difference in the failure mode in relation to PP-based composites is evident. The 

fracture is dominated by matrix and fibre cracking, with a distinct lack of fibres 

pull-out and debonding. The glass reinforcement is covered with polymer 

residuals, which is a sign of good interfacial adhesion. Moreover, there is a 

visible difference in the fracture mode between various PA composites. In neat 

PA/GF and PA/GF/SiO2 composites the plastic deformation of the matrix is the 

most evident. An extensive plastic deformation is clearly visible in PA/GF/SiO2 

as non-smooth texture and characteristic deformation paths, indicating an 

increase in material’s ductility. Contrary, in PA/GF/MMT and PA/GF/GS 

composites, the plastic deformation of the matrix is reduced, as a result of the 

transition to more brittle failure. This is visible as smooth texture and less 

evident deformation paths on the surface of the polymer.  
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Additional information about the composite materials was obtained with 

EDX analysis. Table 15 shows chemical elements found within the composites 

region. As the matrix in all samples is made from the polymer, mainly carbon 

elements were found. Traces of silicon elements where found in the matrices of 

some composites, indicating presence of silica based nano-material or glass 

within the polymer. Investigation of the glass reinforcements showed existence 

of elements such as: silica, oxygen, sodium and calcium. The EDX analysis did 

not explain the small particles visible on the fibres and polymer surface, despite 

the fact that silica elements were found, as these could be either separated nano 

particles or small pieces of the polymer mixed with the nano-material. 

Table 15: Chemical Elements Content [%] 

Material Reinforcement Matrix 

Ch. Element C O Na Al Si Ca C O Na Al Si Ca 

PP/GF 0.0 43.3 0.0 7.1 25.6 15.3 89.9 0.0 0.0 0.0 0.0 0.0 

PP/GF/SiO2 - - - - - - 86.7 0.0 0.0 0.0 2.6 1.3 

PP/GF/MMT 12.9 48.4 0.0 6.0 20.9 11.7 96.8 0.0 0.0 0.0 3.2 0.0 

PP/GF/GS 13.3 44.3 7.4 0.0 25.8 4.2 100 0.0 0.0 0.0 0.0 0.0 

PA/GF 0.0 33.3 0.0 7.5 26.5 19.3 100 0.0 0.0 0.0 0.0 0.0 

PA/GF/SiO2 18.1 33.2 0.0 5.5 21.3 15.3 94.2 0.0 0.0 0.0 1.0 0.0 

PA/GF/MMT 12.3 31.3 0.0 7.0 26.4 18.2 100 0.0 0.0 0.0 0.0 0.0 

PA/GF/GS 0.0 57.9 0.0 0.0 42.0 0.0 100 0.0 0.0 0.0 0.0 0.0 
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Figure 63:  PP composites: (a) neat, (b) SiO2, (C) MMT and (d) GS 
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Figure 64:  PA composites: (a) neat, (b) SiO2, (C) MMT and (d) GS 
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4.4 Discussion 

Quasi-static and dynamic crash testing of the conical structures was carried out 

to study the effect of secondary reinforcement on the energy absorption 

capabilities of polyamide and polypropylene based glass-fibre reinforced 

composites. Several static and dynamic load-displacement curves were 

recorded. Furthermore, failure of the structures was investigated with high 

speed camera and SEM. The most important observations from these 

experiments are discussed in detail in the following sections. 

4.4.1 Failure modes 

The mechanism of crack initiation and propagation was found to have a 

strong impact on the failure mode induced in the structure. The difference in 

the failure modes was identified by the visual comparison of the crashed 

samples (see Figure 60 and Figure 61), microscopic observation of the fracture 

surface (Figure 63 and Figure 64), as well as failure propagation visible on the 

high speed video records (example shown in Figure 62). As a result the 

following fracture modes were identified and classified:  

Mode I - Progressive crashing with micro-fragmentation and delamination. 

This fracture mode corresponds to stable and progressive folding of the sample 

walls. The energy is dissipated throughout extensive delamination and 

debonding of the fibres. Local cracks initiate near the crashing zone. 

Furthermore, small fragments of the fractured material are being pushed both 

inside and outside from the cone wall. This mode was observed in all PP 

materials tested under dynamic load (see Figure 60), and results in very good 

energy absorption.  

Mode II - Brittle fracture with large fragmentation. This fracture mode 

corresponds to unstable and catastrophic failure of the sample. Its characteristic 

part is the formation of large debris due to the propagation of axial cracks. 
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These cracks are initiated at the early stage of the impact event and cause a 

significant decrease in post-failure strength and stability of the structure. Mode 

II indicates low energy absorption capability. It was observed in PA/GF and 

PA/GF/MMT composites tested under the dynamic load (see Figure 61).  

Mode III - Brittle fracture with progressive crashing and medium 

fragmentation. In this mode propagation of the axial cracks, initiated at the 

early stage of the impact event, stops quickly after the formation. Therefore, the 

size of the generated debris is significantly smaller than the debris size 

observed in Mode II. The propagation is inhibited by the ductility or strength of 

the material. Additionally, a delamination effect is observed, as a separation of 

the composite layers. This is why the structure does not suffer catastrophic 

failure, indicating relatively good energy absorption, compared to Mode II. This 

mode was observed in PA/GF/SiO2 and PA/GF/GS composites tested under the 

dynamic load (see Figure 61), as well as in all PA based composites and PP/GF 

composite tested under the quasi-static load (see Figure 50 and Figure 51). 

Mode IV - Progressive folding with mushrooming effect. In this fracture mode 

a combination of plastic deformation and progressive crashing is observed. At 

the early stage of the crash, the structure is subjected to the plastic deformation, 

which is visible as a mushrooming effect. After the formation of the second fold, 

axial cracks are initiated leading to a splitting of the shell wall. The cracks are 

initiated by the radial stress, generated due to the expansion of the wall. This 

mode is observed in all PP based materials, with the secondary reinforcement, 

tested under the quasi-static load (see Figure 50). 

4.4.2 Energy absorption capability 

Relating the energy absorption characteristic with the crashing 

characteristics, discussed in the previous section, it can be seen that the 

materials which fail in a progressive manner, with small local cracks induced 
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(modes I and III), are able to absorb much higher energies than those with large 

continuous cracks (modes II and IV). This is caused by the fracture mode 

having a direct influence on the crashing parameters such as crashing length, 

value of the peak loads and mean crashing load. The crashing length of the 

structure increases if large cracks and debris are initiated. For the same reason 

the post-failure strength of the material is also reduced, which is recorded as a 

decrease in the mean crashing load. As a result the specific energy absorption of 

the material, which depends on these two parameters, is reduced when failure 

modes II or IV are observed.  

4.4.3 Effect of the strain rate 

The effect of testing speed on the energy absorption capability of the 

polymer composites can be examined by the comparison of the results from 

static and dynamic crash tests, given in Table 12 to Table 14. An important 

difference in the energy absorption parameter can be observed between the 

composites tested under the static and dynamic load. In the static test the 

energy was the most effectively absorbed in PA composites, whereas in the 

dynamic test the effectiveness was significantly reduced. In addition, the 

weakening effect of secondary reinforcement in PP composite samples, tested 

under the quasi-static load is much more evident than in samples tested under 

the dynamic load. A similar trend was observed in PA composites, in which the 

addition of secondary reinforcement resulted in a reduction of the SEA 

parameter under the quasi-static load, whereas under the dynamic load the 

SEA parameter increased, due to the secondary reinforcement.  

A reason for the large discrepancy in the energy absorbed by the structures 

under the static and dynamic load is due to the strain rate sensitivity of 

polymeric materials. At lower strain rates a polymer is usually more ductile, as 

the molecular chains can reorganize and align with the load applied at low 
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speed. However, if the load is applied at the high strain rate, the response of the 

material becomes much more brittle, as the molecular chains do not have 

enough time to reorganize.  

In the carried out experiments, the transition from ductile to brittle behaviour 

was observed as a change in the energy absorption effectiveness. At low strain 

rates, weak and flexible PP composites were not able to resist the applied loads. 

This resulted in the formation of global cracks, initiated by the circumferential 

stress, which were easily growing with progressing compression (Mode IV). 

This effect resulted in a decrease in energy absorption capability. At high strain 

rates PP composites became stiffer and stronger but more brittle. Due to a good 

balance between the strength, stiffness and brittleness, the structural failure was 

more localized, as the global cracks induced by circumferential stress could not 

be so easily initiated (Mode I). This is why the failure was initiated by axial 

stress rather than circumferential. As a result the energy absorption capability 

of the PP composites was significantly increased at high strain rates. By 

contrast, in stiff and strong PA composites, increase in brittleness due to the 

high strain rate, caused the reduction of the strain limit, leading to the 

formation of severe cracks (Mode II). The cracks were formatted by an extensive 

plastic deformation, observed at an early stage of the impact event. With the 

reduced ductility, the cracks initiated by circumferential stress, could easily 

propagate into the structure. Consequently, the fracture mode of the material 

has changed (from Mode III to Mode II) causing a significant decrease in energy 

absorption capability at high strain rates.  

4.4.4 Effect of the matrix material on energy absorption 

Comparison of the SEA parameters of all studied materials is presented in 

Table 12 to Table 14. There is a significant difference, up to three times, in 

energy absorption capability between the composites made of PP and PA 

matrices. All PP composites were much more effective in the impact energy 
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absorption, in relation to PA composites. In order to explain this phenomenon 

deep studies of the fracture mechanism are required. As it was discussed in 

section 4.4.1, PP composites fail in a progressive and stable manner, whereas in 

PA composite the failure is more unstable. This is associated with the 

mechanical properties of the matrix and fibre-matrix interaction. PP is a 

material with relatively low strength, whereas PA is a high strength material. 

Furthermore, interfacial strength of PP based composites is much lower in 

relation to PA based ones. These differences can be observed at high speed 

video recordings and SEM micrographs. In PA composites the fracture surface 

is relatively smooth without delamination and visible fibres coming out from 

the matrix. Furthermore, the high strength and brittleness of the material causes 

the cracks and fragmentation, which are larger than in PP composites, reducing 

the energy absorption capabilities of the material. In the case of PP composites 

there is a significant delamination with visible fibres coming out from the 

matrix. The cracks and failure are localized in a close proximity to the impact 

point and they are not propagating along the structure. Delamination and 

debonding of the fibres increase the effectiveness of the energy absorption, 

while at the same time not causing the weakening of the non-crashed section of 

the structure. 

4.4.5 Effect of the filler material on energy absorption 

Comparison of the specific energy absorption parameter due to the filler’s 

material is shown in Table 12 to Table 14. Both in the quasi-static and dynamic 

tests, the secondary reinforcement had a negative influence on the impact 

behaviour of all PP composites, reducing the value of the SEA parameter.  

In PA composites, the SEA parameter increased in SiO2 and GS reinforced 

composite, whereas it decreased in MMT reinforced ones. This variation in 

energy absorption capability is associated with the material  stiffness, strength 

and ductility, which all affect its fracture mode. Neat PA/GF composite failed at 
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a relatively low load, in a brittle manner with large cracks propagating along 

the whole structure, induced by the circumferential loads (Mode IV). This 

resulted in the energy absorbed by the structure being relatively low.  

Incorporation of SiO2 particles has increased the ductility of the material, and 

therefore, it has changed the way in which it fractures. The brittleness of the 

material was significantly reduced which was observed as an increase in 

elongation to brake, determined in the tensile test. As a result the magnitude of 

circumferential stress and strain, induced in the structure, was insufficient to 

grow the cracks in the tougher material. This is why the non-crashed section of 

the structure did not lose structural integrity, resulting in a localized failure 

mode (Mode III).The opposite behaviour was observed in MMT reinforced 

composites. In this case the impact strength of the material was increased but at 

the cost of reduced ductility. This is why the nano-composite became even more 

brittle than the neat PAGF material. Hence, the circumferential stress and strain 

reached the maximum allowable limits and the crack propagated along the 

structure, leading to a complete failure of the sample. As a result the energy 

absorption capability of the material remained at a similar level, in spite of the 

increase in strength and stiffness.  

The biggest increase in energy absorption capability was found in GS reinforced 

materials. However, the toughening mechanism was different from that 

observed in SiO2 reinforced materials. In this case, both stiffness and impact 

strength were improved but with reduced ductility. As a result the crashing 

length of the cone was importantly reduced, due to the high resistance of the 

material. Hence, the stress and strain did not exceed the allowable limits and 

the cracks were not initiated in the non-crashed section of the structure.       
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4.5 Conclusions 

Quasi-static and dynamic crashing behaviour of eight different polymer 

composites were studied in this chapter. It has been shown that the addition of 

the secondary reinforcement into glass-fibre reinforced polymer composites can 

have significant influence on the mechanical response of the material. The 

experiments demonstrate that by changing the matrix and the reinforcement 

material, it is possible to change the micro-mechanism of failure, and therefore 

control the energy absorption characteristics of the composite. Furthermore, it 

has been found that the fracture mechanism is highly dependent on the rate of 

applied loads.  

The observed failure has been divided into four separate modes, due to the size 

of the cracks and debris initiated during a crash, as well as the corresponding 

energy absorption capability. The difference in the failure mode was observed 

after changing the matrix material, filler material or the testing speed.   

The obtained results show that the energy absorption capability of PP based 

composites could not be improved by the addition of secondary fillers. This is a 

similar behaviour as observed in the uniaxial tensile test. However, in general 

the PP based composites were found to be more efficient in absorbing the 

energy of the impact. This is due to their ability to crash progressively, by local 

failure dominated by debonding and delamination.   

Regarding the PA based composites, the effect of SiO2 and GS fillers on the 

energy absorption capability was positive, whereas the effect of MMT was 

negative. The main reason for improved energy absorption capability is the 

reduced axial cracking of the structure induced by circumferential loads. The 

extensive cracking observed in the neat PA/GF composite was diminished by 

the two different mechanisms: firstly, improved ductility of the composite after 
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the addition of SiO2 particles and secondly, improved stiffness and strength of 

the composite after the addition of GS particles. Both mechanisms reduced the 

cracking of the structure and made failure more localized near to the impact 

region. This prevented catastrophic failure of the structure, making it more 

stable and progressive.  

The experiments undertaken improved the understanding of the fracture 

mechanism and correlation between the mechanical properties and mode of 

fracture of the composite. However, to gain full understanding of the fracture 

process it is required to conduct detailed FE modelling. It can provide better 

understanding of how the localized stress, global stress distribution and the 

stress multiaxiality affect the energy absorption capability of the structure.  
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5. Development of The Anisotropic Composite  Material Model  

The response of composite materials to the mechanical loading is a 

complicated phenomenon which requires advanced and sophisticated 

numerical models. The accuracy of the model depends on the level of 

complexity introduced into the constitutive relations, i.e. how precisely the 

model describes the behaviour of the material. However, the more complex the 

model is, the more computational power is required to generate the result. This 

is why an appropriate balance has to be established between the two 

requirements.  

In order to understand the behaviour of hybrid three-phase nanocomposite 

materials at different loading conditions, a series of experiments was carried 

out, as described in Chapters 3 and 4. The results of these experiments can be 

used as an input for a definition of the requirements that the model needs to 

satisfy, in order to accurately and effectively predict the material response. 

Furthermore, an extensive literature review has been carried out and presented 

in Chapter 2, to verify the applicability of the existing theories to the modelling 

of nanocomposite structures. Based on the experimental results and the 

literature review, the areas for improvement in relation to the current theories 

were identified.  

The review shown in Chapter 2 demonstrated that the most appropriate and 

effective method to model structures made of composites materials is macro-

scale modelling. This is due to the good balance between the accuracy of the 

results and the complexity of the model, and therefore, computation time.   

Furthermore, there are several requirements that have to be satisfied by the 

model in order to accurately predict the behaviour of the composite, when 

subjected to elasto-plastic deformation and failure at different strain rates. The 

experiments indicated features of the numerical model that are crucial for an 

accurate representation.   
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The 3-phase composite materials were found to be highly anisotropic, with 

different yield and failure strength in tension and compression. Furthermore, 

the materials are subject to biaxial stresses (axial and circumferential), inducing 

both yielding and failure. Regarding the strain rate sensitivity, the materials 

were found to have rate sensitive elasticity, plasticity and failure.     

There are several material models implemented in Ls-Dyna softw0are which 

have been used in the past to model polymers and composite materials. Table 

16 [5] shows a summary of the standard Ls-Dyna models which could 

potentially be used for the purpose of modelling of nanocomposite structures.  

Table 16: Ls-Dyna material models [5] 

Ref. 

No. 
Material Description 

S
ra

te
 

F
a
il 

A
n

is
o
 

T
e
n
s
 

15 Johnson/Cook Plasticity Model y y 
 

y 

22 Composite Damage 
 

y y y 

24 Piecewise Linear Plasticity (Isotropic) y y 
  

54 Composite Damage with Chang Failure 
 

y y y 

55 
Composite Damage with Tsai-Wu 

Failure  
y y y 

58 Laminated Composite Fabric 
 

y y y 

59 Composite Failure (Plasticity Based) 
 

y y y 

103 Anisotropic Viscoplastic y y y 
 

158 Rate-Sensitive Composite Fabric y y y y 

161 Composite MSC y y y y 

162 Composite MSC y y y y 

Srate – Strain rate effects  

Fail – Failure criteria 

Aniso – Anisotropic/orthotropic  

Tens – Tension handled differently than compression in some manner  
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It can be seen that only the last three models appear to fulfil all the defined 

minimum requirements. However, the model 158 is available only for the shell 

elements, which cannot be effectively used when variable wall thickness is 

considered. Thus, material models 161 and 162 are the most suitable models 

from the list in Table 16. However, these models are based on a damage 

mechanics approach, which has been developed to predict softening behaviour 

after damage initiation. In this formulation, after a period of elastic 

deformation, damage starts to form in the material causing a decrease in load 

carrying capability of the material. This is represented by the reduced stiffness 

matrix. Damage based models are well suited for modelling of unidirectional or 

woven laminates, where no significant plastic deformation is observed. The 

response of short-fibre composites is associated with extensive plastic 

deformation before the material fails. This is observed as a highly nonlinear 

stress-strain curve. This is why the most appropriate models for these 

composites should be based on plastic theory. However, none of the plasticity 

models currently available in Ls-Dyna can fulfil all the requirements to 

accurately represent 3-phase short-fibre reinforced polymer composite.  

This is why the aim of this chapter was to develop a material model to fulfil all 

those requirements. The model was developed based on anisotropic plasticity 

with asymmetric yield surface and failure definition based on strain energy 

density. Furthermore, both elasto-plastic behaviour and failure are strain rate 

dependant.     

The following sections present the theories which have been selected to model 

the mechanical response of 3-phase composites, as well as the development of 

new theories required to improve the current capabilities.  
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5.1 Theoretical Development 

5.1.1 Anisotropic composite elasticity 

A generalized Hooke’s law, relating stresses to strains, for a three-

dimensional elastic anisotropic solid can be expressed in the following form: 

𝜎𝑖 = 𝐶𝑖𝑗𝜀𝑗              𝑖, 𝑗 = 1, … ,6 

where 𝜎𝑖  and 𝜀𝑗  are the stress and strain components and 𝐶𝑖𝑗  is the stiffness 

matrix. In the general form, the stiffness matrix consists of 36 components. 

However, due to symmetry, this number reduces to 21 independent 

components. Furthermore, if the composite material is orthotropic (has three 

orthogonal planes of material symmetry), this number further reduces to 9 

independent components. Therefore, the stress strain relation can be expressed 

in the following form [10]:   

[
 
 
 
 
 
𝜎11

𝜎22

𝜎33

𝜎12

𝜎23

𝜎31]
 
 
 
 
 

=

[
 
 
 
 
 
𝐶11

𝐶12 
𝐶13 
0
0
0

𝐶12

𝐶22

 𝐶23

 0
 0
 0

𝐶13

𝐶23

𝐶33

0 
0
0

0
0
0

𝐶44

0 
0

0
0
0
0

𝐶55

0 

0
0
0
0
0

𝐶66]
 
 
 
 
 

[
 
 
 
 
 
𝜀11

𝜀22

𝜀33

𝜀12

𝜀23

𝜀31]
 
 
 
 
 

 

All nine independent components of the stiffness matrix can be expressed in 

terms of nine independent elastic engineering constants: 𝐸1,  𝐸2,  𝐸3,  𝐺12 , 

 𝐺23,  𝐺31,  𝑣12,  𝑣23,  𝑣31 ; which are: Young’s modulus, shear modulus and 

poisons ratio respectively; in three different material directions. The 

components of the stiffness matrix can be calculated using the following 

expressions [10]:    

𝐶11 =
𝐸1(1−𝑣23𝑣32)

∆
        𝐶12 =

𝐸1(𝑣21+𝑣31𝑣23)

∆
      𝐶13 =

𝐸1(𝑣31+𝑣21𝑣32)

∆
 

𝐶22 =
𝐸2(1 − 𝑣13𝑣31)

∆
       𝐶23 =

𝐸2(𝑣32 + 𝑣12𝑣31)

∆
     𝐶33 =

𝐸3(1 − 𝑣12𝑣21)

∆
 

𝐶44 = 𝐺12                           𝐶55 = 𝐺23                    𝐶66 = 𝐺31 

∆= 1 − 𝑣12𝑣21 − 𝑣23𝑣32 − 𝑣31𝑣13 − 2𝑣12𝑣23𝑣31 

(5.1) 

(5.2) 

    (5.3) 

(5.4) 
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As shown in Section 3.4.5, the composites indicate strain rate sensitivity of the 

elastic properties. Therefore, in this study, Young’s modulus and shear 

modulus are expressed as functions of strain rate 𝐸𝑖(𝜀̇),  𝐺𝑖(𝜀̇), as discussed in 

Section 5.1.4.  

5.1.2 Anisotropic composite plasticity 

The most general form of the yield criterion is usually described in terms of 

stress invariants (I1, J2, J3): 

𝑓(𝐼1,  𝐽2 , 𝐽3) = 0 

Where I1 is the first principal invariant of the Cauchy stress, which is directly related to 

the hydrostatic component of the stress tensor. In theory of plasticity it describes 

changes in pressure of a material. J2 and J3 are the second and third principal 

invariants of the deviatoric part of the Cauchy stress. J2 invariant describes the 

distortional changes in the material, whereas J3 invariant does not have a physical 

significance and is usually ignored.     The most widely used yield criterion for 

isotropic materials was proposed by von Misses. It is based on the assumption 

that the hydrostatic part of the stress tensor does not influence yielding of the 

material. Therefore, plasticity is a function of only the deviatoric component of 

the stress tensor.  The von Misses criterion is formulated as follows: 

𝐽2 = 𝑘2 

or in terms of Cauchy stress tensor: 

(𝜎𝑦 − 𝜎𝑧)
2 + (𝜎𝑧 − 𝜎𝑥)

2 + (𝜎𝑥 − 𝜎𝑦)2 + 6(𝜏𝑦𝑧
2 + 𝜏𝑧𝑥

2 + 𝜏𝑥𝑦
2 ) = 2𝜎2 

where the constant, k, is the yield stress determined in pure shear. 

The von Misses yield criterion in stress space is a six-dimensional elliptical 

surface, which is symmetrical with respect to the space origin.  The symmetry 

of the yield surface, in physical terms, represents an isotropic material, with 

(5.5) 

(5.6) 

(5.7) 
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equal compressive and tensile yield strengths. However, in many engineering 

materials yield strength is not equal in each material direction. This is why, in 

order to account for anisotropy of metals subjected to large plastic strains, Hill 

[131] proposed an extension of the von Misses criterion. It uses a quadratic 

function of the stress components to describe pressure insensitive yielding and 

it has the following form:  

         𝐹(𝜎𝑦 − 𝜎𝑧)
2 + 𝐺(𝜎𝑧 − 𝜎𝑥)

2 + 𝐻(𝜎𝑥 − 𝜎𝑦)2 + 2𝐿𝜏𝑦𝑧
2 + 2𝑀𝜏𝑧𝑥

2 + 2𝑁𝜏𝑥𝑦
2 = 1 

where F,G,...N are parameters describing the state of anisotropy.   

Opposite to metals, polymeric composites usually exhibit high pressure 

dependency of yield. This is observed as higher yield strength in compression 

rather than in tension. In order to account for these effects, Hoffman [133] 

proposed a criterion, which is a pressure dependant yield model for anisotropic 

plastic deformation. It has been developed as an extension of the Hill criterion, 

by the introduction of the linear terms, describing differences between tensile 

and compressive strengths: 

𝐶1(𝜎𝑦 − 𝜎𝑧)
2 + 𝐶2(𝜎𝑧 − 𝜎𝑥)

2 + 𝐶3(𝜎𝑥 − 𝜎𝑦)2 + 𝐶4𝜎𝑥 + 𝐶5𝜎𝑦 + 𝐶6𝜎𝑧 

+𝐶7𝜏𝑦𝑧
2 + 𝐶8𝜏𝑧𝑥

2 + 𝐶9𝜏𝑥𝑦
2 = 1 

where C1...C9 are nine material parameters describing the state of anisotropy, 

which can be determined from six uniaxial tension and compression tests and 

three shear tests. If the yield function ϕ(σ) is introduced, the Hoffman yield 

criterion will have the following form: 

 

𝜑(𝜎) = 𝛼23(𝜎𝑦 − 𝜎𝑧)
2 + 𝛼31(𝜎𝑧 − 𝜎𝑥)

2 + 𝛼12(𝜎𝑥 − 𝜎𝑦)2 

+𝛼11𝜎𝑥 + 𝛼22𝜎𝑦 + 𝛼33𝜎𝑧 + 3𝛼44𝜏𝑦𝑧
2 + 3𝛼55𝜏𝑧𝑥

2 + 3𝛼66𝜏𝑥𝑦
2 − 𝜎

2
 

(5.9) 

(5.8) 

(5.10) 
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where 𝜎 is an yield strength. When the yield function is ϕ(σ) = 0 then the material 

starts to yield. The material parameters 𝛼𝑖𝑗  can be calculated using the following 

expressions; 

𝛼12 =
𝜎 2

2
(

1

𝜎𝑥
𝑡𝜎𝑥

𝑐 +
1

𝜎𝑦
𝑡𝜎̅𝑦

𝑐 −
1

𝜎𝑧
𝑡𝜎̅𝑧

𝑐
) 

𝛼23 =
𝜎 2

2
(−

1

𝜎̅𝑥
𝑡𝜎̅𝑥

𝑐 +
1

𝜎̅𝑦
𝑡 𝜎̅𝑦

𝑐 +
1

𝜎̅𝑧
𝑡𝜎̅𝑧

𝑐) 

𝛼31 =
𝜎 2

2
(

1

𝜎𝑥
𝑡𝜎𝑥

𝑐 −
1

𝜎𝑦
𝑡𝜎̅𝑦

𝑐 +
1

𝜎𝑧
𝑡𝜎̅𝑧

𝑐
) 

𝛼11 = 𝜎2
𝜎𝑥

𝑐 − 𝜎𝑥
𝑡

𝜎𝑥
𝑡𝜎𝑥

𝑐          𝛼22 = 𝜎2
𝜎𝑦

𝑐 − 𝜎𝑦
𝑡

𝜎𝑦
𝑡𝜎𝑦

𝑐       𝛼33 = 𝜎2
𝜎𝑧

𝑐 − 𝜎𝑧
𝑡

𝜎𝑧
𝑡𝜎̅𝑧

𝑐
 

 𝛼44 =
𝜎 2

3𝜎𝑦𝑧
2

       𝛼55 =
𝜎 2

3𝜎𝑥𝑧
2

       𝛼66 =
𝜎 2

3𝜎𝑥𝑦
2

 

where  𝜎𝑖
𝑡  and 𝜎𝑖

𝑐  are the tensile and absolute compressive yield strengths in 

each direction of orthotropy, whereas 𝜎𝑖𝑗 denote shear yield strengths.     

It is important to note that the Hoffman yield criterion can be easily reduced to 

other more general yield functions. If the material is isotropic with equal tensile 

and compressive strengths (𝜎 = 𝜎𝑥
𝑡 = 𝜎𝑥

𝑐 = 𝜎𝑦
𝑡 = 𝜎𝑦

𝑐 = 𝜎𝑧
𝑡 = 𝜎𝑧

𝑐), then the material 

parameters are: 𝛼12 = 𝛼23 = 𝛼31 =
1

2
 , 𝛼44 = 𝛼55 = 𝛼66 = 1, 𝛼11 = 𝛼22 = 𝛼33 = 0 , 

and therefore, the Hoffman yield criterion reduces to the von Misses yield 

criterion (equation 5.7). If the material is anisotropic with equal tensile and 

compressive strengths ( 𝜎𝑥
𝑡 = 𝜎𝑥

𝑐 ≠ 𝜎𝑦
𝑡 = 𝜎𝑦

𝑐 ≠ 𝜎𝑧
𝑡 = 𝜎𝑧

𝑐)  , then the material 

parameters are  𝛼12 ≠ 𝛼23 ≠ 𝛼31 ≠ 𝛼44 ≠ 𝛼55 ≠ 𝛼66  , 𝛼11 = 𝛼22 = 𝛼33 = 0 , and 

therefore the Hoffman yield criterion reduces to the Hill yield criterion 

(equation 5.8). 

As the Hoffman yield criterion captures all the features required to model 3-

phase polymer composites, it has been selected for the purpose of this work. 

(5.11) 
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The evolution of the yield surface described by Hoffman criterion is shown in 

Figure 65. 

 

Figure 65: Hoffman’s yield surface 

5.1.3 Isotropic hardening model 

Historically, yield strength of a material was also considered as a failure 

criterion, with the flow stress being a limiting value of allowable stress. 

However, in order to describe post yield behaviour of engineering materials, a 

hardening law is required. This law describes the evolution of yield surface 

when the material undergoes plastic deformation.  In such cases the flow stress 

𝜎 in equation 5.10 is no longer a constant, but it is a function of strain, strain rate 

and temperature. This is why a constitutive equation is needed, which properly 

describes a nonlinear, strain rate and temperature dependant, stress-strain 

relationship.  

For the purpose of modelling a post yield behaviour of three-phase composite 

materials the following 2nd order exponential flow rule is proposed: 
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𝜎(𝜀̅𝑝, 𝜀̇) = 𝑎(𝜀̇) exp ((𝜀 ̅𝑝 + 𝜀0) 𝑏(𝜀̇) ) + 𝑐(𝜀̇) exp ((𝜀̅𝑝 + 𝜀0) 𝑑(𝜀̇) ) 

where 𝑏(𝜀̇) and d(𝜀̇) are strain hardening exponents; 𝑎(𝜀̇) and 𝑐(𝜀̇) are strength 

hardening coefficients. Both exponents and coefficients are functions of the 

strain rate 𝜀̇. 𝜀̅𝑝 is the effective plastic strain and 𝜀0 is the elastic strain to yield. 

The hardening parameters can be found by fitting a curve into the stress-strain 

curve at different strain rates. The use of second order exponential function 

provides an accurate fit to the highly nonlinear stress-strain curve.  

5.1.4 Strain rate and temperature dependence  

The importance of strain rate effect on the mechanical properties of the 

nanocomposites was shown in the series of experiments, as described in Section 

3.4.5. It was observed that properties such as elastic modulus, yield strength, 

ductility and ultimate strength are highly dependent on the rate of applied 

loads. Hence, to accurately model a dynamic response of the composite 

structures, it is necessary to include strain rate sensitivity in the material model 

formulation. There are several different constitutive models that have been 

proposed in the literature to model strain rate effects. These models can be 

classified as either empirically or physically based, depending on their principal 

assumptions. Both types of the models have been described in detail in Section 

2.8.1.  

For the purpose of this work an empirical constitutive relation, based on a 

logarithmic function, has been proposed to model the strain rate sensitivity of 

different material constants. The following constants have been defined as 

functions of the strain rate: 

 Elastic modulus: 

𝐸(𝜀̇) = 𝑎𝐸 ln(𝜀̇) + 𝑏𝐸 

 

(5.12) 

(5.13) 
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 Yield strength: 

𝜎(𝜀̅𝑝, 𝜀̇) = 𝐾(𝜀̇) exp ((𝜀 ̅𝑝 + 𝜀0) 𝐴(𝜀̇) ) + 𝑀(𝜀̇) exp ((𝜀 ̅𝑝 + 𝜀0) 𝐵(𝜀̇) ) 

Where hardening coefficients (K and M) and hardening exponents (A and B) 

are defined as functions of strain rate: 

𝐾(𝜀̇) = 𝑎𝐾 ln(𝜀̇) + 𝑏𝐾 

𝑀(𝜀̇) =  𝑎𝑀 ln(𝜀̇) + 𝑏𝑀 

𝐴(𝜀̇) = 𝑎𝐴 ln(𝜀̇) + 𝑏𝐴 

𝐵(𝜀̇) = 𝑎𝐵 ln(𝜀̇) + 𝑏𝐵 

 Strain energy density at failure: 

𝑈𝑓(𝜀̇) =  𝑎𝑈 ln(𝜀̇) + 𝑏𝑈 

The parameters a and b are the rate sensitivity constants which can be 

determined, based on the experimental data developed at two different strain 

rates. In this formulation the material constants are linear functions of the 

natural logarithm of strain rate. This assumption is true for a small range of 

strain rates (from one to two orders of magnitude). However, as it has been 

shown through experiments (section 3.4.5) this is not true for a large range of 

strain rates (higher than two orders of magnitude). Hence, to obtain accurate 

predictions the parameters a and b need to be calculated separately for each 

pair of strain rates. A natural consequence of strain rate sensitivity defined in 

this manner is that the higher the resolution of the strain rates tested, the more 

accurate the predictions of the material constants achieved. 

5.1.5 Failure criterion 

Failure of the composite material occurs when both matrix and 

reinforcement are not able to sustain the applied loads. On the micro scale it is 

(5.14) 

(5.15) 

(5.16) 
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caused by the matrix and fibre cracking, as well as debonding between the 

constituents. However, on the macro scale it can be considered as an excessive 

plastic deformation of the composite material, induced by the applied loads 

which reached a critical value. The strength limit is usually defined by an 

appropriate failure criterion which reduces the multi axial loading state into a 

simple form. Traditionally, material failure criteria for structural components 

were defined in either stress or strain space. However, neither of the two 

theories is able to accurately capture the effect of the entire nonlinear plastic 

stress-strain response of the material on its failure mechanism. This is why in 

case of highly nonlinear plasticity, the strain energy based criterion is much 

more relevant, as it takes take into account both stress and strain fields in the 

failure definition. The most general form of failure criteria for a composite 

exhibiting non-linear plasticity can be expressed in the following form: 

𝑓(𝜎, 𝜀, 𝐾) = 1 

Where f is a scalar function stress (𝜎)  and strain (𝜀) , as well as material 

properties factor (K).   

It has been proved by Sandhu [140] that for an orthotropic material the strain 

energies along its material axes in both tension and compression as well as 

shear, are all independent parameters. Based on this observation the author 

proposed a failure criterion, for a non-linear orthotropic composite material, 

which combines both stress and strain fields, using the strain energy density.  

The most general form of Sandhu’s model can be written as follows: 

∑
1

𝐾𝑖
[∫ 𝜎𝑖𝑑𝜀𝑖

.

𝜀𝑖
]
𝑚𝑖

=  1𝑖=1,2,6  

Where 𝜎𝑖 and 𝜀𝑖are the stress and strain components, 𝑚𝑖 defines the shape of the 

failure surface in the strain energy density space and 𝐾𝑖 is a material parameter 

determined in the uniaxial tests (tension, compression and shear). Sandhu’s 

(5.17) 

(5.18) 
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model predicts the failure induced by a complex stress-strain state from a series 

of uniaxial tests. In other words, the Sandhu’s failure surface must pass through 

two points, corresponding to the longitudinal and transverse strengths of a 

material.  However, a failure criterion which also includes a biaxial stress-strain 

condition, such as the failure surface, and which must pass through three points 

instead of two, would be much more reliable. This is why an extension of 

Sandhu’s theory is required, to include material parameter which is determined 

at a complex stress-strain condition, allowing more accurate multiaxial 

predictions to be made. Based on this requirement a new failure criterion is 

proposed in the following general form: 

∑𝛽𝑖𝑈𝑖
2  +  ∑ 𝛽𝑖𝑗 𝑈𝑖𝑈𝑗  =  1 

Where 𝑈𝑖,𝑗 = ∫ 𝜎𝑖,𝑗𝑑𝜀𝑖,𝑗
.

𝜀𝑖,𝑗
 are strain energy density components, 𝛽𝑖 are material 

parameters determined in uniaxial stress-stain states and 𝛽𝑖𝑗  are material 

parameters determined in the multiaxial states-stain state. The subscripts i and j 

denote the material directions; their number can vary depending on the state of 

load. In the derivation of the strain energy based failure criterion the total strain 

energy density is divided into components with an actual physical 

interpretation. Subsequently, the components are integrated into one interactive 

multi-axial failure criterion which defines the failure surface.  

If we consider a three dimensional stress-strain state, with three axial 

components and three shear components, then the strain energy density based 

failure criterion can be expressed in the following special form: 

 

𝛽1𝑈1
2 + 𝛽2𝑈2

2 + 𝛽3𝑈3
2 + 𝛽4𝑈4

2 + 𝛽5𝑈5
2 + 𝛽6𝑈6

2  +  

 

𝛽12𝑈1𝑈2 + 𝛽13𝑈1𝑈3 + 𝛽23𝑈2𝑈3 = 1 

(5.19) 

(5.20) 
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Where constants 𝛽1−3 can be determined in uniaxial tensile and compressive 

tests, in one longitudinal and two transverse directions; constants 𝛽4−6can be 

determined in simple shear tests in three different material directions; 𝛽12 and 

𝛽13 are coupling parameters, between longitudinal and transverse directions 

and  𝛽23 is a coupling parameter between the two transverse directions. The 

coupling parameters can be determined in a series of biaxial tests.  

If the material directions correlate with principal directions (shear stresses are 

zero), then the failure surface in 2D strain energy density space is an ellipse 

which passes through three points. It is important to note that the failure 

surface defined in such form is symmetric (same strength in tension and 

compression). In order to capture different response of a material in tension and 

compression the biaxial factors (𝛽𝑖𝑗 ), must be evaluated separately in each 

loading case (in different strain energy density quadrants shown in Figure 66. 

Furthermore, the uniaxial parameters must be determined separately for either 

tensile or compressive loading case. An example shape of the failure surface 

defined by the equation 5.20, which passes through eight points determined in 

the experiment, is shown in Figure 66. The red dots on the plot represent 

material strengths determined in the uniaxial tests, whereas the green squares 

represent the strengths determined in the biaxial tests.  

It can be seen that the shape of the failure surface consists of four independent 

ellipses. Each ellipse must pass through three experimental data points. The 

main advantage of the failure criterion defined in this is form, is that the shape 

of the failure surface in each quadrant is independent from the strengths in all 

the remaining quadrants. This allows a better fit into experimental data for a 

particular loading case. 
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Figure 66: Failure surface in a strain energy density space 

For a 2D stress-strain state the following four multiaxial loading conditions 

must be tested separately to determine all the material parameters: 

I -  {
𝑈1  > 0
𝑈2  > 0

    II -  {
𝑈1  > 0
𝑈2  < 0

     III -  {
𝑈1  < 0
𝑈2  < 0

     IV -  {
𝑈1  < 0
𝑈2  > 0

 

Where numbers I, II, III and IV correspond to strain energy density space 

quadrants, as shown in Figure 66. 

If a 3D stress-strain state is considered then the failure surface is an ellipsoid, 

which can be divided into eight 3D quadrants, or twelve 2D quadrants 

corresponding to the strain energy density planes 𝑈1 -𝑈2 , 𝑈1 -𝑈3  and 𝑈2 -𝑈3 . 

Therefore, for a 3D stress-strain state the following twelve multiaxial loading 

conditions must be tested separately to determine six uniaxial and twelve 

multiaxial independent material parameters.  

 

 

 

 

 

(5.21) 
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I -  {
𝑈1  > 0
𝑈2  > 0
𝑈3 = 0

        II -  {
𝑈1  > 0
𝑈2  < 0
𝑈3 = 0

    III -  {
𝑈1  < 0
𝑈2  < 0
𝑈3 = 0

      IV -  {
𝑈1  < 0
𝑈2  > 0
𝑈3 = 0

 

V -  {
𝑈1  > 0
𝑈2 = 0
𝑈3 > 0

    VI -  {
𝑈1  > 0
𝑈2 = 0
𝑈3 < 0

   VII -  {
𝑈1  < 0
𝑈2 = 0
𝑈3 < 0

   VIII -  {
𝑈1  < 0
𝑈2 = 0
𝑈3 > 0

 

IX -  {
𝑈1 = 0
𝑈2 > 0
𝑈3 > 0

      X -  {
𝑈1 = 0
𝑈2 > 0
𝑈3 < 0

     XI -  {
𝑈1 = 0
𝑈2 < 0
𝑈3 < 0

      XII -  {
𝑈1 = 0
𝑈2 < 0
𝑈3 > 0

 

It can be seen that the shape of the 3D ellipsoid is controlled by the shape of the 

ellipses defined on the 2D strain energy density planes. In this formulation 

there is no triaxial coupling parameter, defining an additional point in a 3D 

space, which the failure surface needs to pass through. This assumption is 

acceptable for the purpose of this study as the triaxial stress-strain level is 

negligible in thin-walled structural components.  

5.2 Numerical implementation 

The anisotropic elastic-plastic material model with failure was implemented 

into Ls-Dyna software as a user defined subroutine (UMAT). The model 

combines the anisotropic elasticity with the Hoffman’s plasticity model and 

anisotropic strain energy density based failure criterion. The model was 

implemented with a rate sensitive elasticity, plasticity and failure within the 

framework of the theory of rate-independent plasticity. This is one of two most 

commonly used methods for modelling of rate dependent phenomena, in which 

the parameters of the model, e.g.  yield stress, are scaled based on the strain 

rate. The second common method is viscoplasticity in which the plastic 

deformation is assumed to be a viscous flow, driven by excess of the applied 

stress component over the current static yield stress. More details of the two 

models are discussed in section 2.8.1.  

The Ls-Dyna software uses an explicit time integration algorithm to solve the 

fundamental conservation equations, based on continuum mechanics. At the 

(5.22) 
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beginning of each time step the software provides increments of strain 

components, calculated at the previous time step. The function of the user 

defined subroutine is to calculate the stress components, using these inputs, 

and output the values together with any history variables defined within the 

subroutine. The stress state, at the end of the time step, is calculated by means 

of an integration of the rate constitutive equations, in an incremental procedure.  

The integration procedure used for the purpose of this work is based on the 

return mapping algorithm, as proposed by Simo et al. [178] and Ortiz et al. 

[179]. In this formulation the strain increment is at first assumed to be elastic. 

Subsequently, using a standard Hooke’s law, an elastic stress state (trial stress) 

is calculated. The actual value of stress is then calculated using a return 

mapping algorithm (see Figure 67) together with all the other plastic variables. 

The numerical procedure for integrating the elasto-plastic constitutive 

equations, for rate independent plasticity with rate dependent flow rule, is 

explained next. 

In the finite element method the stress is updated at the Gauss points with 

given incremental deformation [179]. The function of the material model is to 

update the known state variables 𝜀𝑛, 𝜀𝑛
𝑝, 𝜎𝑛 (total strain, plastic strain and stress) 

from a converged state 𝐵𝑛  to their corresponding values 𝜀𝑛+1 , 𝜀𝑛+1
𝑝 ,  𝜎𝑛+1  at 

updated state 𝐵𝑛+1 . To calculate the incremental plastic strain the Prandtl - 

Reuss flow rule is utilized: 

𝜀̇ 𝑝 = 𝜆 ̇
𝜕𝜎̅(𝜎)

𝜕𝜎
 

Where 
𝜕𝜎̅(𝜎)

𝜕𝜎
 is a vector normal to the yield surface and  𝜆̇ is a constant known as 

the ‘plastic strain-rate multiplier’. 

In order to update the stress state it is therefore required to find the unknown 

parameter 𝜆̇. It is important to note that in incremental theory the equivalent 

plastic strain increment is equal to plastic multiplier: 

(5.23) 
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∆𝜀̅𝑝 = 
𝜎∶ 𝜀̇𝑝

𝜎̅(𝜎)
= 

𝜎∶ 𝜆 ̇
𝜕𝜎̅(𝜎)

𝜕𝜎
 

𝜎̅(𝜎)
= 

𝜆̇ 𝜎̅(𝜎)

𝜎̅(𝜎)
= 𝜆̇ 

 

Where 𝜎(𝜎) is a first order homogeneous function:   

𝜎(𝜎) =  𝜎
𝜕𝜎̅(𝜎)

𝜕𝜎
 

The main steps in the numerical procedure, to integrate the elasto-plastic 

constitutive equations, for rate independent plasticity with rate dependent flow 

rule are as follows: 

At first a trial stress is calculated using the Hook’s law: 

𝜎𝑛+1
(𝑡𝑟𝑖𝑎𝑙)

= 𝜎𝑛 +  𝐶 ∶  𝜀𝑛̇+1 

Using this trial stress components, the yield function and its derivative are 

calculated: 

𝜎𝑛+1
(𝑡𝑟𝑖𝑎𝑙) = 𝜎(𝜎𝑛+1

(𝑡𝑟𝑖𝑎𝑙)) 

 The size of the yield surface is calculated using the hardening flow rule:  

𝐻 = 𝐾(𝜀̇) exp ((𝜀 ̅𝑝 + 𝜀0) 𝐴(𝜀̇) ) + 𝑀(𝜀̇) exp ((𝜀 ̅𝑝 + 𝜀0) 𝐵(𝜀̇) ) 

Subsequently, a check for yielding is performed:  

𝜙𝑛+1
(0)

= 𝜎𝑛+1
(0)

− 𝐻(0) ≤ 0 

If the value of the yield function is lower than zero, then the material is elastic 

and trial stress state is set as a final value. If the yield function is larger than 

zero, then the material response is plastic, and the trial stress have to be 

iteratively returned to the yield surface by calculating the plastic multiplier 𝜆̇ 

using sub-steps i. 

(5.24) 

(5.25) 

(5.26) 

(5.27) 

(5.28) 

(5.29) 



137 
 

In order to obtain the stress in the next state (n+1) the sequential procedure is 

utilized:  

𝜎𝑛+1
(𝑖+1)

= 𝐶 ∶  [𝜀𝑛+1 − 𝜀𝑛+1
𝑝 ] 

and since, 

𝜀𝑛+1
𝑝 = 𝜀𝑛

𝑝 + ∆𝜀𝑝 

Then 

𝜎𝑛+1
(𝑖+1)

= 𝐶 ∶  [𝜀𝑛+1 − 𝜀𝑛
𝑝
] − 𝐶 ∶  ∆𝜀𝑝 

Combining equations 5.32 and 5.23 we obtain: 

𝜎𝑛+1
(𝑖+1)

= 𝜎𝑛+1
(𝑖)

− 𝜆̇ [𝐶 ∶
𝜕𝜎̅𝑛+1

(𝑖)
(𝜎)

𝜕𝜎
] 

The only one unknown in the equation 5.33 is 𝜆̇. As suggested by Simo and 

Ortiz, the plastic multiplier can by derived by linearization of the yield function 

around the current values of the state variable, using Taylor’s  expansions:  

0 =  𝜙(𝑖) (𝜎𝑛+1
(𝑖) , 𝜀𝑛̅+1

𝑝(𝑖+1)
) +

𝜕𝜙(𝑖)

𝜕𝜎
(𝜎𝑛+1

(𝑖+1)
− 𝜎𝑛+1

(𝑖) ) + 
𝜕𝜙(𝑖)

𝜕𝜀̅𝑝 (𝜀𝑛̅+1
 𝑝(𝑖+1)

− 𝜀𝑛̅+1
𝑝(𝑖)) 

From equation 5.33 

𝜎𝑛+1
(𝑖+1)

− 𝜎𝑛+1
(𝑖)

= −𝜆̇ 𝐶: [
𝜕𝜎𝑛+1

(𝑖)
(𝜎)

𝜕𝜎
] 

and 

𝜀𝑛̅+1
𝑝(𝑖+1)

− 𝜀𝑛̅
𝑝(𝑖)

= 𝜆̇ 

Therefore equation 5.34 becomes 

0 =  𝜙(𝑖) (𝜎𝑛+1
(𝑖) , 𝜀𝑛̅+1

𝑝(𝑖+1)
) +

𝜕𝜙(𝑖)

𝜕𝜎
: [−𝜆̇ 𝐶 ∶  

𝜕𝜎𝑛+1
(𝑖)

(𝜎)

𝜕𝜎
] + 𝜆̇  

𝜕𝜙(𝑖)

𝜕𝜀̅𝑝  

After transformation, the plastic multiplier can be found from the following 

formula: 

𝜆̇ =  
𝜙(𝑖)

𝜕𝜎(𝑖)(𝜎)

𝜕𝜎
∶𝐶∶ 

𝜕𝜎(𝑖)(𝜎)

𝜕𝜎
−

𝜕𝐻(𝑖)

𝜕𝜀𝑝

 

The complete algorithm of the UMAT is shown in Figure 68. 

(5.30) 

(5.31) 

(5.32) 

(5.33) 

(5.34) 

(5.35) 

(5.36) 

(5.37) 

(5.38) 
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Figure 67: Return of trial stress to yield surface  
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Figure 68: UMAT algorithm  
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5.3 Conclusions 

The mechanical properties and energy absorption capabilities of the 3-phase 

polymer composite materials were determined in a series of experiments.  The 

results show that the materials are anisotropic and, with highly nonlinear 

plasticity different in tension and compression, as well as rate sensitive 

modulus, yield and strength. None of the currently available material models in 

Ls-Dyna can accurately represent all these requirements. This is why a user 

defined material model has been developed and implemented into Ls-Dyna. 

The model incorporates anisotropic elasto-plasticity, with pressure sensitive 

yield function, based on Hoffman criterion. Furthermore, the hardening is 

represented by a 2nd order exponential function, which allows an accurate fit 

into highly nonlinear plasticity data. The failure of the material has been 

represented by the strain energy density based criterion. With this approach 

both stress and strain is taken into account in the failure definition. This is a 

more realistic approach in relation to strength or stain based criteria, which 

allows better fit into experimental data, especially at multi-axial loading. The 

strain rate sensitivity has been implemented into definition of elasticity, 

plasticity and failure. The strain rate dependency of plastic deformation has 

been implemented within a framework of stain independent plasticity with 

strain rate dependant yield surface. The stress integration procedure selected 

for this model is based on a return mapping algorithm. The calibration of the 

model and the accuracy of its predictions are presented in the following 

chapter.     
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6. FE Modelling of the Nanocomposite Structures 

The crashing behaviour of the conical structures, subjected to static and 

dynamic loads, has been investigated and discussed in Chapter 4. The video 

records of the crashing event provided valuable information on the structural 

failure mechanism. However, to obtain a full understanding of the fracture 

mechanism it is required to conduct a detailed FE simulation. This can provide 

information about the effect of the stress distribution, stress biaxiality and the 

mechanical properties of the structure, on its fracture response.  

For this purpose, an orthotropic elasto-plastic strain rate sensitive material 

model with strain energy density based failure criterion was implemented into 

Ls-Dyna, as a user defined material model UMAT (See Chapter 5 and Appendix 

E). As this model has never been used to model 3-phase composite structures, it 

requires extensive calibration and validation, to ensure good quality results.  

The best improvement in the energy absorption capability was observed in the 

PA based composite filled with SiO2 particles. That is why the PA/GF/SiO2 

composite along with standard PA/GF composite were selected for the purpose 

of the FE modelling. This selection allows comparison of the materials 

characterized by significantly different failure mode.  

The first section of this chapter describes the development of the FE models 

(geometry, mesh and boundary conditions) of tensile and compression samples, 

as well as conical structures. The procedure for calibration of the UMAT using 

the experimental data is presented in section 6.2. The results of the simulated 

specimen and structural testing are presented and compared to the 

experimental observations in section 6.3.  
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6.1 Development of the FE models 

The geometry of the specimens and the conical structures was generated 

using CATIA v5 CAD software and saved as neutral IGES files. In order to 

generate the mesh and boundary conditions the IGES files were imported to the 

pre-processor software (HperMesh from Altair HyperWorks 11). The FE 

simulations were processed with LS-Dyna 971 R4.0 solver provided by Oasys.  

The following unit system was used in all models: Length (mm), Time (s), Mass 

(Ton), Force (N), Energy (mJ) and Stress (MPa). This gives the secondary units 

as follows: Velocity (mm/s) and Mass Density (Ton/mm3).  

6.1.1 Modelling of the specimen testing 

The FE model of the tensile and compression specimens was built using 8-

node solid elements. In total, 3440 elements were generated for tensile specimen 

and 1000 for compression specimen, with four elements through thickness (see 

Figure 69 and Figure 70). To represent the clamping of the specimens in the 

grips, the displacements were fully fixed on one side of the specimen using 

*BOUNDARY_SPC control card. The traction was applied on the other side of 

the specimen using the control card *BOUNDARY_PRESCRIBED_ MOTION, 

with a predefined time-displacement curve.  

In order to reduce the computation time, the quasi-static tests were carried out 

with strain rate sensitivity off, using explicit analysis. Furthermore, the testing 

speed was scaled up, whereas the termination time was scaled down, by a 

factor of 100. To compare the numerical results with the experimental stress-

strain curve a database output was specified using option *DATBSE_SPCFORC, 

which returns values of boundary SPC reaction forces. This output corresponds 

to the force measured by the load cell in the actual tests. The reduced input files 

of tensile and compressive specimens are shown in Appendix A. 
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Figure 69: Compression sample FE model 

 

Figure 70: FE model of the tensile bar 

6.1.2 Modelling of the quasi-static crash test 

The FE model of the crash cone is presented in Figure 71.  It consists of 19440 

8-node solid elements, with four elements through thickness, required to 

correctly represent bending of the cone wall.  The usage of 3D-elements was 

required due to the variable thickness of the wall along the cone height. In 

order to restrain movement of the structure, axial displacement was fixed at the 

bottom surface of the cone. The compression of the structure was realized by 

means of rigid wall, progressively moving with constant velocity of 0.1mm/s. A 

contact between the rigid wall and the cone structure was provided using 

control card Contact-Eroding-Single-Surface. This formulation was required to 

ensure that inner elements go into contact with the rigid wall after the erosion 

of the structure and deletion of the elements on the outer surface. Moreover, to 
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provide contact between the cone elements, an automatic contact control card 

was specified. A friction coefficient of 0.3 was used in all types of contact. The 

hourglassing control card with option one (viscous form) was applied. A 

default value of 0.1 for hourglass coefficient was used, as recommended in the 

Ls-Dyna manual [5].For the purpose of the model validation, the RWFORC 

option in Database control card was specified to plot the reaction forces, which 

correspond to the load required to compress the structure.  The reduced input 

file of the crash cone FE model is presented in Appendix B.                 

 

 

Figure 71: FE model of the quasi-static crash test 
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6.1.3 Modelling of the dynamic crash test 

The FE model of the dynamic crash test is shown in Figure 72. The model 

consists of three separate components: crash cone, steel plate and impactor. This 

is an exact representation of the actual drop tower test. The total number of 

elements (solid 8-node) in the model is 14955.  The material response of the 

cone was represented using the UMAT, whereas for the plate and the impactor 

the rigid material model was used.  The crashing of the sample was realized by 

means of initial velocity of 6.5m/s applied to the impactor. The contact between 

the impactor and the plate was defined using a surface to surface contact card. 

The contact between the plate and the cone was defined using the contact 

eroding single surface control card. Furthermore, the self-contact between the 

wall was defined using an automatic contact control card. A friction coefficient 

of 0.3 was used in all types of contact. For the purpose of the model validation, 

the RWFORC option in Database control card was specified, to plot the reaction 

forces, which correspond to the load measured by the load cell. In the first trial 

run hourglassing was observed on the top surface of the cone (see Figure 73), 

therefore hourglassing control card with option four (stiffness form) was 

applied. The best value of the hourglass coefficient was found to be 0.03. It was 

checked, by the comparison of the stiffness and internal energy of the model, 

that it has very little influence on the final results and completely removes the 

hourglassing issue from the model. The reduced input file of the crash cone FE 

model is presented in Appendix C.                         
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Figure 72: FE model of the dynamic crash test  

 

Figure 73: Hourglasing on the top surface 
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6.2 Material Model Calibration 

This section details all the steps carried out to calibrate the UMAT for the 

purpose of modelling of the composites. The results of the experiments, 

presented in Chapter 3, were used to determine all the parameters of the model 

and verify that the selected formulation is appropriate for finite element 

simulation of 3-phase composite materials and structures.  

6.2.1 Orthotropic elasticity  

The formulation of the orthotropic elasticity is defined by the stiffness matrix as 

shown in Section 5.1.1. The stiffness matrix components can be calculated from 

the following set of equations: 

𝐶11 =
𝐸1(1 − 𝑣23𝑣32)

∆
        𝐶12 =

𝐸1(𝑣21 + 𝑣31𝑣23)

∆
      𝐶13 =

𝐸1(𝑣31 + 𝑣21𝑣32)

∆
 

𝐶22 =
𝐸2(1−𝑣13𝑣31)

∆
       𝐶23 =

𝐸2(𝑣32+𝑣12𝑣31)

∆
     𝐶33 =

𝐸3(1−𝑣12𝑣21)

∆
 

𝐶44 = 𝐺12                           𝐶55 = 𝐺23                    𝐶66 = 𝐺31 

∆= 1 − 𝑣12𝑣21 − 𝑣23𝑣32 − 𝑣31𝑣13 − 2𝑣12𝑣23𝑣31 

where 𝐸1,  𝐸2,  𝐸3, are elastic modulus in three material directions;  𝐺12,  𝐺23,  𝐺31 

are the shear modulus and  𝑣12,  𝑣23,  𝑣31are the Poisson’s ratios.  The values of 

the material constants have been determined in the series of tensile tests (see 

Chapter 3.4), carried out in two different directions (0°- longitudinal and 90° - 

transverse) and at five different strain rates (0.01, 0.1, 1, 10 and 100 [1/s]). The 

material is assumed to be transversely orthotropic; therefore, values of the two 

transverse elastic modulus (E2 and E3) and shear modulus (G12 and G31) are 

equal. The elastic properties of PA/GF and PA/GF/SiO2 materials were derived 

using a linear fit of the average experimental data, as illustrated in Figure 74 - 

Figure 77 . This was done in both longitudinal and transverse directions, as well 

as at all the studied strain rates. The values of the fitted elastic constants, used 

(6.1) 
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in the model, are summarized in Table 17. As the shear tests were not carried 

out, due to the insignificant shear stresses observed in the conical crash tests, 

the values of the shear modulus were taken from the literature. This was 

calculated by finding a ratio between tensile and shear modulus, reported in the 

literature, of the following composite: BASF Capron® 8233G 33% Glass-Filled 

Nylon 6 [180]. Each tensile modulus E1 was divided by the ratio (2.7) to find the 

value of the shear modulus G. The values of the Poisson’s ratio were assumed 

to be equivalent with the above BASF material.   

 

Table 17: Elastic UMAT parameters  

Material Property 
Strain rate [1/s] 

0.01 0.1 1 10 100 

PA/GF 

E1 [MPa] 7167 7833 8667 9667 12167 

E2 [MPa] 4333 5000 5333 5833 7333 

G12 [MPa] 2654 2901 3210 3580 4506 

G23 [MPa] 2654 2901 3210 3580 4506 

v12 0.35 

v23 0.35 

PA/GF/SiO2 

E1 [MPa] 6800 7600 8333 9167 11167 

E2 [MPa] 4223 4750 5208 5729 6979 

G12 [MPa] 2519 2815 3086 3395 4136 

G23 [MPa] 2519 2815 3086 3395 4136 

v12 0.35 

v23 0.35 
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Figure 74: Fitting into elastic properties of PA/GF in longitudinal direction 

 

Figure 75: Fitting into elastic properties of PA/GF in transverse direction 
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Figure 76: Fitting into elastic properties of PA/GF/SiO2 in longitudinal direction 

 

Figure 77: Fitting into elastic properties of PA/GF/SiO2 in transverse direction 
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6.2.2 Hardening function  

The isotropic strain hardening model is defined by the nonlinear 2nd order 

exponential function (see chapter 5.1.3). To fully define the model it is required 

to determine four hardening parameters (a, b, c and d). For this purpose the 

experimental tensile plastic stress-strain curves were fitted using 2nd order 

exponential function, available in the Matlab curve fitting tool (cftool).  The 

fitting was carried out only for the average longitudinal tensile test data, at each 

strain rate. The plastic response of the material in transverse direction and 

compression is defined using an orthotropic yield function (parameters fitting 

shown in Chapter 6.2.3). The results of the fitting for PA/GF and PA/GF/SiO2 

materials are visualised in Figure 78 and Figure 79. The values of the hardening 

model parameters are summarized in Table 18 and Table 19.      

Table 18: Hardening coefficients PA/GF 

Strain rate 

[1/s] 

Hardening coefficients 

a [MPa] b c [MPa] d 

0.01 112.7 0.0240 -116.2 -1.31 

0.1 135.0 0.0100 -126.7 -1.39 

1 152.0 0.0055 -150.0 -1.47 

10 166.0 0.0050 -169.0 -1.60 

100 195.0 0.0050 -209.0 -1.82 

 

Table 19: Hardening coefficients PA/GF/SiO2 

Strain rate 

[1/s] 

Hardening Coefficients 

a [MPa] b c [MPa] d 

0.01 105.0 0.0060 -91.0 -1.15 

0.10 114.5 0.0110 -97.0 -1.1 

1 126.5 0.0125 -105.0 -1.05 

10 137.0 0.0150 -120.0 -1.15 

100 167.0 0.0070 -148.0 -1.05 
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Figure 78: Hardening function fitted into plastic properties of PA/GF 

 

Figure 79: Hardening function fitted into plastic properties of PA/GF/SiO2 
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6.2.3 Orthotropic yield function  

The yield function is described using orthotropic and pressure sensitive 

Hoffman yield criterion, as defined in Chapter 5.1.2 The parameters of the yield 

function can be determined using the following set of equations: 

𝛼12 =
𝜎 2

2
(

1

𝜎𝑥
𝑡𝜎𝑥

𝑐 +
1

𝜎𝑦
𝑡𝜎̅𝑦

𝑐 −
1

𝜎𝑧
𝑡𝜎̅𝑧

𝑐
) 

𝛼23 =
𝜎 2

2
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𝑐
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𝑐          𝛼22 = 𝜎2
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 𝛼44 =
𝜎 2

3𝜎𝑦𝑧
2

       𝛼55 =
𝜎 2

3𝜎𝑥𝑧
2

       𝛼66 =
𝜎 2

3𝜎𝑥𝑦
2

 

where  𝜎𝑖
𝑡 and 𝜎𝑖

𝑐 are the yield strengths determined in tensile and compressive 

tests, and in each direction of orthotropy, whereas 𝜎𝑖𝑗  denote shear yield 

strengths. The above equations were implemented in the material model; 

therefore, the user needs to specify only the values of the yield strengths, 

determined from the experimental data. The yield strengths were extracted 

from the tensile and compressive stress-strain curves at the total strain of 0.6%. 

The value of 0.6% strain was found to provide an optimal fit to the 

experimental data. The main challenge in the yield function fitting was to 

accurately represent the transition from linear to nonlinear response of the 

material. In reality, polymers indicate a nonlinear elastic region which exists 

between linear elasticity and nonlinear plasticity [181]. In the material model 

used in this study the nonlinear elastic region is omitted, in order to simplify 

the model formulation, and therefore to save computation time. This approach 

will induce a small error in stress prediction, in the transition region, which has 

very little influence on the final result of the strain and failure predictions. This 

(6.2) 
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will be shown in more detail in the results section (Chapter 6.3.1). The values of 

the yield strengths determined from the experiments are summarized in Table 

20. As the shear test was not carried out, the values of the shear yield strengths 

were derived based on the literature [180]. Using the yield function, the shear 

stress-strain curves were generated as shown in Figure 81 and Figure 82.      

Table 20: Yield strengths [MPa] 

Material Direction 
Strain rate [1/s] 

0.01 0.1 1 10 100 

PA/GF 

σyt1 43.1 47.2 52.1 58.4 73.2 

σyt2 26.2 30.1 32.3 35.1 44.3 

σyc1 48.5 53.1 58.7 65.5 82.4 

σxy 20.5 22.5 24.8 27.8 34.9 

PA/GF/SiO2 

σyt1 40.8 45.6 50 55 67 

σyt2 25.3 28.5 31.3 34.4 41.9 

σyc1 46.1 51.5 56.5 62.1 75.6 

σxy 19.4 21.7 23.8 26.2 31.9 

 

 

Figure 80: Yield surfaces 
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Figure 81: Predicted plastic shear stress-strain curves PA/GF 

 

 

Figure 82: Predicted plastic shear stress-strain curves for PA/GF/SiO2 
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6.2.4 Orthotropic failure function  

The definition of the failure is based on the strain energy density, represented 

by the orthotropic and pressure sensitive function, as described in Chapter 

5.1.5.  The parameters of the yield function can be determined using the 

following set of equations: 
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where  𝑆𝐸̅̅̅̅
𝑖
𝑡  and 𝑆𝐸̅̅̅̅

𝑖
𝑐  are the failure strain energy densities in tension and 

compression, determined in each direction of orthotropy, whereas 𝑆𝐸̅̅̅̅
𝑖𝑗 denotes 

failure strain energy densities in shear. The above equations were implemented 

into the material model; therefore, the user needs to specify only the values of 

the strain energy densities, determined from the experimental data. As the 

material is assumed to be transversely orthotropic the failure function 

parameters are equal in transverse directions 2 and 3.  Furthermore, based on 

the experimental results, it was assumed that the failure in compression does 

(6.3) 
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not occur, therefore a sufficiently large number was selected for this parameter. 

Due to all these assumptions the number of failure function parameters reduces 

from 10 to 7. The failure strain energy densities at uniaxial stress conditions 

(SEfti) were determined by numerical integration of the experimental plastic 

stress-strain curves, as shown in Figure 78 and Figure 79. The strain energy 

densities corresponding to shear stresses and strains were derived based on the 

predicted curves as shown in Figure 81 and Figure 82. The numerical 

integration was carried out using trapezoid method implemented in the Matlab 

software (trapz). The biaxial failure parameters were determined using the 

results of the quasi-static crash test, by manual optimization. The values of the 

failure function parameters, determined from the experiments, are summarized 

in Table 21. The failure surfaces are shown in Figure 83.   

Table 21: Strain energy densities at failure [mJ/mm3] 

Material Direction 
Strain rate [1/s] 

0.01 0.1 1 10 100 

PA/GF 

SEft1 3.9 3.88 3.73 3.62 3.56 

SEft2 2.88 2.87 2.86 2.85 2.84 

SEfxy 1.51 1.50 1.45 1.40 1.38 

SEfc1 30 

Bi1 -1.2 -0.2 -0.2 -0.2 -0.2 

Bi2 0.1 0.1 0.1 0.1 0.1 

Bi3 -0.01 -1 -1 -1 -1 

Bi4 0.2 3 3 3 3 

PA/GF/SiO2 

SEf1 4.99 4.98 4.98 4.97 4.97 

SEf2 4.22 4.21 4.21 4.2 4.2 

SEfxy 2.19 2.18 2.18 2.18 2.18 

SEfc1 30 

Bi1 -0.2 -0.2 -0.2 -0.2 -0.2 

Bi2 0.1 0.1 0.1 0.1 0.1 

Bi3 -1 -1 -1 -1 -1 

Bi4 3 3 3 3 3 
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Figure 83: Failure surfaces 

6.3 Results 

The following sections contain the results of the FE analysis of the specimen 

(tensile and compression) and structural testing (static and dynamic crash test). 

The analysis was carried out using the UMAT implemented in Ls-Dyna 
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section 6.2). The numerical results were compared against the experiments 

which were discussed in more detail in Chapters 3 and 4. 
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approximation induces a small error in stress predictions, within the elasto-

plastic transition region. The error was found to be below 2% of the actual stress 

value in all simulations, and has a negligible effect on the final results of the 

analysis. Beyond this point the material behaviour is precisely predicted by the 

hardening curve, fitted to the experimental results. It can also be seen that the 

selected strain rate sensitivity formulation provides an excellent match with the 

experimental data. Not only is the yielding accurately predicted, but also the 

whole nonlinear region is precisely matched at each strain rate. This result 

proves a big advantage of scaling all the hardening parameters with the strain 

rate, rather than just the yield strength, which does not allow the shape of the 

curve to be changed at higher strain rates. 

From the results of the simulations carried out in the transverse direction, it can 

be seen that the orthotropic formulation of the model provides good 

representation of the composite material response. Both elastic and plastic 

behaviour were predicted with a good accuracy. However, as the plastic 

response of the material, in the direction different from longitudinal tension, is 

defined only by the yield function, the model cannot be exactly fitted to the 

experimental data for those conditions. Despite this limitation the UMAT 

accurately predicted the plastic behaviour of the sample at different strain rates, 

just by scaling the stress-strain curve with the yield strength, as can be seen in 

Figure 85 and Figure 87. In this case, deviations from the experimental data are 

higher, but do not exceed 3% of the actual stress, at any stage of the test.  

Regarding the prediction of the material failure, it can be seen that the modelled 

samples failed at almost exactly the same conditions as in the experiment, 

regardless of the strain rate or loading direction. Comparison of all the key 

results from the simulations and the experiments is shown in Table 22 - Table 

25. 
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Table 22: PA/GF longitudinal – numerical vs. experimental results 

Strain Rate [1/s] 0.01 0.1 1 10 100 

Modulus [MPa] 

Model 7167.0 7833.0 8667.0 9667.0 12167.0 

Exp. 7066.7 7707.2 8533.3 9571.4 12033.3 

Error [%] 1.4 1.6 1.5 1.0 1.1 

Yield [MPa] 

Model 43.1 47.2 52.1 58.4 73.2 

Exp. 42.4 46.3 51.1 57.4 71.7 

Error [%] 1.6 2.0 1.9 1.7 2.0 

UTS [MPa] 

Model 122.9 138.8 153.2 166.4 195.5 

Exp. 123.9 139.8 154.1 168.3 196.6 

Error [%] 0.8 0.7 0.5 1.2 0.6 

Failure Strain 

Model 0.0523 0.0480 0.0452 0.0415 0.0363 

Exp. 0.0520 0.0486 0.0451 0.0410 0.0361 

Error [%] 0.6 1.2 0.2 1.3 0.6 

 

Table 23: PA/GF transverse – numerical vs. Experimental results 

Strain Rate [1/s] 0.01 0.1 1 10 100 

Modulus [MPa] 

Model 4333 5000 5333 5833 7333 

Exp. 4300 4933 5233 5767 7200 

Error [%] 0.8 1.3 1.9 1.1 1.8 

Yield [MPa] 

Model 26.2 30.1 32.3 35.1 44.3 

Exp. 25.6 29.6 31.7 34.6 43.5 

Error [%] 2.3 1.7 1.9 1.4 1.8 

UTS [MPa] 

Model 80.4 92.8 102.6 111.6 131.4 

Exp. 78.0 93.9 102.7 112 130.0 

Error [%] 3.0 1.3 0.1 0.5 1.1 

Failure Strain 

Model 0.0594 0.0537 0.0512 0.0477 0.0425 

Exp. 0.0600 0.0539 0.0511 0.0480 0.0422 

Error [%] 0.9 0.4 0.3 0.7 0.7 
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Table 24: PA/GF/SiO2 longitudinal – numerical vs. experimental results 

Strain Rate [1/s] 0.01 0.1 1 10 100 

Modulus [MPa] 

Model 6800 7600 8333 9167 11167 

Exp 6683 7450 8233 9017 10817 

Error [%] 1.7 2.0 1.2 1.6 3.1 

Yield [MPa] 

Model 40.8 45.6 50 55 67 

Exp 40.1 44.7 49.4 54.1 64.9 

Error [%] 1.7 2.0 1.2 1.6 3.1 

UTS [MPa] 

Model 113.1 128.9 143.7 155.9 180.9 

Exp 113.5 128.5 142.8 156.1 181.7 

Error [%] 0.4 -0.3 -0.7 0.1 0.4 

Failure Strain 

Model 0.0696 0.0665 0.0630 0.0601 0.0514 

Exp 0.0691 0.0662 0.0627 0.0600 0.0511 

Error [%] 0.7 0.4 0.5 0.1 0.5 

Table 25: PA/GF/SiO2 transverse – numerical vs. experimental results 

Strain Rate [1/s] 0.01 0.1 1 10 100 

Modulus [MPa] 

Model 4223 4750 5208 5729 6979 

Exp 4147 4632 5117 5637 6762 

Error [%] 1.8 2.5 1.8 1.6 3.1 

Yield [MPa] 

Model 25.3 28.5 31.3 34.4 41.9 

Exp 24.9 27.8 30.7 33.8 40.6 

Error [%] 1.8 2.5 1.8 1.6 3.1 

UTS [MPa] 

Model 74.9 84.5 94.1 102.4 121.6 

Exp 76.1 85.9 92.5 101.7 119.8 

Error [%] 1.7 1.6 -1.7 -0.7 -1.4 

Failure Strain 

Model 0.0806 0.0788 0.0749 0.0693 0.0631 

Exp 0.0810 0.0780 0.0750 0.0690 0.0630 

Error [%] -0.5 1.0 -0.1 0.5 0.2 
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Figure 84: Predicted and experimental stress-strain curves PA/GF – longitudinal 

direction 

 

Figure 85: Predicted and experimental stress-strain curves PA/GF – transverse 

direction 
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Figure 86: Predicted and experimental stress-strain curves PA/GF/SiO2 – longitudinal 

direction 

 

Figure 87: Predicted and experimental stress-strain curves PA/GF/SiO2 – transverse 

direction 
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6.3.2 Compression test 

Comparison of the compressive stress-stress curves obtained in the experiments 

(data points) and the numerical simulations (continuous lines), is shown in 

Figure 88 and Figure 89. Comparison of all the key results from the simulations 

and the experiments is shown in Table 26 and Table 27. 

The simulations were carried out for PA/GF and PA/GF/SiO2 materials at 

five different strain rates. The experiments were carried out at only three 

different stain rates as shown in section 3.4.4.  

It can be seen that the UMAT is able to predict both elastic and plastic 

deformation, of the compression sample, with a good accuracy. However, the 

deviations from the experimental data are more elevated, in relation to the 

longitudinal tensile test, as the plastic response in compression is governed only 

by the yield function. This means that the hardening coefficients cannot be 

fitted directly to the compressive stress-strain curves. Despite this limitation the 

UMAT accurately predicted the plastic behaviour of the sample at different 

strain rates, just by scaling the stress-strain curve with the yield strength.  

Table 26: PA/GF compression – numerical vs. experimental results 

Strain Rate [1/s] 0.01 0.1 1 10 100 

Modulus 

[MPa] 

Model 7740 8569 9201 10473 13152 

Exp 7417 8344 9183 - - 

Error 

[%] 
4.17 2.63 0.19 - - 

Yield 

[MPa] 

Model 48.45 53.64 57.60 65.56 82.33 

Exp 46.43 52.23 57.49 - - 

Error 

[%] 
4.17 2.63 0.19 - - 

CS6% 

[MPa] 

Model 143.22 156.82 171.56 184.48 213.93 

Exp 142.00 159.00 177.00 - - 

Error 

[%] 
0.85 -1.39 -3.17 - - 
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Table 27: PA/GF/SiO2 compression – numerical vs. experimental results 

Strain Rate [1/s] 0.01 0.1 1 10 100 

Modulus 

[MPa] 

Model 7089 8217 9190 9825 12004 

Exp 7081 8167 9083 - - 

Error [%] 0.11 0.62 1.16 - - 

Yield 

[MPa] 

Model 45.88 51.27 58.45 61.82 75.21 

Exp 44.61 51.45 57.23 - - 

Error [%] 2.77 -0.36 2.10 - - 

CS6% 

[MPa] 

Model 123.38 137.80 153.18 167.71 194.89 

Exp 121.87 141.37 155.51 - - 

Error [%] 1.22 -2.59 -1.52 - - 

 

 

 

Figure 88: Predicted and experimental stress-strain curves PA/GF - compression 
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Figure 89: Predicted and experimental stress-strain curves PA/GF/SiO2 – compression 

6.3.3 Quasi-static crash test 

Main results concerning the energy absorption capabilities of the composite 

structures are listed in Table 28. A visual comparison of the modelled and 

actual crashing tests are presented in Figure 90 - Figure 99. A comparison of the 

load-displacement curves, from the numerical simulations and the experiments, 

is presented in Figure 100 and Figure 101. 

Analyzing the obtained data it can be seen, that the models represented the 

crashing behaviour of the conical structures with good accuracy. Table 28 

shows that the impact energy absorption, predicted by the model, is lower by 

around 11% in relation to the experimental result, for both composites. This is 

due to the lower crashing loads predicted in the simulation, in relation to those 

measured in the experiment. However, despite this limitation, the model 
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relation to PA/GF/SiO2.  As the differences in the material properties were taken 

into account in the modelling process, accurate predictions were obtained using 

the FE models. 

Table 28: Quasi-static crashing characteristics 

Material 

Crash 

length 

[mm] 

Collapse 

mode 

Initial 

peak 

[kN] 

Mean 

crashing 

load [kN] 

Energy 

absorbed 

[kJ] 

Energy 

prediction 

error [%] 

PA/GF_FE 90 III 53.3 43.1 3.8 
11 

PA/GF_Ex 90 III 49.9 50.4 4.3 

PA/GF/SiO2_FE 90 III 49.9 40.4 3.6 

12 
 

PA/GF/SiO2_Ex 90 III 44.6 45.66 4.1 

 Figure 90 to Figure 99 show that the model predicted the failure mode of 

the structures, made of PA/GF and PA/GF/SiO2 composites (mode III). At each 

stage of the crash test, the model effectively represented the structural response 

of the sample. This is visible as a combination of elasto-plastic deformation and 

progressive failure. The failed material falls out form the structures as both 

small and large fragments of broken material. The final shape of the crashed 

specimens (Figure 94 and Figure 99), is similar in both the experiment and the 

FE simulation. It consists of remaining unbroken fragment of the structure, 

surrounded by broken and squeezed pieces of the material, present both 

outside and inside the sample.   
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Figure 90: Modelled and experimental quasi-static crash test PA/GF – 10mm 

displacement   

 

  

Figure 91: Modelled and experimental quasi-static crash test PA/GF – 45mm 

displacement    
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Figure 92: Modelled quasi-static crash test PA/GF – 90mm displacement   

 

 

Figure 93: Experimental quasi-static crash test PA/GF – 90mm displacement   

 

 

Figure 94: Experimental quasi-static crash test PA/GF – final shape   
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Figure 95: Modelled and experimental quasi-static crash test PA/GF/SiO2 – 1.5 mm 

displacement   

 

  

Figure 96: Modelled and experimental quasi-static crash test PA/GF/SiO2 – 10mm 

displacement   
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Figure 97: Modelled and experimental quasi-static crash test PA/GF/SiO2 – 60mm 

displacement   

 

   

Figure 98: Modelled and experimental quasi-static crash test PA/GF/SiO2 – 90mm 

displacement   

 

   

Figure 99: Experimental quasi-static crash test PA/GF/SiO2 – final shape   
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Furthermore, it can be seen that the model also predicted the shape of the load 

displacement curve. Figure 100 and Figure 101 show that both the measured 

and predicted loads rise with displacement. This effect is induced by the 

increasing thickness of the cone wall. The load rises during the elasto-plastic 

deformation until the stresses reach the ultimate strength. Subsequently, the 

fracture starts to form in the structure, and is visible on the curve as reduction 

or stabilization of the load, depending on the stage of the crashing event. The 

two phenomena- elasto-plastic deformation and failure- occur alternately 

during the whole duration of the crash. This is visible on the load-displacement 

plot as an irregular shape of the curve.    

 

 

Figure 100: Quasi-static load-displacement curves PA/GF 
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Figure 101: Quasi-static load-displacement curves PA/GF/SiO2 

It is important to note that the crashing event consists of two distinctive stages, 

defined by the location of the failure initiation point. This is either on the outer 

or inner surface of the cone wall. At an early stage of the crash, the elasto-plastic 

deformation is initiated by the axial compressive loads (see Figure 102 and 

Figure 105). When the structure loses its stability, a plastic axisymmetric bulge 

starts to form (see Figure 103 and Figure 106). 
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Figure 102: Axial (left) and circumferential (right) stress plots [MPa] PA/GF– 1mm 

displacement 

         

Figure 103: Axial (left) and circumferential (right) stress plots [MPa] PA/GF – 2mm 

displacement   

       

Figure 104: Axial (left) and circumferential (right) stress plots [MPa] PA/GF – 15mm 

displacement    

A 
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Figure 105: Axial (left) and circumferential (right) stress plots [MPa] PA/GF/SiO2– 1mm 

displacement  

      

Figure 106: Axial (left) and circumferential (right) stress plots [MPa] PA/GF/SiO2– 2mm 

displacement   

     

Figure 107: Axial (left) and circumferential (right) stress plots [MPa] PA/GF/SiO2 – 

15mm displacement    
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At this point the stress field changes from uniform uniaxial compressive to 

biaxial tensile, on the outer surface, and biaxial tensile-compressive on the inner 

surface of the wall.  This can be clearly seen in Figure 108, when the axial 

compressive stress reaches its maximum, the plastic bulge is initiated. 

Subsequently, the axial compressive stress starts to drop and then switches to a 

positive value. At the same time the hoop stress starts to rise. When both axial 

and hoop stress reach their maximum, the failure of the structure starts to 

initiate on the outer surface of the wall. This is visible on the plot as a sudden 

drop in stresses. This proves that the failure of the structure is a result of the 

biaxial stress condition.  

 

Figure 108: Axial and circumferential stress plots at the outer surface (point A in Figure 

103) 

 

In the next stage of the structural collapse the crashed material is being pushed 

inside the sample.  This is causing an expansion of the cone walls followed by 

their bending (see Figure 109 to Figure 111 and Figure 112 to Figure 114).   

-120

-100

-80

-60

-40

-20

0

20

40

60

80

100

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007

St
re

ss
 [

M
P

a]

Time [s]

Axial

Hoop



177 
 

 

Figure 109: Axial stress plot [MPa] PA/GF/SiO2 – 4mm displacement   

 

Figure 110: Circumferential stress plot [MPa] PA/GF/SiO2 – 4mm displacement   

 

Figure 111: Strain energy density plot [mJ/mm3 PA/GF/SiO2 – 4mm displacement 

B 
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Figure 112: Axial stress plot [MPa] PA/GF – 4mm displacement   

 

Figure 113: Circumferential stress plot [MPa] PA/GF – 4mm displacement   

 

Figure 114: Strain energy density plot [mJ/mm3] PA/GF – 4mm displacement   
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The bending induces biaxial tension on the inner surface and biaxial 

compression on the outer surface of the wall. This is why the failure initiates on 

the inner surface due to the biaxial tensile stress state (see Figure 115). The 

whole two stage process repeats during the test four times in PA/GF/SiO2 and 

three times in PA/GF which are visible on the load-displacement curves as 

sudden changes in the measured load.    

 

Figure 115: Axial and circumferential stress plots at the inner surface (point B in Figure 

109) 

6.3.4 Dynamic crash test 

The main results concerning the energy absorption capabilities of the 

composite structures are listed in Table 29. A visual comparison of the modelled 

and actual drop weight impact tests are presented in Figure 116 to Figure 124. 

Dynamic load-displacement curves, extracted from the numerical models and 

the experiments, are presented in Figure 125 and Figure 126. 

Analysing the obtained data it can be seen, that the models represented the 

dynamic crashing behaviour of the conical structures with good accuracy. Table 
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curves. It can be seen that the error in the predicted energy absorption of 

PA/GF/SiO2 composite is below 4%. This is a consequence of well predicted 

mean crashing loads and the crashing length. However a large difference is 

observed in the values of the initial load peak (25%). This discrepancy is a result 

of difficulties in fully replicating the triggering mechanism of the initial fracture 

in the FE model.  

Regarding the PA/GF composite the difference between the measured and 

predicted energy absorption is around 6%. In this case the mean crashing loads 

are slightly underestimated. The main reason for that is the unstable failure 

mode undergone by the structure. This failure mode is difficult to represent due 

to the unpredictable behaviour of the structure. The size of the cracks and 

broken fragments can vary from test to test due to the imperfections present in 

the material and configuration of the test. If the fracture mode is stable the 

influence of these parameters on the structural response is diminished. Due the 

same reasons as for PA/GF/SiO2 composite the value of the initial peak load is 

also overestimated by 25%.  

Table 29: Dynamic crashing characteristics 

Material 
Crash length 

[mm] 

Collapse 

mode 

Initial peak 

[kN] 

Mean 

crashing 

load [kN] 

Energy 

absorbed 

[kJ] 

PA/GF_FE 71.2 II 154 47.1 2.56 

PA/GF_Ex 69.4 II 207 51.6 2.41 

PA/GF/SiO2_FE 58.5 III 169 54.9 2.86 

PA/GF/SiO2_Ex 56.8 III 123 56 2.75 

 Figure 116 to Figure 124 show that the model predicted the failure mode of 

the structures, made of PA/GF (mode II) and PA/GF/SiO2 composites (mode III).  

Regarding the PA/GF composite, it can be seen that the model captures the 

brittle behaviour of the material. The axial cracks, initiated at an early stage of 
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the crash, propagate through the structure affecting its integrity. As a result of 

the extensive cracking, large fragments are sheared off from the structure. This 

results in a low energy absorption capability of the material. The final shape of 

the crashed specimens (Figure 119 and Figure 124) made of PA/GF material, is 

similar in both the experiment and the FE simulation. It consists of remaining 

unbroken fragment of the structure, with irregular shape and number of cracks. 

There is no significant plastic deformation visible on the fracture surface or the 

broken fragments. 

      

Figure 116: Modelled and experimental dynamic crash test PA/GF – 15 mm 

displacement   

  

Figure 117: Modelled and experimental dynamic crash test PA/GF – 45 mm 

displacement   
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Figure 118: Modelled and experimental dynamic crash test PA/GF – 55 mm 

displacement   

        

Figure 119: Modelled and experimental dynamic crash test PA/GF – final shape   

In the case of the PA/GF/SiO2 composite the FE model was also effective in 

predicting the fracture behaviour of the structure. The transition from unstable 

to stable failure of the structure was accurately captured by the FE model. There 

is no significant axial cracking initiated in the remaining structure, therefore its 

integrity is unaffected. The failure is stable and progressive, and is observed as 

a combination of plastic deformation and local fragmentation. The final shape 

of the modelled specimen corresponds to the one seen in the experiments (see 

Figure 124). The remaining fragment does not contain any axial cracks and its 

failure surface is relatively flat. Furthermore, the height of the crashed specimen 

is similar to that measured on the actual sample (FE – 64mm and Experiment - 

63mm).    
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Figure 120: Modelled and experimental dynamic crash test PA/GF/SiO2 – 4 mm 

displacement 

 

          

Figure 121: Modelled and experimental dynamic crash test PA/GF/SiO2 – 8 mm 

displacement    
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Figure 122: Modelled and experimental quasi-static crash test PA/GF/SiO2 – 35 mm 

displacement 

             

Figure 123: Modelled and experimental quasi-static crash test PA/GF/SiO2 – 45 mm 

displacement 

         

Figure 124: Modelled and experimental quasi-static crash test PA/GF/SiO2 – final shape 
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  Analysing the load displacement curves of both composites it is clearly visible 

that the models predicted the shape measured during the experiments. After 

the initial load peak, limited by the triggering of initial failure, a secondary load 

peak is observed. This is followed by a period of nearly zero load, associated 

with a limited ability of the structure to resist the loads. This limitation is 

caused by the axial cracks, which were triggered at an early stage of the crash 

(see Figure 116). In the case of PA/GF composite the axial cracks propagate 

quickly into the structure, causing a further reduction in its ability to resist the 

applied loads. This effect is observed as lower mean crashing loads. After all the 

material affected by the initial cracking is detached from the structure, the 

impactor comes into contact with the remaining part of the structure. This is 

visible on the plot as a second load peak, with a similar magnitude as the initial 

one. As the fracture surface is irregular, the applied loads are concentrated on a 

small area, causing localized failure, which damages the overall integrity of the 

structure. Beyond this point, the structure is no longer able to resist the loads, 

and therefore does not absorb the energy.  The load measurement drops to zero 

beyond the displacement of 48mm. However, the actual crashing length is 

significantly larger (FE - 71.2mm, experiment 69.4mm).    

As the PA/GF/SiO2 composite is more ductile, the cracks initiated at an early 

stage do not propagate deep into the structure. This is why, to cause further 

crashing of the structure, a higher crashing load needs to be applied. This is 

visible on the plot as a gradual increase in load with progressing displacement 

(see Figure 126). Further crashing is realized in stages of alternating plastic 

deformation and material failure. This is represented on the curve as several 

load peaks. It is important to note that after the initial stage, the structure made 

of PA/GF/SiO2 composite fail in a stable and progressive manner. Hence, after 

the initial stage of the crash, the crashing loads do not drop to any values near 

to zero.  
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Figure 125: Dynamic load-displacement curves PA/GF 

 

Figure 126: Dynamic load-displacement curves PA/GF/SiO2 
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The stress plots shown in Figure 127 to Figure 139 explain in more details the 

difference in fracture mode observed between the two composites. At an early 

stage of the crash, the elasto-plastic deformation is initiated by the axial 

compressive loads in both composites (see Figure 127 and Figure 131). This 

causes an initiation of the axial cracks (see Figure 128 and Figure 132). 

However, only in the PA/GF composite the cracks propagate deeply into the 

structure, despite that high circumferential stress is present around the crack tip 

in both structures (see Figure 130 and Figure 132) . As a result, in the PA/GF 

composite large fragments of the material are detached from the structure at an 

early stage of the crashing event. On the contrary, in PA/GF/SiO2 composite its 

high ductility does not allow for propagation of the cracks. That is why high 

axial stress, initiated by the bending of the cone wall, dominates the failure and 

leads to detachment of the small fragments (see Figure 134-Figure 136). 

 

 

Figure 127:  Axial (left) and circumferential (right) stress plots [MPa] PA/GF – 1mm 

displacement 
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Figure 128: Axial (left) and circumferential (right) stress plots [MPa] PA/GF – 4mm 

displacement 

 

Figure 129: Axial (left) and circumferential (right) stress plots [MPa] PA/GF – 10mm 

displacement 

 

Figure 130: Axial (left) and circumferential (right) stress plots [MPa] PA/GF – 20mm 

displacement 
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Figure 131: Axial (left) and circumferential (right) stress plots [MPa] PA/GF/SiO2 – 

1mm displacement 

 
Figure 132: Axial (left) and circumferential (right) stress plots [MPa] PA/GF/SiO2 – 

4mm displacement 

 

Figure 133: Axial (left) and circumferential (right) stress plots [MPa] PA/GF/SiO2 – 

10mm displacement 
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Figure 134: Axial stress plot [MPa] PA/GF/SiO2 – 10mm displacement 

 

Figure 135: Circumferential stress plot [MPa] PA/GF/SiO2 – 10mm displacement 

 

Figure 136: Strain energy density [mJ/mm3] PA/GF/SiO2 – 10mm displacement 
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Figure 137: Strain energy density [mJ/mm3] PA/GF/SiO2 – 20mm displacement 

 

Figure 138: Axial stress plot [MPa] PA/GF/SiO2 – 20mm displacement 

 

Figure 139: Circumferential stress plot [MPa] PA/GF/SiO2 – 20mm displacement 



192 
 

6.4 Discussions    

6.4.1 Mesh sensitivity 

In order to demonstrate that the generated FE models provide accurate 

representation of the crash tests, a mesh sensitivity studies have been carried 

out. Figure 143 shows a variation in the impact energy absorption prediction 

error due to the number of elements in the model. Four different mesh 

refinements have been used for the purpose of this study. It can be seen that 

above 19,000 elements for the static test and 15,000 elements for the dynamic 

test, the error curves start to flatten. This shows that any further increase in the 

number of elements would result only in an insignificant reduction in the 

prediction error. This is why it can be concluded the prediction errors observed 

in the models are not associated with the mesh density.  

 

Figure 140: Mesh sensitivity 

6.4.2 Accuracy of the model 

The main features of the UMAT, presented in Chapter 5, were developed based 

on the requirements defined in a series of uniaxial specimen testing as well as 

structural testing, carried out at static and dynamic conditions. Namely, these 

are orthotropic elasto-plasticity, pressure dependent yield, strain rate sensitive 

elasto-plasticity and failure as well as strain energy density based failure 

criterion.   
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The main benefit of failure criterion, defined by maximum allowable strain 

energy density, is that it takes into account the entire nonlinear stress-strain 

response. In practise this means that the element will fail once both its stress 

and strain reach the critical values. This is crucial when the material is 

characterized by the hardening modulus near zero. In such a case the failure, 

defined only by maximum allowable stress, may be premature if the maximum 

stress is reached before the maximum strain. This is visualized on the example 

shown in Figure 141. The stress reaches maximum value at the strain equal to 

6%. However, the sample can sustain further deformation up to a value of 6.8%. 

If the failure was defined by maximum stress this would induce significant 

error in the material failure prediction. 

 

 

Figure 141: Low hardening material response 

Furthermore, if the ultimate value of the strain energy density is being scaled, 

rather than stress or strain, for strain rate sensitivity or multi-axial yielding 

purposes, it warranties more accurate predictions. This is due to the fact that 

the differences between the strain energy densities measured at different strain 

rates, or loading conditions are insignificant in relation to differences in 

ultimate strengths or strains (see Table 9, Table 10 and Table 21). Another 

important improvement, in relation to standard Ls-Dyna models, is the use of 
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pressure sensitive yield criteria. In practice this means that the model is able to 

represent different yield and strength in tension and compression. As the 

structures studied in this thesis are subject to both tensile and compressive 

loads applied at the same time, this feature is crucial to provide accurate results.   

The numerical modelling was also carried out on the conical structures 

subjected to static and dynamic crashing loads. A good correlation between the 

numerical predictions and the experiments was visible on the load 

displacement plots. However, some discrepancies were observed in the values 

of the crashing loads.  The most evident difference was observed in the values 

of the initial load peak, which were over-predicted in the model. This error was 

introduced by the inadequate representation of failure triggering mechanism. 

The magnitude of the initial peak depends on the strength of the material. 

However, it has been observed that there is a weak point on the connection 

between the top surface of the structure and the conical surface of the wall. The 

sharp edge connecting the two surfaces causes a fibre breakage during the 

injection moulding process. This results in diminished material properties 

present in that region. As the difference in the material properties was not 

possible to measure it was not taken into account in the FE model. This causes 

the over prediction of the initial load peak, observed in the simulations, which 

uses global material properties derived in the uniaxial specimen test. 

Furthermore, it was observed that the models tend to underestimate the 

crashing loads in the quasi-static test.  The most likely reason for that error is 

limited data available at shear conditions, as well as lack of biaxial test results. 

As discussed in chapter 6.2, the shear data was taken from the literature, 

therefore it does not fully represent the actual properties of the materials tested. 

The shear loads play a more important role in failure of the structure at static 

conditions; they are around 15% of the tensile loads (see Figure 142. In the case 
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of the dynamic test the shear loads are less than 5% of the tensile loads, 

therefore their influence on the material failure is insignificant (see Figure 143).    

  

 

Figure 142: Stress components at the crack tip - static test 

 

 

Figure 143: Stress components at the crack tip - dynamic test 
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6.4.3 Fracture mechanism 

The analysis and discussion in the previous chapter show that the FE models 

built using the UMAT can provide an accurate representation of the static and 

dynamic crash tests. This is why these models can be used with confidence to 

predict the fracture mechanism process observed in the conical composite 

structures and, understand how it affects their energy absorption capability.  

The amount of plastic deformation, as well as material failure present in the 

structure, is governed by the applied stress field. The stress field consist of three 

uniaxial and three shear components. In case of axial crashing the biggest 

contribution to plastic deformation and failure comes from the axial and 

circumferential stress components. In the quasi-static crash test, a secondary 

role is played by the two shear components, whereas their effect can be 

completely neglected in the case of the dynamic test. As is shown in Figure 108 

and Figure 115, the failure of the structure is a result of biaxial tensile stress 

state, regardless of the material or loading condition. However, the fracture 

mechanism, which is a result of that biaxial stress state, is highly dependent on 

the material properties and the loading condition. In the neat PA/GF composite 

the ductility of the material in the transverse direction is insufficient to resist the 

applied deformations. This is why axial cracks are initiated (see Figure 112). In 

the case of the composite tested at the dynamic condition the ductility is even 

lower, therefore the cracks easily propagate deeply into the structure (see 

Figure 130). This causes significant damage to the structural integrity of the 

sample, indicating low energy absorption capability of that material. In the 

composite filled with SiO2 particles, the ductility is significantly improved. This 

is why the axial cracks do not initiate during the static test (see Figure 109), or 

initiate but do not propagate as observed in the dynamic test (see Figure 133). 

As a result the failure is initiated in the circumferential rather than axial 
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direction. This effect changes the overall collapse mechanism of the structure 

and improves the energy absorption capability of the structure.  

6.5 Conclusions 

The FE modelling of the nanocomposite materials and structures has been 

carried out using the UMAT implemented into Ls-Dyna software. The 

mechanical properties derived from a series of experiments were used to 

determine and calibrate various parameters of the model. The initial validation 

of the numerical results was carried out, based on the uniaxial tensile and 

compressive tests. Subsequently, the FE models of the static and dynamic crash 

tests were generated, using the calibrated properties. The results obtained using 

the UMAT were compared against the structural experiments. Furthermore, the 

models were used to extract valuable information regarding the failure 

mechanism observed in the structures, subjected to static and dynamic loads. 

They also helped to gain a better understanding of how the silica particles 

change the fracture mechanism of glass-fibre reinforced polyamide composite.         

A comparison of the numerical and experimental results of the uniaxial 

specimen tests proved high reliability of the model at simple stress conditions. 

The numerical stress-strain curves matched the experimental ones with very 

good accuracy, at both tensile and compressive loads, as well as longitudinal 

and transverse directions. The idea of scaling the parameters of hardening 

function, rather than just the yield strength, proved to be highly effective in 

predicting dynamic behaviour of polymer based composites. Furthermore, the 

strain energy density based failure criterion proved to be accurate in predicting 

the failure at various strain rates and loading conditions.  

The numerical modelling of the conical structures, subjected to static and 

dynamic crashing loads, provided information about the performance of the 

UMAT, when used in a complex multi-axial stress state. The UMAT was fully 
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capable of predicting the failure modes observed in all studied structures. It 

captured the differences between the specimens tested at static and dynamic 

loads, such as change in ductility and the effect of that change on the fracture 

mechanism. Moreover, it correctly captured the effect of the SiO2 filler on the 

fracture mechanism of the structure. This was visible as an increased ability of 

the material to resist propagation of the cracks, which affected the overall 

structural collapse mechanism. Furthermore, it was observed in the FE models 

that the failure in the conical structure is a result of a biaxial tensile stress state 

(axial and circumferential). A change in the fracture mechanism, observed after 

addition of secondary filler, was mainly due to the change in the axial and 

circumferential strength and ductility. This is why, based on the stress analysis, 

it can be concluded that the proper balance between the axial and 

circumferential strength and ductility provides an adequate mechanism, which 

is highly efficient in the impact energy absorption. 
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7. General Conclusions 

Short-fibre reinforced polymer composites are low cost materials with good 

mechanical and processing properties. This makes them an attractive 

alternative to metals for application in structural components. However, their 

main drawbacks are low ductility and toughness, introduced by the addition of 

glass-fibres into polymer matrix. As these properties drive the ability of a 

structure to resist impact loads, structures made of short-fibre reinforced 

polymers are often susceptible to impact damages and are ineffective in impact 

energy absorption. These limit their application in structural components which 

can be subjected to impact loads.  

Recent advances in the field of nano-technology provided new opportunities 

for the composite materials. Numerous studies in this field proved that the 

addition of nano-sized filers can yield significant enhancement in the 

mechanical properties of polymeric materials. Properties such as stiffness, 

strength and ductility can be improved in the presence of nano-fillers within the 

polymer. However, the effect of nano-fillers on the mechanical properties of 

glass-fibre reinforced polymers has not yet been fully understood; particularly, 

whether the increased ductility observed in the nano-reinforced polymer can 

still be maintained in the three-phase composite. This is why the main aim of 

this project was to study the effect of various nano and micro fillers on the 

mechanical properties of hybrid three-phase composite materials. Furthermore, 

it aimed to study the effect of this change in the mechanical properties of the 

composites, on the failure mechanism observed in crashworthiness structures 

made of these composites. For this purpose several different composites were 

manufactured based on glass-fibre (GF) reinforced polyamide 6 (PA6) and 

polypropylene (PP). As a nano-reinforcement two different types of silica-

particles (SiO2) and montmorillonite (MMT) were used, whereas as a micro 

filer, glass-spheres (GS) were utilised. As a result the following eight different 
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composites were produced: PA/GF, PA/GF/SiO2, PA/GF/MMT, PA/GF/GS, 

PP/GF, PP/GF/SiO2, PP/GF/MMT, PP/GF/GS. In order to study the effect of 

secondary filler on the mechanical properties of the composites tensile and 

compressive uniaxial tests were carried out. Furthermore, energy absorbing 

structures, in the form of crash cones, were manufactured using the composite 

materials. A series of drop weight impact tests were undertaken to study the 

effect of secondary filler on the failure mechanism and energy absorption 

capabilities of three-phase composites. Moreover, a number of FE models was 

developed using the Ls-Dyna software with User Defined Material Model 

(UMAT). This was required to obtain a better understanding of the failure 

mechanism observed in various composite materials. Furthermore, an accurate 

material model designed and validated specifically for the studied materials 

was required, to provide reliable tool that can ease the design process of the 

structure made of the three-phase composite material.   

Based on the experiments undertaken and the numerical simulations the 

following conclusions were drawn: 

 The effect of secondary fillers on the mechanical properties of PA based 

composites was positive. MMT and GS caused an increase in stiffness 

and strength of the composite. The SiO2 filler increased the ductility of 

the composite, with little effect on its stiffness and strength.  

 All mechanical properties of PP composites were decreased after the 

addition of secondary filler, possibly due to a combination of weak filler-

matrix interphase region and dispersion issues.  

 Addition of SiO2 particles led to an increase in the ductility of the PA 

material in all the directions (longitudinal and transverse), as well as at 

both static and dynamic conditions. This proves that the common issue 

with brittleness of short-fibre reinforced composites can be diminished 

by incorporation of SiO2 particles. 
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 Addition of the secondary reinforcement into glass-fibre reinforced 

polymer composites has a significant influence on the crashing response 

of the composite material.  

 By changing the matrix and the reinforcement material it is possible to 

change the micro-mechanism of failure, and therefore, control the energy 

absorption characteristics of the composite.  

 Secondary reinforcement in PA composites leads to an increase in energy 

absorption capabilities of the structure.  

 Energy absorption capabilities of PP composites have been decreased 

after the addition of secondary reinforcement. The possible reason for 

this phenomenon was dispersion issues with the nano-particles and 

week filler-matrix interphase.  

 The main reason for improved energy absorption capability is the 

reduced axial cracking of the structure induced by circumferential loads. 

The extensive cracking observed in the neat PA/GF composite was 

diminished by the two different mechanisms. First, improved ductility of 

the composite after the addition of SiO2 particles. Second, improved 

stiffness and strength of the composite after the addition of GS particles. 

 Yielding and failure of the conical structures subjected to axial crashing 

load is a result of a biaxial tensile stress state (axial and circumferential).  

 Optimized balance between the axial and circumferential strength and 

ductility provides an adequate failure mechanism, which is highly 

efficient in the impact energy absorption. 

 The results show that the materials are anisotropic and pressure 

sensitive, with highly nonlinear plasticity, as well as rate sensitive 

modulus, yield and strength. None of the currently available material 

models in Ls-Dyna can accurately represent all these requirements. 
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 Anisotropic pressure sensitive Hoffman yield criterion can accurately 

predict yielding of three-phase polymer composite subjected to uniaxial 

and multi-axial stress state.  

  Second order exponential hardening function provides very accurate fit 

to a highly nonlinear plastic stress-strain curve.  

  Strain energy density based failure criterion takes into account the entire 

nonlinear stress-stress response providing more accurate results than 

stress or strain based criteria. 

 Strain rate sensitive modulus and hardening function coefficients 

provide more accurate representation of the dynamic response, in 

relation to standard method based on strain rate sensitive yield strength.   
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8. Further work 

This project was focused on the understanding of the effect of secondary 

filler on the mechanical properties of hybrid three-phase composites. The 

amount of nano-filler in the composites was constant in all the tested specimens 

(2%). Future studies should focus on the effect of nano-filler content on the 

mechanical properties of the three-phase composites. It would be beneficial to 

understand what content of SiO2 particles is the most optimal for the composite 

ductility. Furthermore, similar studies should be carried out on MMT filed 

composite, to understand the effect of its content on the strength, stiffness and 

ductility of the composite. Additional studies should also be undertaken on the 

improvement of the nano-filler dispersion. In this work there were some 

agglomerates present in the composites. It would be important to understand 

whether the small decrease in the strength and stiffness, measured in the SiO2 

filled composite, could be diminished if a fully dispersed state is achieved. 

Similar investigation should be conducted on MMT filed composites to 

understand whether the measured increase in brittleness is caused only by the 

presence of MMT filler, or is significantly influenced by the dispersion state. 

Regarding the modelling side of the project, a few discrepancies have been 

observed between the experimental and numerical results. In order to gain a 

better understanding of where the discrepancies are coming from, further 

testing is required. The shear data was taken from the literature. As a result 

some inaccuracies are expected. Furthermore, biaxial testing should be carried 

out to more accurately derive the biaxial failure coefficient, and validate the 

accuracy of multi-axial failure and yield criterions.       
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Appendix A: Ls-Dyna input file – Tensile test         
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Appendix B: Ls-Dyna input file – Static crash test         
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Appendix C: Ls-Dyna input file – Dynamic crash test 
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Appendix D: Impactor design 

- Technical drawing 
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- FE analysis 

The impactor has been designed to withstand off-axis impact load with the 

maximum value of 200kN, which corresponds to the maximum allowable load 

supported by the load cell. The worst impact scenario was studied using Ansys 

software. The results presented in the figure below show that maximum stress 

induced in the structure is below the yield stress (350MPa) of the selected 

material (steel).    
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Appendix E: UMAT development procedure 

This appendix demonstrates how to generate a User Defined Material Model 

(UMAT) for Ls-Dyna. The main information about the format and structure of 

the UMAT can be found in Appendix A of LS-Dyna manual [5]. Additional 

information can be found in the following publications [182-184]. 

The following steps show a common procedure used when developing and 

implementing a UMAT: 

 Theoretical development: In the first step it is required to represent the 

material model as a set of mathematical equations. This includes stiffness 

matrix, yield criterion, hardening function and failure criterion. 

Additionally, all this parameters can be described as a function of 

deformation conditions such as temperature or strain rate. Details about 

mathematical representation of the UMAT are presented in Section 5.1.   

 Numerical implementation: In the second step it is required to 

implement the model within a framework of stress integration algorithm 

based on incremental theory of plasticity. To find the unknown stress 

using an FE code, when nonlinear problem is considered, it is required to 

integrate the nonlinear constitutive equations knowing the incremental 

strains. The most efficient method to achieve that is to use the cutting-

plane algorithm as developed by Simo and Ortiz  [178; 179]. Details of 

the material model implementation are presented in Section 5.2. 

 Fortran Implementation: Once the theoretical development and 

implementation are completed the model needs to be incorporated into 

Ls-Dyna. This is carried out by developing a Fortran subroutine, which 

must be compatible with Fortran version used to develop Ls-Dyna 

source code. This is either Fortran 77 or 90 depending on Ls-Dyna 

version.     
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 Implementation into Ls-Dyna: Once the Fortran subroutine is written it 

needs to be implemented into LS-Dyna source code. Furthermore, a new 

Ls-Dyna executable file needs to be generated. This can be carried out in 

the following steps: 

 

1. Download all the required files, contained in a zip file, from the 

following LSTC web page: ftp.lstc.com. This includes the Ls-Dyna 

source code (dyna21.f), as well as ‘Makefile’ used to compile the 

executable.  

2. Open the dyn21.file in a text editor and search for ‘subroutine 

umat41’. This is the location where the example UMAT subroutines 

are stored. 

3. Implement the developed subroutine into dyn21.file, replacing one of 

the example subroutines, following the format shown in the Ls-Dyna 

manual.  

4. Using Intel Fortan Compiler generate a new Ls-Dyna executable file 

by typing the command ‘nmake’. 

5. To invoke the UMAT in the Ls-Dyna input file, define the following 

card: 

*MAT_USER_DEFINED_MATERIAL_MODELS 

6. Define the material properties in the card, as specified in the 

developed material model.  

 

 

 

 

ftp://objects:computer1@ftp.lstc.com/
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The definition of the material properties in the developed UMAT has the following 

form: 

 

p1 p2 p3 p4 p5 p6 

Young's 

modulus E1 

Young's 

modulus E2 

Young's 

modulus E3 

Poisson's 

ratio v12 

Poisson's 

ratio v23 

Poisson's 

ratio v13 

p7 p8 p9 p10 p11 p12 

Shear 

Modulus 

G12 

Shear 

Modulus 

G23 

Shear 

Modulus 

G13 

Strain rate 

sensitivity if 

>0 

- 
Iteration 

tolerance 

p13 p14 p15 p16 p17 p18 

Number of 

iterations 

Strain rate 

of elastic 

modulus 

Failure 

function β1 

Failure 

function β2 

Failure 

function β3 

Failure 

function β4 

p19 p20 p21 p22 p23 p24 

Failure 

function β5 

Failure 

function β6 

Failure 

function β12 

Failure 

function β13 

Failure 

function β23 

Number of 

strain rates 

p25 p26 p27 p28 p29 p30 

Hardening 

exponent d 

Orthotropic 

(=0) or 

transversely 

isotropic 

(=1) 

Yield 

function a12 

Yield 

function a23 

Yield 

function a31 

Yield 

function a11 

p31 p32 p33 p34 p35 p36 

Yield 

function a22 

Yield 

function a33 

Yield 

function a44 

Yield 

function a55 

Yield 

function a66 

Static 

failure 

energy  

p37 p38 p39 p40     

Hardening 

parameter a 

Hardening 

exponent b 

Hardening 

parameter c 
Yield strain - - 
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Appendix F: List of publications 
  

Research papers 

 Silva, F., Njuguna, J., Sachse, S., Pielichowski, K. and Leszczynska, A. 

The Influence of Multiscale Fillers Reinforcement into Impact Resistance 

and Energy Absorption Properties of Polyamide 6 and Polypropylene 

Nanocomposite Structures. Materials & Design 50, (2013): 244-252. 

 

 Silva, F., Sachse, S., Zhu, H., Pielichowski, K., Leszczyńska, A. and 

Njuguna, J. The Effect of Matrix and Reinforcement Material Selection on 

the Tensile Properties of Hybrid Composites. The Journal of Sustainable 

Mobility 1.1 (2014), 37-52. 

 

Book chapters 

 Njuguna, J., Silva, F. and Sachse, S. Nanocomposites for vehicle 

structural applications. Nanofibers, Production, Properties and Functional 

Applications, (2011), 402-434. 

 

Conference talks 

 Silva, F., Sachse, S. and Njuguna, J. Mechanical properties and impact-

energy absorption of injection moulded nanocomposites structures. 

ECCM15-15th European Conference on Composite Materials, Venice, Italy, 

(2012). 

 

 Silva, F., Sachse, S. and Njuguna, J. Energy absorption characteristics of 

nano-composite conical structures. NanoStruc - International Conference on 

Structural Nano Composites, Cranfield University, Bedfordshire, United 

Kingdom, ( 2012). 

 

Co-authored publications 

 Sachse, S., Poruri, M., Silva, F., Michalowski, S., Pielichowski, K. and 

Njuguna, J. Effect of nanofillers on low energy impact performance of 

sandwich structures with nanoreinforced polyurethane foam cores. 

Journal of Sandwich Structures and Materials 16.2 (2014): 173-194. 

https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:2osOgNQ5qMEC
https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:2osOgNQ5qMEC
https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:2osOgNQ5qMEC
https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:WF5omc3nYNoC
https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:WF5omc3nYNoC
https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:IjCSPb-OGe4C
https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:IjCSPb-OGe4C
https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:_FxGoFyzp5QC
https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:_FxGoFyzp5QC
https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:UeHWp8X0CEIC
https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:UeHWp8X0CEIC
https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:eQOLeE2rZwMC
https://scholar.google.com/citations?view_op=view_citation&hl=pl&user=MRHQP1EAAAAJ&citation_for_view=MRHQP1EAAAAJ:eQOLeE2rZwMC
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 Sachse, S., Silva, F., Pielichowski, K., Leszczynska, A. and Njuguna, J. 

Compression strength and low-velocity impact performance of 

nanocored sandwich composites. Mechanics of nano, micro and macro 

composite structures (2012): 18-20. 

 

 Sachse, S., Silva, F., Zhu, H., Irfan, A., Leszczyńska, A., Pielichowski, K. 

and Ermini, V. The effect of nanoclay on dust generation during drilling 

of PA6 nanocomposites. Journal of Nanomaterials (2012): 26. 
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